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Identifying and explaining "pulses" in renewable power growth
MAGDALENA BROMBIERSTAUDL

Department of Space, Earth and Environment

Chalmers University of Technology

Abstract

The urgency of addressing the advancing climate crisis makes it necessary to reduce
emissions, which requires high growth rates of renewable energy sources, particularly
wind and solar power. However, despite this urgent need for accelerating renewables
growth, many countries are facing stagnation in the deployment of solar and wind
power.

This study identifies historical cases of stagnation and subsequent re-acceleration in
national cases of solar and wind power by visually analyzing their growth curves.
Six of the identified cases are selected for an in-depth investigation using a three-
perspective framework. This approach involves examining various factors such
as policy changes, market dynamics, demand fluctuations, technological advance-
ments, and external influences that contribute to both stagnation and re-acceleration
phases. Through a structured comparison of these cases, the study aims to develop
more generalized theoretical insights into the factors influencing stagnation and
the strategies for achieving re-acceleration. These factors influencing the growth
patterns are changes in supply and demand trends as well as growing demand of
low-carbon sources. Additionally, the global market dynamics and social resistance
can influence deployment. However, the factor that has a direct impact on the de-
ployment are policies. This thesis presents findings on the effectiveness of various
policies at different stages of technological development. For instance, feed-in tariffs
are highly effective for the initial promotion of new technologies. However, as these
technologies mature, feed-in tariffs become less effective and should eventually be
replaced by a tendering system. By providing insights into these mechanisms be-
hind the growth patterns of renewable energy sources, this research offers valuable
knowledge for policymakers that are aiming at accelerating the transition toward a
sustainable energy future as envisaged by climate mitigation scenarios.

Another pertinent question addressed in this study is whether the growth rate be-
fore or after the stagnation phase is faster. This comparison helps estimating the
effectiveness of measures aimed at re-accelerating renewable development, as ambi-
tious climate mitigation scenarios require growth rates higher than those historically
observed.

Keywords: energy transitions, renewable electricity, photovoltaic, wind, technology
diffusion, policy learning
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1

Introduction

Reducing for example carbon emissions is crucial for mitigating climate change, as
it is highlighted in the TPCC report 2022 [1]. Electrification, particularly through
wind and solar power, plays a significant role in emission reduction strategies [2].
Ambitious climate mitigation scenarios require a high growth rate of solar and wind
energy, higher than historical observed rates, according to studies on renewables by
researchers like Cherp et.al. [3] and Vinichenko et.al. [4]. Some researchers argue
that the potential for wind and solar energy might be even greater than envisioned
by these scenarios [5], [6]. Global and regional climate strategies, such as the com-
mitment to triple global installed renewable energy generation capacity decided by
COP28, require not only continuation but also significant acceleration of the cur-
rent renewable energy growth. Additionally, initiatives like the REPowerEU plan,
aimed at ending the European Union’s dependence on Russian energy, also demand
a similar level of acceleration [7]-[9]. However, despite the importance of renewable
energy growth, many countries are facing stagnation in the deployment of wind and
solar power [3], [4]. This raises a question whether the re-acceleration is possible
and how it can be achieved.

Typically, the growth trajectory of a technology follows an S-curve, starting with
irregular growth, followed by acceleration, until it reaches a stable growth rate, and
eventually slows down to stagnation. The theoretical S-curve is characterized by a
single inflection point, that represents the transition from accelerating to deceler-
ating growth [3], [10]. Scholars use this theory to explain the growth patterns of
renewable energy and measure growth rates [3], [4]. In terms of the S-curve model,
stagnating countries are already close to the growth ceiling, and a single-curve model
offers no chance for re-acceleration. However, real-world diffusion may involve mul-
tiple inflection points, which makes the use of stacked or consecutive S-curves a more
accurate depiction of growth dynamics [11]. In those cases the growth may stagnate
and subsequently re-accelerate. Understanding the causality behind these cases is
crucial for restarting the growth of renewables or preventing stagnation in order to
meet climate targets.

The aim of this study is to explore cases of stagnation and subsequent re-acceleration
in the national cases of solar PV and onshore wind power growth, with the goal of
providing insights into the mechanisms behind the growth patterns of renewable
energy sources, in order to offer knowledge for policymakers, industry stakeholders,
and researchers that are trying to accelerate the transition towards a sustainable
energy future envisioned by climate mitigation scenarios.
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To reach this goal, several countries that have already faced stagnation with a fol-
lowing re-acceleration in onshore wind or solar PV are chosen and investigated.
Specifically, the following research questions are answered:
« RQ1: What are the cases of stagnation and subsequent re-acceleration of
renewable growth?
o RQ2: What are the causes of stagnation and re-acceleration?
o RQ3: Will the growth rates after the re-acceleration be faster or slower than
before stagnation?

Therefore, the first objective is to identify historical instances where the growth of
renewable energy sources, particularly onshore wind and solar power, experienced
periods of stagnation followed by re-acceleration. Identifying these cases and critical
points in time will provide insights into the dynamics of growth trajectories in the
deployment of renewable energy. The method to identify turning points relies on the
visual analysis of the cumulative installed capacity curve and especially the annual
additions in deployment, as the latter curve offers a more precise insights into timing.

Understanding the causes behind stagnation and subsequent re-acceleration is cru-
cial. This objective involves an in-depth investigation of diverse factors, such as
policy changes, market dynamics, technological advancements, and external influ-
ences, that contribute to both stagnation and re-acceleration phases. The research is
done by applying the tree perspectives framework [12]. A structured comparison of
the chosen cases is carried out according to a comparison protocol to develop more
generalized theoretical statements and provide specifications of causal mechanisms
[13].

Another aspect of this study is to evaluate whether the growth rates observed af-
ter the re-acceleration phase are faster or slower than those before the period of
stagnation. By analyzing the growth trajectory after the re-acceleration, the ef-
fectiveness of measures aimed at restarting renewable energy deployment can be
estimated. Additionally, the actual maximum growth rates are compared to fitting-
based single-curve growth rates to evaluate the methodology of measuring growth
rates based on a single S-shaped curve.

The following paragraphs outline the structure of this Master’s Thesis Project, de-
tailing the different chapters and their content.

Chapter 2 of this thesis involves a review of literature about growth curves and
growth metrics. Furthermore, it includes explanations of the socio-technical, techno-
economic, and political perspectives and categorizes energy-related policies. Addi-
tionally, it provides detailed explanations of the most significant types of policies
relevant to this study.

Following this, in Chapter 3 the methodology used in this thesis is outlined. This
includes a section dedicated to case studies and general case comparison methods.
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Moreover, this chapter elaborates the criteria for identifying stagnation and sub-
sequent re-acceleration of solar PV or onshore wind energy. It also outlines the
selection process for the potential cases. Additionally, the process of selecting the
most illustrative cases for an in-depth analysis from the initially chosen list of possi-
ble cases is described. Six distinct cases are ultimately chosen, including three with
solar PV and three with onshore wind.

In Chapter 4 these cases are investigated following a structured framework, which
includes exploring their history, international market dynamics, country-specific con-
ditions, domestic industry landscapes, and relevant policies.

To discuss the results, in Chapter 5 a comparative analysis based on a structured
case description is made to evaluate the selected cases and their respective devel-
opments. This process shows both similarities and differences and provides insights
into successful strategies for implementing a re-acceleration in countries that face
stagnation in renewable energy adoption, for example by referring to potential dif-
ferences in growth rates before and after stagnation.

The last Chapter 6 summarizes the findings of this thesis, answers the research
questions and lists the limitations.
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Literature Review

2.1 Growth models

S-shaped curves, in particular the Gompertz curve have been used in demographic
studies since the 19th century [14]. In 1962 Rogers [15] first published his Diffusion
of Innovation Theory, that proposes that the adaption of innovations tends to follow
an S-shaped curve. This growth curve is depicted with time (¢) along the x-axis and
quantity (N) along the y-axis. Rogers primarily focuses on the adoption and diffu-
sion of innovations within social systems, while Griibler [10] expands the perspective
in 1996. He applies the S-curves to the energy sector and analyzes transitions in
technological change. According to this Technology Diffusion theory, the adoption
of innovative technologies such as solar PV and wind power typically follows and
S-shaped curve, characterized by four different phases [16], [17]:

The initial formative phase is characterized by a slow and erratic growth caused
by high costs and uncertainty [18]. The phase ends with the so-called "take-off"
[17], [19], [20]. This marks the moment when the socio-technical regimes established
around the new technologies, become capable of steady expansion [21]. During the
formative phase only a small group of innovators and early adopters are attracted
to the technology [15].

The take-off initiates the acceleration phase. During this phase growth accelerates
due to positive feedbacks in economic profitability, technology learning and policy
support, often referred to as increasing returns. Increasing production and therefore
deployment leads to decreasing costs, which in turn leads to larger deployment [22].

In the stable growth phase, the acceleration stops due to increasing social resis-
tance and system integration [3]. The early and late majority of consumers adopt
the technology [15]. The point of maximum growth rate is in the stable growth
phase and is called inflection point. Indeed, before the inflection point, the growth
rate is accelerating, while afterward, it begins to decelerate [23].

The final phase is called saturation or stagnation phase and begins when remain-
ing laggards adopt the technology [15]. The growth starts to slow down markedly
and eventually reaches the ceiling. The market share of the technology no longer
increases due to various factors. These include increasing marginal costs [24], [25],
grid and system integration challenges [17], [26], [27] and geophysical constraints
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[28], as well as political and social resistance [17].

As previously noted, the take-off ends the formative phase. In this work the take-off
point is defined as the year in which solar or wind power reaches 1% of the total
electricity supply, denoted as the take-off year, T}y, according to Cherp et. al. [3].

Figure 2.1 illustrates an S-curve depicting the quantity (N) over time (t), that
provides an overview of mechanisms and factors active at the different growth phases.
Additionally, it highlights the inflection point in the curve.

Formative Growth Stagnation

Market size ul

M

Regime stabilization

Social resistance
System integration

Il
m

Economic profitability
Policy support

Inflection point G

Incumbent resistance

!

n T Increasing returns
Technology learning

Uncertainty
High costs

I

11 EarlyR&D Time
Policy support

Share of solar or wind in electricity

Take-off

Figure 2.1: Example of an S-curve with mechanisms that lead to the different
growth phases, adapted from Cherp et. al. [3].

The S-curve is typically represented mathematically by either the logistic or the
Gompertz curve [23]. Scholars use these theoretical curves fitted to empirical data
to measure the maximum growth rate of technologies [23].

The formula for the logistic curve is represented by Equation 2.1 [23].

L
FO =1 (2.1)
Equation 2.2 presents the formula for the Gompertz curve [23].
f(t) = L-e ki) (2.2)

For both curves the variables fulfill the same purposes:
o L represents the maximum reachable quantity, with its change it stretches the
curve vertically
o k determines the growth duration (e.g. the time between 10% and 90% of the
maximum level), and therefore has impact on the slope of the curve.
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o to represents the inflection point when the maximum growth rate is achieved,
with its change shifting the curve to the left or right. For the logistic curve
the inflection point occurs precisely at half of the maximum quantity, which is
at £, whereas for the Gompertz curve the inflection point is lower at 0.37L [23].

The real-world diffusion, however, may deviate from a single S-shape, instead it
can show consecutive S-shapes, which means there are several sections described
by different functions. Sood et. al. [11] conducted a case study to support the
hypothesis of consecutive S-curves. Their findings showed that only approximately
30% of the analyzed technologies follow a single S-shaped growth, the remainder
could be more accurately approximated with multiple, stacked S-curves rather than
a single one. This can be explained by the fact that one technology contains differ-
ent sub-technologies, that emerge successively, for example the development of wind
turbines with higher rated capacity.

Kulmer et. al. [29] extended this approach to renewable energy sources and tried to
explain the transitions between the growth phases of the deployment of solar PV,
domestic heat pumps and the use of electric vehicles in Austria with the help of the
Multiple Streams Approach. This is an approach similar to the Three Perspectives
described in Section 2.2, as the three streams politics, policies and technology are
analyzed in order to reconstruct socio-political developments related to market diffu-
sion.First, the turning points have to be identified, and then the reasons for them are
explained. To identify the turning points, which means the years when the growth
function changes, in contrast to this work, which relies on visual identification, Kul-
mer et. al. use a mathematical technique. First, they fit data to a combination
of theoretical curves, including those described in Section 2.1, and then they select
the best-fitting one and identify the turning points mathematically based on this
model [29]. In their studies they conclude, that market take-off typically occurs
when the three streams politics, policy, and technology converge. Binding targets
and regulations need to be accompanied by actions in all three streams [29].

Even though the single S-curve is not applicable to all cases of technology growth,
it is still widely utilized in energy and climate research for forecasting innovative
technologies [30], [31].

2.2 Three Perspectives

Economists and historians have been interested in how the use of energy resources
changes in the long run since the 1960s at least [12]. Their exploration of past
transitions has often been driven by the aim of getting insights into potential future
transitions. In 1984, Kingdon proposed a Multiple Stream Approach, that suggests
that three interconnected streams influence the policy process: the politics stream,
that reflects shifts in public opinion; the policy stream, that represents the sequence
of formal decisions and legislation; and the problem stream, that shows issues that
concern policymakers and the public [29], [32].
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In 2018, Cherp et. al. [12] introduced an approach that contains three perspectives:
the techno-economic, socio-technical, and political perspective, that provide a more
comprehensive understanding of the dynamics that influence energy transitions [12].
This approach will be applied in this thesis and is therefore explained in the follow-
ing paragraphs.

According to this approach, national energy transitions involve the co-evolution of
three distinct systems. Firstly, these systems have unique boundaries, elements, and
connections. Secondly, each system can evolve separately and autonomously from
the others. Thirdly, these co-evolving systems have influence on each other. Con-
sequently, national energy transitions include the simultaneous evolution of techno-
economic, socio-technical, and political action systems.

The techno-economic perspective focuses on energy systems characterized by energy
flows, conversion processes and uses, and their coordination through energy markets.
In particular it examines supply and demand changes and shifts in energy sources.
The corresponding mechanisms within the perspective include the depletion of re-
sources, that leads to increasing extraction costs and thus may drive shifts to other
resources or reduce consumption. Additionally, maintaining a supply-demand bal-
ance over longer periods of time is crucial. This concept of supply-demand balance
is often used together with the neoclassical economic idea of market equilibrium,
which means that under competitive market conditions energy supply and demand
are in a stable equilibrium. Another mechanism is that energy demand is influenced
by factors such as population growth and economic expansion [12].

The socio-technical perspective addresses technological change and innovation driven
shifts, in particular the emergence and diffusion of new technologies. It has the un-
derstanding of technology as a social phenomenon, which includes knowledge and
practices embedded in infrastructure and technical artefacts. A fundamental as-
pect of this perspective is technology learning, with Wright’s Law playing a pivotal
role. According to Wright’s Law, increased deployment leads to cost reductions.
This phenomenon can be visualized through an experience curve, where the decline
in costs is depicted as a function of cumulative production [33]. Central to this
perspective is also the concept of technology diffusion, which means that these arte-
facts are shared among human actors and circulate within social networks. Another
mechanism within the socio-technical perspective is the technology lock-in, when
beneficial innovations face barriers because they are incompatible with dominant
regimes, built around incumbent technologies. Such innovation often occurs within
niches, which are socio-technical systems with fluid boundaries, diverse actors, and
flexible rules and practices. Niches are less stable, but more capable of radical inno-
vation than systems functioning within established regimes. Moreover, innovation
involves technology learning, which includes advancements in energy efficiency. En-
hanced energy efficiency can in turn reduce the energy demand [12].

The political perspective focuses on the role of changing policies on energy sys-
tems. Because most energy policies are adopted and implemented by governments
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acting on behalf of nation states, the state is the primary unit of analysis in the
political perspective. One mechanism in this regard is the state autonomy, which
means that that states are independent actors [34] as they pursue national inter-
ests [35] or state imperatives such as internal stability, external sovereignty, and
economic advancement [36]. Energy policies are designed to address national inter-
ests, including ensuring a secure supply-demand balance [37], minimizing reliance
on energy imports or maximizing exports [38], guaranteeing reliable access to elec-
tricity, securing industrial competitiveness, and creating employment opportunities
[39]. Another mechanism is the concept of increasing returns, which means that
a policy makes alternative options less appealing over time, similar to technology
lock-in. Additionally, existing institutional frameworks and policies can inhibit both
policy and institutional change. Policy diffusion is another important phenomenon,
whereby different states adopt similar policies. This diffusion can occur through
coercion, international harmonization, regulatory competition, transnational com-
munication, lesson drawing, transnational problem-solving, emulation, international
policy promotion and independent problem solving [40], [41]. For instance, research
by Schaffer and Bernauer [42] how European Union membership influences the adop-
tion of renewable energy policies.

2.3 Energy-related policies

The objectives of energy-related policies have several key goals. These include mit-
igating climate change, meeting the domestic energy demand and increasing energy
security through facilitating a transition towards low-carbon energy sources, which
do not rely on fossil fuel imports [43]. Another objective involves the expansion
of energy access, especially in rural and economically disadvantaged areas, which
is called socioeconomic development. Moreover, policymakers often want to real-
ize economic benefits, ranging from job creation to making profits and facilitating
overall economic growth [44]-[46]. For some countries, supporting domestic manu-
facturing of renewable energy technologies (often with a view to technology exports)
is an important part of their motivation for supporting renewable energy deployment
[43]. In the long run, this may lead to technology cost reduction due to learning.

To achieve these policy objectives, policymakers implement a range of measures
and allocate resources accordingly. Policies for renewable energies can be classified
into two main streams: supply-side and demand-side. Supply-side initiatives con-
tain support for Research and Development (R&D) and production enhancement.
Demand-side measures, however, focus on encouraging the adoption and diffusion of
renewable energies with the help of incentives like subsidies for electricity production
or installations [47].

This classification can be further divided into two categories for the supply-side
and three categories for the demand-side. The following Table 2.1 shows the full
classification of energy-related policies and gives some examples for each category.
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Table 2.1: Classification of energy-related policies [48]-[50]

Supply-side policies
fiscal incentives
academic funding

national/international public

research center
public-private partnership
prize
public finance
venture capital
soft /convertible loan

Demand-side policies

fiscal incentives

tax-reduction/
exemption

grant

energy production
payment

public finance

investment

guarantee

loan

public procurement

regulations
quantity-driven:

tendering/bidding

price-driven:

feed-in-tariff
feed-in-premium
quality-driven:

green labeling

access:

priority access to network
priority dispatch

Feed-in-tariffs (FIT) guarantee renewable energy producers a fixed remuneration for
one unit renewable electricity for typically 15 to 20 years. This rate reflects the
real cost of generating power from each renewable energy technology, inclusive of a
fair rate of return. FITs typically mandate grid operators to purchase all generated
renewable electricity, regardless of the overall electricity demand. Generally, FITs
are funded through a small top-up to the electricity price for end consumers. This
means that additional costs are spread across all users through national burden-
sharing mechanisms. When crafting FITs, policymakers aim for a balance between
ensuring investment security for renewable energy producers and minimizing ex-
penses for end consumers [51].

Under a feed-in-premium (FIP), the remuneration for a renewable electricity pro-
ducer is composed of two elements: the prevailing hourly market price of electricity
on conventional power markets, and a decreased tariff payment. This reduced tariff
payment must be set at a level that ensures the profitability of renewable energy
ventures remains feasible. This combination of two remuneration components is a
challenge for policymakers in setting the FIP for each technology, as market prices
are fluctuating. Forecasting the development of market prices is crucial to prevent
windfall profits in case of high market prices and to ensure sufficient returns on
investment in case of low market prices [51].

Tender or bidding systems are mechanisms used by policymakers to allocate support
for renewable energy projects based on quantity. This involves a call for tender, ba-
sically an auctioning process, for a specific renewable energy project of a particular
size. The financial support can be based on either the total investment cost of the
project or on the cost of power generation per unit of electricity produced. Rather
than providing upfront support based on investment costs, tender mechanisms typ-
ically rely on the power generation costs per unit of electricity. In this approach,
bidders offer renewable electricity at a fixed price per kilowatt-hour over a specified
period. The bidder who requires the least financial support wins the tender and
gains exclusive rights to benefit from the granted support [51].
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The main factor shaping the global renewables energy transitions is technology learn-
ing, which is influenced by two key factors: technology costs and deployment rates.
The relationship between deployment and costs can be represented in experience
curves, which show costs as a function of cumulative deployment (experience) [52].
According to Breetz et. al. [52] politics is the hidden dimension of experience curves
that influences both, costs and deployment. Therefore they argue, that different poli-
cies shape costs and deployment at different stages of the experience curve. This
means that during the phases of initial growth, stable growth and when the phase of
stagnation should be ended, different policies are useful to sustainably re-accelerate
deployment.

During the formative phase the political aim is to introduce the technology to the
market. This is called technology push and a good measure to reach this is to offer
funding for R&D. During the accelerating growth the technology needs to get more
competitive with other technologies in order to be able to grow further without sup-
port, which is called market pull. This can be achieved by introducing targets and
RES standards, offering feed-in-tariffs (FIT) or feed-in-premiums (FIP) or giving
grants and credits. After a technology has reached the stable growth phase, the aim
is to maintain the high growth for a long period of time and manage the opposition.
Too reach this, targets should be ratched up, permitting processes have to be sim-
plified and tradable green certificates can be introduced. It is also useful to switch
to tendering systems instead of feed-in-tariffs. If the growth is already slowing down
and has to be re-accelerated, targets should be further ratched up, the permitting
process also should be simplified more and land could be designated to a specific
renewable energy [53].

However, moving along the experience curve does not guarantee the right policies,
which makes policy learning necessary. This is the process of adapting policies over
the lifetime of a technology and gaining knowledge about the use-cases of different
policies in different stages of the experience curve of a technology. Policy learning
implies that policymakers and other stakeholders learn from their past experiences
and adjust their behaviors, strategies, and policy objectives accordingly. This pro-
cess leads to a refinement and improvement of policies over time, as knowledge is
gained for future decision-making and actions through insights from practical ex-
perience [54]. Another mechanism of adopting policies appropriate to the current
stage is policy diffusion, which means that countries are likely to adopt politically
feasible policies from their neighboring countries with similar political and economic
conditions [55].

Policy and technology are showing parallels, as technology also possess learning and
diffusion mechanisms, like described in Section 2.1.
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Methods

This chapter describes the methods used in this work. The fundamental method
to investigate the phenomena of stagnation and re-acceleration in solar PV and
onshore wind in different countries are case studies, more specifically structured
case comparison. Furthermore the criteria utilized to identify periods of stagnation
and subsequent re-acceleration is outlined. In addition, the systematic approach
used to select cases and the structure of the case investigation is described.

3.1 Case studies and case comparison

Case studies are a commonly used method to search for causal explanations based
on a logically related theoretical argument that produces testable implications [56].
By examining specific aspects of historical episodes in detail, case studies aim to
develop or evaluate historical explanations that might have broader applicability
to other events. Because it is a very intuitive method, for a considerable period
of time there was no systematic development of methods for it [13]. According to
George and Bennett [13], cases are defined as instances of a class of events, which
refers to a phenomenon of scientific interest that the analyst chooses with the goal
of developing theory about the similarities or differences among cases in this class
of events.

Levy [56] categorizes case studies based on their research purposes:

o Idiographic case studies, that want to describe or understand a single case

o Hypothesis-testing case studies

o Plausibility probes, that are comparable to pilot studies in experimental or
survey research.

o Hypothesis-generating case studies

The last category of case studies, the hypothesis-generating case studies are the most
important for this work and therefore explained further. These kind of case studies
aim to generalize beyond the data by investigating one or more cases to develop
more general theoretical statements, which can then be tested using other methods.
Case study analysts are able to suggest further explanatory and contextual variables,
causal mechanisms, interaction effects, and scope conditions [57], but as the name
says they only construct hypothesis, not theory. Theory, in this context, refers to
a logically interconnected set of propositions, and case studies provide insufficient
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constraints to generate robust theories. However, case studies can be helpful to
explain cases that do not fit to existing theoretical explanations and therefore refine
or replace existing hypotheses. A significant contribution of hypothesis generating
case studies is the specification of causal mechanisms, which is a leading research
objective of many case study analysts, as well as exploring reciprocal causation and
endogeneity effects [13]. Case study researchers get inside the “black box” of deci-
sion making [58].

There is a variety of case study design and selection strategies and it is crucial that
analysts state their selection criteria for cases.

George and Bennett [13] describe the method of structured, focused comparison. In
this context, "structured" means that the researcher collects general questions that
reflect the research objective and asks these questions of each studied case to guide
and standardize the data collection and systematize the comparison and cumulation
of the outcomes.

On the other hand, "focused" means that only certain aspects of the historical cases
are analyzed. This focused approach allows researchers to concentrate on the most
relevant aspects for their research objectives. The requirements for this approach
are to clearly identify classes and sub-classes of events of which a group of cases
or a single case contain of. The research objective and related strategy have to
be defined and asked of each case and variables of theoretical interest, that enable
policymakers to influence outcomes, should be employed.

The method of case studies offers some strong advantages. High levels of conceptual
validity are reached and the indicators that best represent the theoretical concepts
of interest can be identified and measured. Additionally, new variables and hypothe-
ses can be identified through the analysis of outlier cases, causal mechanisms can
be analyzed in individual cases, and the conditions that activate this causal mecha-
nism can be identified. Furthermore, complex causal relations can be modeled and
assessed [13].

However, there are also limitations and trade-offs. One concern of statistical re-
searchers is that there could be a “selection bias” [59], where case study analysts
may deliberately choose cases with similar outcomes, which can be appropriate in
some instances but not in all. Moreover, case studies can only make estimated con-
clusions on how many gradations of a variable affect the outcome in a particular
case. They are also accused for having a “degrees of freedom problem”, which is
a term for the potential inability to differentiate between competing explanations
on the base of evidence. Furthermore, case studies lack representativeness, what
amounts to a trade-off among the aims of reaching theoretical parsimony, establish-
ing explanatory richness, and keeping the number of cases manageable [13].

In this work cases are chosen following specific criteria that aim to create a range
of cases that allow a structured comparison. In order to be able to compare the
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selected cases, they have to be investigated. For this purpose a case analysis protocol
is created and used to guarantee the same approach for every case investigation.

3.2 Case selection

The case selection focuses on two mature renewable electricity sources — solar PV
and onshore wind — and the process unfolds in two stages. In the first step, all cases
demonstrating stagnation followed by re-acceleration in solar PV or onshore wind
energy deployment are identified according to Section 3.4. A case is constituted by
a combination of a country and an energy source that meet specific criteria: the
total electricity system size must exceed 30 TWh, and the share of the respective
energy source must surpass 1% by 2021. This initial screening yielded a total of 83
cases, of which 17 exhibited stagnation followed by re-acceleration. These identified
cases are listed in Table 3.1.

The second step is a narrower selection of six cases for in-depth analysis, keeping
an eye on holding the balance between solar PV and onshore wind cases. The re-
fined selection criteria aim to choose the most illustrative cases, considering various
factors such as what are the most prominent cases with clear patterns of stagna-
tion and re-acceleration. The occurrence of multiple stagnation and re-acceleration
phases in specific cases is an additional criteria. Moreover, efforts are made to en-
sure comparability among selected countries by considering factors like geographical
location and environmental conditions relevant to the energy source. Furthermore,
for one country there is one case of solar PV and one onshore wind case to enable
comparison between the different sources, within the same national context.

The steps of the process are depicted in Figure 3.1.

6 cases for in-depth analysis

83 potential cases: /
17 cases
TES (2021) > 30 TWh with
» stagnation »
share of source in and re-
question (2021) > 1% acceleration

A case is the combination of a country
and the source in question

Figure 3.1: Illustration of the different steps of the case selection process.

The following paragraphs briefly explain why specific cases were selected.
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Germany (DE) was chosen for solar PV due to its significant system size during
both its stagnation in 2012 and re-acceleration in 2017, with electricity generation
reaching 628.34 TWh and 644.04 TWh, respectively. Countries with larger energy
systems face greater challenges in achieving high shares of renewable energy, neces-
sitating a higher absolute capacity of solar PV installations. Germany’s solar PV
share rose from 6.12% in 2017 to 10.71% in 2022 during its period of re-acceleration.

Spain (ES) and Greece (GR) were selected for their clear solar PV growth trajec-
tories. Both countries, located in southern Europe, offer valuable comparability
in terms of solar PV conditions while possessing unique policy frameworks and in-
dustrial landscapes. Stagnation began around their respective take-off years, with
Spain experiencing its stagnation in 2008 and Greece in 2013. However, their solar
PV shares at the onset of stagnation differed significantly, with Spain at 0.83% (one
year before take-off) and Greece at 6.39% (one year after take-off). Both countries
had their re-acceleration in 2018. Notably, Spain’s system size is five times larger
than that of Greece, highlighting a substantial difference between the two nations.

Austria (AT) has a long wind energy history, with its initial growth dating back
to 2004. Notably, Austria experienced two distinct periods of stagnation followed
by re-acceleration. The first stagnation occurred between 2006 and 2011, while the
latest episode was observed from 2019 to 2020, only showing signs of a beginning re-
acceleration. Remarkably, during the second stagnation phase, the share of onshore
wind power had already reached 10.51%, which indicates a mature and established
presence in Austria’s energy landscape.

Denmark (DK) stands out as an early pioneer in wind energy, with its take-off year
in 1989. Renowned as a global leader in wind power, Denmark played a pivotal
role in leading the adoption and advancement of wind technology. The stagnation
period began in 2002, when wind power accounted for 12.42% of the energy mix.
The re-acceleration phase, which commenced in 2008, pushed Denmark to expand
its share of onshore wind to a remarkable 55% by 2022. This growth trajectory
underscores the effectiveness of strategies implemented to overcome the stagnation
phase in Denmark.

To assess whether similar mechanisms drive the slowdown and re-acceleration of
wind and solar PV or if these technologies operate independently, Spain (ES) was
selected as a case study for both technologies. The proximity of the stagnation years
and simultaneous re-acceleration in 2018 suggests a potential correlation, indicating
shared underlying factors for both technologies at least for the re-acceleration. No-
tably, Spain exhibited the highest share of onshore wind power among the selected
cases, standing at 18% during the stagnation year of 2012.

However, the selection has a limitation in its focus on OECD countries, particu-
larly EU members. These nations have a longer history with renewable technologies
due to their early adoption of renewable technologies [3]. Consequently, they are
more likely to have experienced periods of stagnation followed by re-acceleration [3].
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While there are potential cases in developing countries like the Philippines (PH)
and Pakistan (PK), as well as newly joined EU member states such as the Czech
Republic (CZ) and Bulgaria (BG), they present challenges. The Philippines show
more of a slowdown, and the re-acceleration is not as evident. Pakistan’s wind re-
acceleration is slow and just beginning, while the Czech Republic and Bulgaria are
only showing early signs of re-acceleration and therefore do not provide sufficient
data. The same applies to New Zealand (NZ), that would be an OECD country but
not a member in the European Union.

The following Table 3.1 summarizes the important data about the countries with
stagnation and subsequent re-acceleration and highlights the selected cases:

Table 3.1: Summary of all the countries with stagnation and following re-
acceleration of solar PV (S) and onshore wind power (W). The orange marked cases
are the finally selected ones.

Country Techno- | Share Size Share Size Share Size Year Year Take-
logy 2022 2022 stagn. | stagn. | re-acc. | re-acc. of of off
[%] [TWh] (%] [TWh] (%] [TWh] | stagn. | re-acc. | year
Belgium S 7.74 95.15 3.23 81.73 3.9 84.93 2013 2017 2011
Bulgaria S 3.36 50.65 3.23 43.04 3.65 40.22 2013 2020 2012
Czech Republic S 2.95 84.98 2.48 86.61 2.77 83.73 2012 2021 2011
Germany S 10.71 | 560.55 4.27 618.34 6.12 644.04 2013 2018 2009
Denmark S 5.81 34.42 1.5 34.42 3.25 29.51 2013 2019 2013
Spain S 11.51 | 285.16 0.83 310.67 4.69 271.87 2009 2019 2009
Greece S 12.42 52.35 6.39 57.12 7.12 53.25 2014 2018 2012
Italy S 9.74 284.73 7.52 287.07 8.74 286.39 2013 2021 2011
Philippines S 1.6 112.81 1.27 94.39 1.36 102.49 2017 2020 2016
. 2.81 62.28 3.12 62.26 2007 2011
Austria W 10.56 | 6592 | 1951 | 7086 | 9.81 | 69.19 | 2017 | 2021 | 20
Denmark W 55 34.42 12.42 39.28 18.92 36.62 2003 2008 1989
Spain W 21.71 | 285.16 18 293.77 | 18.72 | 271.87 | 2010 2019 1999
Finland w 16.13 72.66 7.14 67.12 8.35 69.98 2017 2018 2014
Netherlands A 17.72 121.25 7.18 113.83 9.53 120.79 2016 2019 2003
New Zealand A% 7.26 44.1 4.48 43.27 5.28 43.18 2011 2021 2005
Pakistan \\% 2.71 152.17 2.26 139.9 2.1 136.87 2018 2020 2017
Poland w 10.98 179.73 7.58 166.09 9.27 163.04 2016 2019 2010

3.3 Structure of case investigation

Chapter 4 analyzes solar PV and onshore wind deployment in different countries,
specifically how it is influenced by unique historical, market, and environmental
factors. By considering these diverse influences, a systematic comparison of the dif-
ferent trajectories is possible.

Before each case is analyzed individually, the international solar PV market dynam-
ics, developments relevant to the specific renewable energy source and EU policies
are examined. Insights into emerging market forces and global trends provide im-
portant context for understanding each country’s position within the international
market.

To ensure a structured and focused approach for the comparison of the different
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cases in Chapter 5, all the case investigations follow the same structure:

In the first step the trends in energy supply and demand and dependent on electric-
ity imports and exports of the country are examined. Factors such as the sources
of energy that are substituted by renewables, the amount of imported and domestic
resources, the country’s self-sufficiency ratio in energy production, and any energy
security concerns that may exist are explored by investigating data from IEA [60].

Afterwards, the focus lies on the country’s grid condition and international trad-
ing possibilities. Understanding the grid’s capacity, reliability, and interconnections
with neighboring countries provides insight into the challenges for integrating re-
newable energy sources into the existing energy system.

Moreover, it is investigated whether the country had developed a domestic manu-
facturing industry in the solar PV or onshore wind energy sector. This aspect is
crucial as it could help explaining political decisions.

Furthermore, the country’s geographical and environmental conditions that influ-
ence renewable energy deployment in each country are investigated. Factors such
as wind potential, solar irradiation, the country’s landscape and the geographical
location play an important role.

The next step is to identify the moments in the country’s renewable energy journey
where deployment of onshore wind or solar PV stagnated and then experienced a
re-acceleration according to the procedure in Section 3.4. Understanding the factors
that led to these turning points provides insights into the drivers and barriers to
renewable energy deployment with respect to the maturity of the renewable source.

The last section describes the country’s solar PV or onshore wind trajectory from
initial growth to any periods of stagnation and subsequent re-acceleration. Special
attention is given to the three perspectives by explaining the evolution of policies.
A a systematic analysis of available policy documents, academic literature and re-
ports was carried out to explain these political decisions relying on the factors of
the socio-technical and techno-economic perspective. Additionally, the normalized
capacity growth rates, like described in Section 3.5, before and after stagnation, as
well as based on the whole curve-fitting are reported.

By adopting a structured approach, the Results chapter of this thesis (Chapter 4)
offers a comprehensive analysis of renewable energy deployment in different coun-
tries. The structured comparison by applying the three perspectives helps to identify
correlations between events and can offer insights into causal links and mechanisms.
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3.4 Criteria of stagnation and re-acceleration

The method utilized to identify periods of stagnation and re-acceleration relies on
visual analysis of deployment curves. This involves plotting both the cumulative
installed capacity and the annual additions in deployment on the same graph, as
illustrated in Figure 3.2. The capacity data source is IRENA [61], while generation
data was taken from IEA [60] and IRENA [61] for onshore wind. In this representa-
tion, the cumulative installed capacity is depicted as a blue area, while the annual
additions are shown as red bars. Additionally, a red dotted line representing the
3-year-average of the additional capacity is included.
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Figure 3.2: Example of the German solar PV growth curve with cumulative in-
stalled capacity and annual additions in deployment.

The cumulative installed capacity provides an indication of when stagnation and re-
acceleration occur, as the slope of the curve decreases and approaches almost zero
during the period of stagnation or is at least much slower, and rises again during
re-acceleration. However, the annual additions offer more precise timing, highlight-
ing the exact years when stagnation or re-acceleration commence. Specifically, for
periods of stagnation following years of high deployment, the year when stagnation
begins is identified as the one showing the first significant decrease in deployment,
in Figure 3.2 it is 2013. Conversely, for re-acceleration, it is the year exhibiting the
first substantial increase in deployment, in Figure 3.2 it is 2018.

3.5 Growth metrics

To measure and compare growth, various growth metrics have been developed, tai-
lored to specific use cases.
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The average growth rate R can be calculated using the following equation 3.1. It
can be calculated over one or more years, in this work it will be calculated over three
years.

S — 8 S-S

R="1 22— "L 0.9 (3.1)

N-Ty N-(Th+T)
T refers to the total electricity supply, while S represents the electricity generation
from the source in question. The indices 0 and 1 denote different points in time. T
is the average of the total electricity supply between the years 0 and 1. N denotes
the time span in years.

This growth rate captures the actual growth and reflects the systemic significance of
the change, as it normalized to the size of the electricity system. This normalization
makes it comparable across countries. However, it has the limitation that it may
not perform adequately for longer periods of time [23].

For characterizing the periods of initial and restarted growth, the maximum 3-year
average growth rate for each period is used, which means N is equal to 3 in this case.

At the inflection point of an S-curve, the growth rate is referred to as the maximum
growth rate G. To measure it, Cherp et. al. [3] developed a new metric, in which
growth curves are fitted to the deployment of wind and solar over time.

The maximum growth rate G for the logistic model can then be calculated using
Equation 3.2.
L-k

Giog =~ (3.2)

For the Gompertz model, G can be calculated using Equation 3.3.

L-k
Gomp = —— (3.3)

e
L and k are both variables utilized in the respective growth model, which are deter-
mined by fitting algorithms. L represents the maximum reachable quantity, which
stretches the curve vertically with its change, and k compresses the curve horizon-
tally, and therefore has impact on the slope of the curve [3]. G can be normalized
to the total electricity supply at the inflection point to ensure comparability across
different countries [3].

Based on the fits, the inflection point ¢g can be identified, along with a diagnostic
measure of "maturity"’, that is used to assess the robustness of G and classify growth
as accelerating, stable, or decelerating. Maturity is defined as the ratio of the value
of the fitted curve in the last observation year to the asymptotic value L [3].
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3.6 Import dependency of electricity supply

Import independence or self sufficiency plays a crucial role in ensuring security of
supply. In the realm of electricity, import dependence typically manifests as reliance
on imported fossil fuels and, to a lesser degree, on imported electricity. Therefore,
nations aiming to decrease their import dependence may opt to increase domestic
fossil fuel production or transition towards non-fossil sources of electricity genera-
tion, however, the second option should be preferred [62].

The import dependence of electricity supply is determined by several factors, ac-
cording to Vinichenko [62]. Firstly, it considers the import dependence of individual
generation sources, such as fossil fuels (coal, oil, and natural gas), as well as the
proportion of these sources in the national generation mix. Additionally, it accounts
for net imports of electricity. Specifically, import dependence calculations focus
only on fossil fuels, where renewable energy sources are classified as domestic, and
nuclear energy is treated as "quasi-domestic." Import dependence of a fossil fuel
is determined by the proportion of domestic supply met with imports, calculated
as the ratio of net imports (imports minus exports) to domestic supply (domestic
production plus net imports), like defined in Equation 3.4.

Iy — By
Di=min|0, ———— 3.4

! ( P41y — Ef) 34
In this equation, Dy represents the import dependence of the fuel f, P; denotes its
domestic production, I; indicates total imports of the fuel, and Ef stands for its
exports. According to this definition, for a net exporter of the fuel (a country with
negative net imports), import dependence is zero, indicating full independence of

supply.

The import dependence of electricity supply is calculated according to Equation 3.5.

- F,
D, = E DiFy+ ——m——— 3.5
: 1o el+[el_E ( )

where D,; represents the import dependence of electricity supply, Dy denotes the im-
port dependence of the supply of fossil fuel f calculated according to the previously
described Equation 3.4, and Fy indicates the share of this fuel in the generation
mix. The second term represents the contribution of electricity exports and imports
to import dependence. I.; stands for the total electricity imports, E,; indicates the
electricity exports and P,; represents the country’s domestic electricity production.
This share is determined based on the amount of electricity generated from the fuel,
rather than its primary thermal content. The calculation logic follows a similar ap-
proach to that used for fossil fuels as described earlier. However, this term can be
negative for a country that is a net exporter of electricity [62].
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Results

This chapter explains the trajectories of renewable energy deployment across selected
nations. Each country is shaped by its own historical, market, and environmental
influences. Within this framework, the examination of renewable energy deployment
follows a structured approach, characterized in Section 3.3.

4.1 Global and regional context

The following section gives an overview about the national and regional context
influencing energy transitions. First, the international solar PV market development
will be described. Second, regional and EU policies will be addressed.

4.1.1 International solar PV market

In order to understand the dynamics within a particular country, comprehensive
knowledge about the global solar PV market is indispensable. Understanding the
broader international context of solar PV is crucial for a thorough analysis of local
developments and trends. Therefore, this section provides an overview of the evo-
lution of the global PV market.

Until 2007, Germany and Japan had been the dominant players in both PV installa-
tions and production, covering the entire value chain, when the global PV industry
competition was weak. But then the globalization of the PV market began and
China entered into the market, supported by government initiatives and led by its
export-oriented strategy [63], [64]. The beginning of Chinese mass-production inten-
sified global competition, leading to unexpected sharp declines in price as depicted
in Figure 4.1 [65]. The actual importation price (P3) ended up lower than the antic-
ipated price (P2) due to the beginning mass production of solar cells and modules.
Consequently, this price drop led to a surge in installations, surpassing the expected
quantity (Q2) to reach Q3. However, the figure also highlights a drawback of this
substantial price drop: a decline in European, specifically in German production
quantity from QG2 to QG3 [48]. Effectively, Germany and other countries were
increasingly subsidizing Chinese solar PV manufacturing.
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Figure 4.1: Effects on prices and installation and cell production quantity after
China’s emergence in the German market; adapted from [48].

In response to the global economic recession in 2008 and the decreasing prices, many
European countries were compelled to scale back their policy support for solar PV
installations, as it caused high costs [48]. However, this measure did not yield
the anticipated results of limiting the overinstallation. Instead, it spurred fiercer
competition in the global PV market, prompting Chinese manufacturers to further
decrease production costs and expand their production lines despite the economic
downturn [48]. The resultant oversupply of PV materials and equipment in the
global market destabilized the PV market, so it lost its equilibrium. Consequently,
numerous European companies across the entire PV value chain either declared
bankruptcy or ceased production due to their inability to withstand global price
pressures in the period of 2009 to 2012 [48]. However, China’s export-oriented
strategy, reliant on overseas markets, also suffered from declining demand, leading
to closures of Chinese firms as well [66].

4.1.2 International and EU policies

To address climate change and secure international commitment, various interna-
tional and regional, including EU, policies have been introduced. These policies
encompass a range of initiatives to reduce greenhouse gas emissions, promote re-
newable energy deployment, improve energy efficiency, and simplify international
cooperation and collaboration on climate action.

The first important international treaty was the Kyoto Protocol in 1997, that set
binding emission reduction targets on developed countries. The total emissions have
to be reduced by at least 5% during the period 2008 to 2012 compared to 1999 levels.
The European Community signed the protocol in 1998 and in 2002, the EU ratified
the Kyoto Protocol by the Directive 2002/358/EC. However, several industrialized
countries refused to ratify the Protocol, for example the US and Australia. It even-
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tually came to force in 2005 [67], [68].

In 2001, the European Commission set a directive (2001/17/EC) for promoting
renewable energy usage in electricity generation. It set national targets for RES
production for individual EU member states and demanded its adoption by the
members [69)].

In 2005, the European Union Emissions Trading Scheme (EU ETS) was introduced
to help the EU meet its targets under the Kyoto Protocol. It is the world’s first
and largest carbon market and covers different sectors (energy, industry, aviation).
Greenhouse gases emitted by business are capped and the companies can trade emis-
sion allowances. It covers 45% of the EU emissions [70].

In 2008, the EU Climate Action and Renewable Energy Package was introduced. It
contains various legislative measures, one of them is known as the 20-20-20 rule, as
greenhouse gases should be reduced by 20% by 2020 (compared to 1990) and the
share of RES in the EU energy mix should be increased to 20%. Additionally, a
20% improvement of energy efficiency should be achieved by 2020. The EP 2009/28,
known as the Renewable Energy Directive, was also part of it. This directive man-
dated all member countries to outline their targets for the share of renewable energy
in their electricity mix. It is the successor of the Directive 2001/17/EC [71].

The Chinese solar PV industry experienced significant growth starting in 2009, re-
sulting in panel price drops as discussed in Section 4.1.1 [48]. Consequently, the
European Commission implemented trade barriers on Chinese solar panels in 2013
in an effort to protect the struggling European solar PV manufacturing sector, that
could not withstand the competition and was in risk to decline. However, the bar-
riers failed to rescue the industry and were consequently removed in 2018, also to
help re-accelerating solar PV deployment in Europe [72].

The Paris Agreement, established in 2015, aims to mitigate global warming, with a
primary objective of limiting the rise in average global temperatures to below 2°C,
and ideally to 1.5°C, compared to pre-industrial levels. Unlike the Kyoto Protocol,
which primarily targeted developed nations, the Paris Agreement involves commit-
ments from both developed and developing countries [73].

The Powering Past Coal Alliance (PPCA) was launched at COP23 in 2017, after
more governments introduced measures to end coal power generation, inspired by
early movers like the United Kingdom and Canada. 27 national, provincial, state
and city governments joined immediately by endorsing the PPCA Declaration and
less than one month afterwards, the Alliance doubled its size and is continuously
growing [74]

The European Green Deal, introduced in 2019, is the EU’s long-term vision to be-

come climate-neutral by 2050. It is an initiative, that encompasses a set of policies
across sectors such as energy, transport, agriculture, and industry to reduce green-
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house gas emissions and promote sustainable development [75].

The REPowerEU plan of 2022 aimed at ending the European Union’s dependence
on Russian energy and emphasized the need of phasing out fossil fuels. The plan
outlines measures to achieve a renewable energy share of 45% in final energy con-
sumption by 2030 through saving energy, diversifying the energy supply and bol-
stering investments in renewable energy deployment [7].

The participants in the COP28 global renewables and energy efficiency pledge com-
mitted to collectively triple the global installed renewable energy generation capacity
and double the global average annual rate of energy efficiency improvements by 2030,
in order to meet the goal of the Paris Agreement [8].

4.2 Germany solar PV

Germany has been a pioneering nation in the context of solar PV, leading the way
in promoting and adopting solar energy technology through progressive policies and
widespread implementation.

General power supply and demand trends

Figure 4.2 illustrates the electricity supply in Germany categorized by fuel type and
whether the fuel originates from domestic or imported sources. Overall, Germany’s
electricity demand, depicted by the black line, exhibited a gradual decrease after
2010, with periods of electricity exports observed. Examining the various sources of
electricity production, Germany’s extensive reliance on coal throughout its history
becomes obvious. Despite possessing abundant domestic coal resources, including
lignite and hard coal, Germany reduced first nuclear and since 2016 also coal usage,
driven by its transition towards renewable energies, especially significant increases
in wind and solar PV production. In fact, nuclear power was entirely phased out
in 2023. While Germany historically operated numerous hard coal mines, economic
feasibility lowered over time, leading to the closure of the last hard coal mine in
2018, despite decades of state subsidies dating back to the 1960s. Moreover, Ger-
many primarily relied on hard coal imports, predominantly sourced from Russia, the
United States, and Australia, contributing to the relatively high share of imported
coal. Approximately one third of coal-generated electricity was derived from hard
coal, while the remaining two-thirds were from lignite, a resource in which Germany
had been the leading producer until China surpassed it in the early 2000s [76], [77].

Prior to 1990, when domestic coal dominated electricity generation, Germany main-
tained a high self-sufficiency rate according to the definition in Section 3.6, which
then diminished with increased reliance on imported coal and gas. However, the
reduction in nuclear power and the expansion of the renewables sector led to a resur-
gence in the self-sufficiency ratio, as it can be seen in Appendix A.1. Germany’s
energy security was largely unchallenged until Russia’s attack on Ukraine, which
underscored its dependence on Russian natural gas, albeit after the re-acceleration
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of solar PV deployment.
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Figure 4.2: Electricity supply in Germany by fuel type and domestic or imported.
Data: IEA Energy Balances [78], graph by V. Vinichenko.

Grid condition and interconnection

Germany’s electrical grid is interconnected with neighboring countries, enabling the
exchange of electricity. While there are no restrictions on electricity import and ex-
port within the European Union, surplus electricity generated in Germany’s northern
regions, particularly from offshore wind turbines, poses challenges as it exceeds local
demand and neighboring countries’ needs. Notably, Germany’s grid infrastructure
struggles to transmit excess energy from the north to the industrial hubs in the
south. Efforts to bolster grid infrastructure and effectively integrate renewable en-
ergy sources are ongoing to ensure a reliable and efficient energy system [79].

Manufacturing

As already noted in Section 4.1.1, Germany once boasted the world’s largest solar
PV industry but was overtaken by China in 2007. The industry experienced con-
tinued growth until 2011, albeit at a slower pace from 2009 to 2011, before facing a
sudden crash [48]. Numerous German companies across the entire PV value chain,
such as Q-Cells, Schott Solar, and Bosch, either declared bankruptcy or ceased pro-
duction due to their inability to withstand global price pressures [48].

Solar potential

In Germany the conditions for solar PV are less than optimal. One pivotal factor
influencing a country’s solar PV potential is solar irradiance, which denotes the
amount of sunlight reaching the Earth’s surface per unit area [80]. While Ger-
many’s solar irradiance levels are moderate compared to sunnier equatorial regions,
advancements in solar PV technology, including enhancements in panel efficiency
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and design, have rendered solar PV production feasible even in areas with lower
irradiance. Notably, solar irradiation is higher in southern regions of Germany, re-

sulting in increased solar energy generation in those areas, as illustrated in Appendix
A2 [81].

Germany has a temperate climate characterized by mild summers and relatively cold
winters. Cloud cover and precipitation are common throughout the year, which af-
fects solar PV production. However, even on cloudy days, diffuse sunlight still
contributes to solar energy generation. Germany’s geographic location in Central
Europe means it is situated at relatively high latitudes compared to sunnier regions
near the equator [82]. Despite its northern latitude, Germany’s flat terrain and ex-
pansive land area provide ample opportunities for solar PV installations, including
rooftop solar panels on residential and commercial buildings, ground-mounted solar
farms, and solar installations on industrial sites [83].

Stagnation and re-acceleration points

In Figure 4.3, the growth of installed solar PV capacity in Germany is depicted.
Both, the cumulative installed capacity and the annual additions, are illustrated
to facilitate the identification of stagnation and re-acceleration points, as described
in Section 3.4. Stagnation is observed to commence in 2013, followed by a short
period of constantly low deployment and a re-acceleration of growth beginning in
2018. Since then, the annual additionally installed capacity has exhibited steady
growth. In Germany there was no complete stop of installations, only a slow-down.
The average 3-year growth rate, calculated as described in Section 3.5, has a maxi-
mum value of 13.28% before stagnation and 10.46% afterwards. The maximum
growth rate for the fitted curve is 8.03%, which can be reliably measured as the

maturity is with 0.95 above 0.5, which means the inflection point has been passed.
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Figure 4.3: Change point diagnosis for Germany.

Initial growth

Germany experienced a significant surge in solar PV development during the period
between 2000 and 2010, positioning itself as one of the pioneering nations in this
domain [48].

The government’s early efforts to promote renewable energies, dating back to the
1970s during the oil crisis, aimed to enhance national energy security, but also
domestic manufacturing and export capability [43], [84]. However, the pivotal mo-
ment came with the enactment of the Renewable Energy Sources Act (EEG) in 2000,
which provided the legislative framework necessary for advancing the country’s tran-
sition toward greater reliance on renewable sources [85]. Central to this legislation
was the introduction of the FIT scheme, designed to incentivize renewable energy
production [85]. This scheme, guaranteeing a fixed feed-in tariff for 20 years, played
a crucial role in driving Germany’s solar PV boom in 2004 [86].

Concurrently, Germany implemented the 100,000 Solar Roofs Initiative (1999-2003),
building upon the foundation laid by its predecessor, the 1,000 Solar Roofs Initiative
(1991-1995) [85], [87]. To offset the conclusion of these initiatives, enhancements to
the FIT scheme were introduced in 2004 [63], propelling Germany to global leader-
ship in PV system installations since 2005, accounting for 32 % of global installations
[66], [88].

The robust growth in solar PV deployment, coupled with early investments in re-
search and development and collaboration between research institutions, universi-
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ties, and industry stakeholders, facilitated the commercialization of the solar PV
sector and spurred technological advancements [87], [89], [90]. Consequently, the
sector witnessed a significant decline in prices since the 1980s [91]. Economically,
this growth translated into higher profits and increased employment, as illustrated
in Table 4.1 [92].

Table 4.1: Solar PV employment estimation in Germany (2003-2006: [93]; 2008-
2012: [88]; 2013: [84])

Germany 2003 2006 2008 2009 2010 2011 2010 2013

Solar PV jobs | 10,000 | 35,000 | 48,000 | 65,000 | 133,000 | 128,000 | 100,000 | 87,000

Domestic demand surpassed domestic cell production in 2004 and has consistently
remained higher thereafter [48]. Consequently, Germany resorted to importing a
part of the installed PV modules [94], [95].

In 2009, there was a rapid decrease in the price of solar PV systems, leading to a
surge in deployment. This price drop was largely attributed to the increasing market
share of Chinese cell producers in the global PV market, beginning around 2007 [48],
as described in 4.1.1. The government responded to the price drops by reducing the
FIT in order to curb the uncontrolled proliferation of installations, recognizing that
they posed a financial burden and incurred unforeseen costs [48], [96].

The Chinese mass production also caused a reduction in the German market share
within the solar PV sector, but the deployment sill increased, driven by the avail-
ability of cheaper products. While this shift resulted in job losses due to a shrinking
industry, like Table 4.1 shows, the expanding deployment also created new employ-
ment opportunities [48].

Stagnation

In Germany, there was no complete stop in deployment, but a slow-down, that set in
by 2013, prompted by another revision of the EEG. This revision was a reaction to
the excessive and ineffective spending on subsidies, driven by the rapid deployment
resulting from decreasing solar PV panel costs. Under the prior EEG version the
deployment did not decrease, so this update entailed reduced FITs and established
an overall expansion target of 52 GW, beyond which the EEG compensation would
be zero. To facilitate this expansion, an annual extension corridor of 2,500 MW
was introduced. Additionally, a monthly degression rate of 1% for PV systems put
into operation from the beginning of each month was implemented. Furthermore,
starting from November 2012, the concept of the "breathing lid" was introduced,
adjusting the degression rate based on whether the annual expansion corridor was
met or exceeded. Moreover, a market integration model was introduced for building
systems with capacities ranging from 10 to 10,000 kW. From 2014 onward, the re-
munerable amount of electricity for systems commissioned from April 1, 2012, was
capped at 90% per calendar year. Any excess electricity not eligible for remuner-
ation could either be consumed or sold to the network operator at market value [97].
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The European Commission responded to the challenge of competition from Asian

competitors by imposing trade barriers, setting minimum prices on Chinese imports
in 2013 [72].

Subsequent amendments to the EEG in 2014 introduced further reductions in FITs.
Moreover, for new installations exceeding 500 kW, the requirement was established
for electricity to be sold on the market by the system operator. The base degression
rate, effective from August 1, 2014, was halved to 0.5 percent per month compared
to the previous 1 percent. In cases where the target corridor was undershot by up to
900 megawatts, the degression decreased monthly to 0.25 percent. If the undershoot
exceeded 900 megawatts but remained below 1,400 megawatts, there was no degres-
sion in the subsequent quarter. Additionally, from 2014 onwards, self-consumers
with systems larger than 10 kW were required to pay a so-called EEG-surcharge
[97].

Re-acceleration

Starting from 2017, financial support for all energy sources was determined through
auctions, with technology-specific auctions ensuring that different types of renewable
energies did not compete against each other [97]. The re-acceleration phase began in
2018 when the extension corridor of 2500 MW was exceeded for the first time since
2013, marking a substantial increase of 68% compared to 2017 [98]. Particularly
noteworthy was the surge in solar PV deployment towards the end of December
2018, with installations totaling 376.6 MW out of 2960 MW [99]. This spike in
deployments was largely attributed to declining PV prices. Starting from mid-2018,
China’s decision to scale back subsidies for new solar installations led to an oversup-
ply of equipment, causing a global reduction in solar panel prices. Furthermore, the
European Union’s decision to lift import barriers on Chinese-made panels in 2018
contributed to this trend by further lowering prices, as it failed to sustain European
manufacturers in the market and only slowed down deployment [100], [101].

The surge in solar PV installations in December 2018 also coincided with a signifi-
cant number of completed tender projects. This can be attributed to the deadline
for connecting photovoltaic open-space installations awarded in the pilot tender of
December 2016, which expired on December 15, 2018 [99]. The introduction of a
competitive process for determining payments to renewable installations above 750
kW capacity, instead of fixed FIT rates, through an EEG reform in 2016 further
facilitated this growth [102]. Additionally, the Energy Collection Act passed in
November 2018 outlined tenders for up to 4 GW of solar PV capacity between 2019
and 2021, which would not be subject to the 52-GW ceiling set by the government
[100]. However, by January 2019, nearly reaching 46 GW of installed capacity, the
52 GW ceiling was already on the verge of being surpassed, indicating a strong will-
ingness to invest in solar PV [100].

Another contributing factor to the increased solar PV deployment was the rising

cost of C'Oy certificates and electricity, prompting industries and private homeown-
ers alike to seek ways to produce their own electricity as a cost-saving measure. It
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also became more profitable to deploy low-carbon sources. Additionally, the grow-
ing trend towards heat pumps and financial incentives for private charging stations
for electric cars further incentivized the production of self-generated electricity [103].

In conclusion, stagnation ensued as global manufacturing costs dropped, largely due
to increased production in China, leading to a surge of installations and increased
spending on subsidies without significant benefit to German panel manufacturing.
The German policy-makers struggled to adapt to this new situation, in particular,
by adjusting support policies. Additionally, the European Commission implemented
import barriers to mitigate the impact. Subsequent re-acceleration occurred follow-
ing the removal of these barriers, coupled with further decreases in solar panel prices
and the introduction of more flexible support policies. Simultaneous nuclear phase-
out and the beginning of coal decline at the end of the 2010s led to increased demand
for low-carbon sources. Finally, European carbon policies also contributed to mak-
ing solar PV a more attractive energy sources. A summary of the pivotal policies is
illustrated in the following Figure 4.4.
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Figure 4.4: Timeline of pivotal German policies

4.3 Greece solar PV

Greece possesses immense potential for solar photovoltaic energy production, ben-
efiting from its abundant sunlight and favorable climate, driving significant growth
in the solar PV sector.

General power supply and demand trends

Until 2008, Greece experienced a consistent increase in electricity demand, primarily
met by domestic coal and, starting from 1998, supplemented by imported gas, as
shown in Figure 4.5. Following the global financial crisis in 2008, overall demand
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decreased, albeit with some fluctuations. Correspondingly, the use of domestic coal
declined rapidly. In 2019, the government announced a lignite phase-out by 2028
[104], leading to a larger decrease of coal in that year. Since 2001, demand con-
sistently exceeded supply, leading to a significant reliance on electricity imports.
Presently, imported gas constitutes the largest share of Greece’s electricity system,
followed by wind power, which has shown continuous growth since 2000. Peaks
in demand in 2007 and 2008 were met by increased imports of gas, resulting in a
peak in import dependency. The emergence of solar PV growth in 2009 suggests a
potential correlation with these events. Additionally, from 2013 to 2020, electric-
ity imports surged alongside solar PV stagnation, indicating potential government
efforts to drive re-acceleration.
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Figure 4.5: Electricity supply in Greece by fuel type and domestic or imported.
Data: IEA Energy Balances [78], graph by V. Vinichenko.

Grid condition and interconnection

The condition of the Greek electricity grid is relatively modern and well-maintained,
with ongoing efforts to expand its infrastructure in order to meet the requirements
for the growing renewable sector. Currently, a lot of the islands are still not con-
nected to the mainland grid, but this should be reached until 2030. On islands the
main electricity generation is oil-fired, which explains the consistent amount of oil
in the electricity supply shown in figure 4.5 [105].

In terms of interconnection with other countries, Greece has been working on en-
hancing its connections with neighboring countries to strengthen energy security and
facilitate cross-border electricity trade. Currently, Greece is connected to its neigh-
boring countries through several interconnection points, including interconnections
with Bulgaria, Albania, Italy, and North Macedonia, that should even be increased
in the next years. Additionally, an interconnection with Egypt is established [105].
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Manufacturing

Greece does not have a substantial domestic solar PV manufacturing sector, in-
stead the country relies on imported solar PV panels and equipment to achieve its
renewable energy goals. This dependency on imports comes from factors such as
the absence of major manufacturing facilities, the inability to ensure competitive
production costs, and the prevalence of well-established solar PV markets in other
regions [106].

Solar potential

Greece has favorable conditions for solar PV generation due to its abundant solar
irradiation and geographical characteristics. The country receives ample sunlight
throughout the year, with high levels of solar irradiation, especially in regions with
clear skies and minimal cloud cover [107]. In Appendix A.3 the solar irradiation
over the whole country is shown.

Geographically, Greece’s diverse terrain, including vast plains and mountainous ar-
eas, provides various opportunities for solar PV installations. Coastal regions, is-
lands, and areas with lower elevation typically experience higher levels of solar irra-
diation, making them ideal locations for solar PV projects. Additionally, Greece’s
latitude, which lies within the solar-rich Mediterranean region, further enhances its
solar energy potential [107].

Stagnation and re-acceleration points

The Greek solar PV growth curve is shown in Figure 4.6. The cumulative installed
capacity and the annual additions, are illustrated to facilitate the identification of
stagnation and re-acceleration points. The initial growth in solar PV deployment
started in 2009 and the annually added capacity grew in big steps until 2013, but
suddenly became almost zero in 2014. It stayed like this until the growth started
to re-accelerate in 2018, almost showing the same growth pattern like in the initial
growth phase but with slightly higher annual capacity additions. The re-accelerated
growth seems to be stable. The average 3-year growth rate has a maximum value of
12.98 MW hefore stagnation and 16.28 MW afterwards. The maximum growth rate

TWh TWh

for the fitted curve is 9.15744—%. The inflection point is still in the future, which is
indicated by the maturity 0.46 being below 0.5. But as the two values are close

together, the maximum growth rate can still be considered plausible.

34



4. Results

104

Installed capacity, GW

!
!
/
/

=}

o
Mo “Aioedes [euonppy

/ \

!
/
4
/
/
/
// \\ 4
i /
/ k /
/ b /
/ } ’
s \ 1
y \ Y
’ \ s
’ \ /-
- ¥ ‘
- \ -~
_ —_
0- == B o= - Loo

2005 2010 2015 2020
Year

—— 3-year average of additional capacity, GW A Take-off-year . Additional capacity, GW . Installed capacity, GW

Figure 4.6: Change point diagnosis for solar PV in Greece.

Initial growth

The Greek legislature acknowledged the importance of renewable energy sources in
the Greek energy landscape earlier than the broader European community. In 1994,
significant legislative events unfolded. Internationally, Greece ratified the Climate
Change Convention through Act 2205/1994. This pioneering legislation granted
private entities the right to produce renewable energy and sell it to public power
companies at a favorable tariff, aiming to boost renewable energy penetration [108].

Five years later, Act 2742/1999 recognized the need for a special spatial plan for
renewables due to Greece’s decentralized geography, particularly its islands. In the
same year the integration of energy from renewables into the grid was prioritized
for the first time. However, renewable energy development did not continue due to
complex licensing procedures and the absence of a spatial plan [109].

In 2001, the European Parliament issued Directive 2001/77, urging member states
to promote renewable energy investments. Greece incorporated this directive into
law with Act 3468/2006. This legislation aimed to guarantee renewable energy grid
connection and set a target for renewables to contribute at least 20% to the en-
ergy balance by 2010. Additionally, it introduced an FIT pricing system, spurring
increased investor interest and the implementation of numerous renewable energy
projects. Thus, Act 3468/2006 marked a significant shift in Greek energy policy
towards renewable energy pricing and promotion [110].

Examining the growth curve depicted in Figure 4.6, it can be seen, that it took
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some time for the policies to show impacts, as the country had to go through the
formative phase. Licensing procedures remained lengthy, spanning approximately
three to four years, followed by a construction phase lasting around three years.
Consequently, the peak years are observed to be 2012 and 2013 [110].

Act 3734/2009 changed Greece’s renewable energy landscape significantly by in-
troducing substantial reductions in FITs, amending the previous legislation of Act
3468/2006. The gradual decrease in FITs commenced in August 2009 and contin-
ued on a semester basis [110]. This law also extended the duration of the Power
Purchase Agreements from 10 to 20 years and mandated that the contracted FIT
would remain unchanged for 18 months from the date of signing the Power Pur-
chase Agreement. However, if activation occurred after this 18-month period, the
guaranteed tariff would no longer be maintained and would instead be set based on
the provisions applicable in the equivalent semester of its activation, which causes
an uncertainty for the renewable energy producers [111].

In 2010, Act 3851/2010 aligned Greece with the mandated European target for re-
newable energy, known as the 20-20-20 rule, which outlined ambitious goals for RES
contributions to electricity generation, gross energy consumption, heating and cool-
ing, and transportation by 2020. Moreover, the legislation aimed to simplify the
licensing process, resulting in a surge of construction projects, as all the registered
projects were permitted. Once more, the construction phase endured for approxi-
mately three years, thereby making 2013 the pivotal year when the impacts of this
legislation became apparent [110].

Stagnation

The stagnation phase commenced in 2014, following concerns about the long-term
financial sustainability of the Greek solar PV market, that led the government to
implement new laws [112].

Through Law 4042/2012, an approximate 15% reduction in tariffs was imposed.
These reductions were aligned with the initial tariffs set by Law 3468/2006, main-
tained for certain semesters as per Laws 3734/2009 and 3851/2010. A transitional
period was established to ensure a smooth adjustment to the new rates. Subse-
quently, in August 2012, a further 28% reduction in tariffs was introduced, also
accompanied by a transitional period [112].

Law 4093/2012, enacted in November 2012, introduced emergent measures to ra-
tionalize funding for renewable energy sources and PV station remuneration. It
included a "solidarity surcharge' of 25-30% for energy generated between July 1,
2012, and June 30, 2014. The law stipulated that the guaranteed tariff would be
based on the semester in which the PV station was activated, with exceptions for
pre-existing Power Purchase Agreements. Additionally, PV stations were required
to be activated within four months of the law’s implementation, providing a short
transitional period until March 2013 [111].
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Subsequently, Law 4152/2013 modified the solidarity surcharge on PVs to 34-42%
and introduced the concept of a minimum floor income from the wholesale market for
the RES account, a special financial mechanism established to manage the funds re-
lated to RES. It ensured that compensation for renewables corresponded to avoided
costs based on the weighted average variable cost of conventional thermal units [112].

Law 4254/2014 aimed to standardize economic returns for renewable energy projects
over a 20-year period and stabilize the RES account. It included provisions to delete
part of the accumulated deficit by requiring a compulsory credit invoice from RES
producers [113].

Under Law 4254/2014, tariffs for the sale of operational RES projects were unilat-
erally and retroactively redefined, despite existing contracts, to ensure consistent
economic returns across different technologies over a 20-year period. This aimed to
stabilize the RES account and reduce its deficit. The disparity in economic returns,
particularly for PV projects, stemmed from the rapid decrease in installation costs
without corresponding reductions in FITs. Prior to Law 4093/2012, tariffs could
be maintained for 18 to 36 months, depending on plant capacity, resulting in older,
higher-cost tariffs being applied [113].

Re-acceleration

The re-acceleration, beginning in 2018, can be attributed to the implementation of
a state aid scheme introduced by Law 4414/2016, which aims to boost investment
in renewable energy sources and bring the Greek energy market in line with EU
objectives [113]. During that time the electricity demand had another peak and the
net imports were high.

Under the renewable energies state aid program, which is scheduled to run until
2025, eligible renewable energies projects may receive 20-year operating aid agree-
ments in the form of Feed-in-Premium contracts. These contracts operate on the
basis of contracts-for-difference between the market price of electricity and a fixed
reference price, determined through competitive procedures conducted by the Reg-
ulatory Authority for Energy’s, replacing the previous FIT system which proved
ineffective [113].

Small-scale and demonstration projects are exempt from the Feed-in-Premium scheme,
and instead, standard FIT contracts are arranged. According to Law 4643/2019 and
Regulation 2019/943, as of January 1, 2020, renewable energy plants with a capac-
ity equal to or greater than 400 kW are only eligible for Feed-in-Premium contracts
awarded through bidding procedures. Additionally, they are required to undertake
balancing obligations in the Hellenic Energy Exchange Market. This threshold is
expected to be lowered to 200 kW by 2026 to comply with EU regulations [113].

Starting from November 1, 2019, renewables projects that have entered into Feed-

in-Premium contracts are now participants in the day-ahead market, either directly
or through a renewable energy sources aggregator. They are subject to clearance
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and settlement procedures, and must commit to accurately predicting the declared
injected quantity of power. This is done following the implementation of intra-day
and balancing markets, as part of their obligations under Feed-in-Premium contracts
or the representation in the electricity wholesale market [113].

In essence, the stagnation ensued when the costs of PV installations declined, but
the subsidies remained high, raising concerns about the long-term financial viabil-
ity of the Greek PV market. Consequently, the government took measures in 2012
— after electricity demand and net electricity imports had declined for some years
— to address this by reducing FITs and introducing a solidarity surcharge. As a
transitional period was established to smooth the transition to the new rates, the
effects only became evident in 2014, particularly after the retroactive adjustment
of tariffs for the sale of operational renewable energy projects. The re-acceleration
commenced in 2018 and can be attributed to the implementation of a competitive
tendering system introduced in 2016, after some years of increasing electricity de-
mand and net imports. This system ensures a feed-in-premium on top of the market
price for 20 years of operation. All the pivotal laws are depicted in Figure 4.7.
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Figure 4.7: Timeline of pivotal Greek policies regarding solar PV

4.4 Spain solar PV

Spain stands out as a prominent case in both the solar PV and onshore wind energy
sectors, capitalizing on its advantageous climate and geographical features to lead
substantial advancements in renewable energy generation.

General power supply and demand trends

As depicted in Figure 4.8, there was an almost linear increase in demand from 1997
until 2008, driven by economic growth, initially met primarily by a rise in natu-
ral gas consumption, which was entirely imported. Starting from 2004, there was
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also a significant contribution from wind energy. However, from 2008 to 2013, the
global economic crisis and the Spanish financial crisis caused a decline in demand.
This decline in demand, alongside the rising wind sector and the emergence of solar
PV generation, resulted in reduced coal and oil consumption and imports. Further-
more, from 2004 until 2013, Spain was a net electricity exporter. However, from 2013
to 2018, total demand saw a slight increase as Spain rebounded from its financial
downturn, leading to electricity imports due to the unpreparedness of the electricity
system. Notably, this transition from exporting to importing electricity coincided
with the beginning of onshore wind stagnation and persisted until 2020, suggesting
a correlation between the re-acceleration of onshore wind and solar PV, beginning
both in 2018, and the end of electricity imports. It’s plausible that the govern-
ment aimed to curtail import dependency by enhancing conditions for renewables,
including solar PV. Post-2018, electricity demand began to decrease once more. The
growing renewables sector mainly substituted imported coal and oil, with a slight
increase in gas consumption. Consequently, since 2009, Spain’s self-sufficiency ratio
has significantly increased due to the rising share of renewables, which have mainly
replaced imported fossil fuels. However, as shown in Figure 4.8, alongside the growth
of renewables, the diversity of the electricity mix decreased from 2010 onwards and
will continue to decrease with the complete phase-out of coal and the ongoing pro-
cess of nuclear phase-out. This, combined with the intermittency of renewables,
poses a challenge for energy security [114].
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Figure 4.8: Electricity supply in Spain by fuel type and domestic or imported.
Data: IEA Energy Balances [78], graph by V. Vinichenko.

Grid condition and interconnection

Spain’s electricity grid was essentially isolated, with limited interconnection and
trading with neighboring countries. Only about 3% of the electricity demand was
imported in 2011 [115]. This lack of interconnection, coupled with the inability
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to store electricity, meant that all electricity produced had to be consumed within
Spain. Spain’s electricity system had a significant excess generation capacity. In
2009, the installed capacity was 93,000 MW, while peak demand was only 44,000
MW [116].

Manufacturing

In comparison to Germany, Spain did not have a large solar PV manufacturing in-
dustry. The few manufacturers they had could not withstand the international price
competition triggered by China’s mass production starting in 2008, leading to the
crash of the Spanish solar PV market in 2009 [48].

Solar potential

The conditions for solar PV production in Spain are generally favorable. Spain re-
ceives abundant sunlight throughout the year, especially in southern regions such
as Andalusia, Extremadura, and Murcia. The levels of solar irradiance are among
the highest in Europe, as shown in Appendix A.4, which makes Spain an ideal lo-
cation for solar PV installations [117]. Spain has a diverse climate, ranging from
Mediterranean in the south to maritime in the north. The southern regions expe-
rience hot, dry summers with a lot of sunshine, while the northern regions have
milder temperatures and higher precipitation. Spain experiences around 300 days
of sunshine every year, which is equivalent to over 3,000 hours of potential gen-
eration [118]. Overall, the climate conditions in Spain are conducive to solar PV
production, particularly in the sunnier southern regions. Spain’s geographical loca-
tion in the Iberian Peninsula provides sufficient land area for solar PV installations,
including both ground-mounted solar farms and rooftop installations. Large parts
of Spain, particularly arid and undeveloped regions like Aragén, are ideal for utility-
scale solar projects due to their ample sunlight and flat terrain [118].

Stagnation and re-acceleration points

Figure 4.9 illustrates both the total and annually installed capacity, aiding in the
identification of stagnation and re-acceleration points, as discussed in Chapter 3.
The stagnation period begins abruptly in 2009 following a year of exceptionally
high growth. The take-off year also occurs in 2009, immediately after the significant
deployment boom. However, there was nearly a complete halt in deployment in
2009, with deployment levels reaching those of 2007 only in 2010 again. Despite
this, growth did not rebound, and from 2013, annual deployment decreased until it
came to a complete stop from 2014 to 2018. The re-acceleration phase commenced
in 2019, also abruptly, with deployment in that year surpassing even that of 2008.
Although there was a slight slowdown in 2020, deployment recovered in 2021 and
2022. The average 3-year growth rate has a maximum value of 3.84% before
stagnation and 11.51% afterwards. The maximum growth rate for the fitted
curve can not be told, as the growth is still accelerating with its inflection point far
in the future. Growths rates cannot be reliably estimated when the inflection point
is too far in the future, which is indicated by a maturity of less than 0.5, in this case
with 0.0008 much less.
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Figure 4.9: Change point diagnosis for solar PV in Spain.

Initial growth

The solar PV deployment in Spain experienced a notable boom only within a brief
timeframe, from 2007 to 2008, as illustrated in Figure 4.9. During this period, signif-
icant factors drove the surge in installations. Firstly, the costs for PV installations
witnessed a sharp decline, primarily due to the commencement of Chinese mass
production, coupled with advancements in solar panel efficiency. Secondly, access to
credit was relatively easy owing to low interest rates, particularly after Spain joined
the Euro currency zone in 2006. Concurrently, the FIT rates were set at notably
high levels [119].

Spain had already introduced FITs in 1997 (Law 54/1997), allowing investors to opt
for either a fixed FIT rate or a fixed premium on top of the electricity market price
[119]. However, concerns were raised regarding the annual adjustment of FIT rates,
which was deemed non-transparent and posed risks to investors. Consequently,
Royal Decree 436/2004 established a target of 150 MW for solar PV, which needed
to be achieved before any adjustment to FIT rates. While this regulation improved
circumstances for solar PV investors, it fell short of incorporating best-practice FIT
design elements such as degressive FIT rates [120].

The pivotal shift occurred with Royal Decree 661/2007, which significantly impacted
Spain’s solar PV sector [120]. Under this decree, solar PV investors were mandated
to accept the fixed FIT rate, eliminating the option for choosing a premium. Revi-
sion of these FIT rates was scheduled every four years, commencing in 2010 or upon
reaching a capacity target of 371 MW for PV generation. Additionally, renewable
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energies were granted prioritized access to the electricity grid, and renewable plants
with capacities exceeding 10 MW were required to connect to a generation control
center. The FIT rate for installations ranging from 100 kW to 10 MW was nearly
doubled. The Renewable Energy Plan for 2011 to 2020 was further developed to
reassure investors of continued support beyond 2010. Furthermore, a cap-and-floor
price system was introduced, stipulating that if the market price plus the FIT rate
exceeded the cap, renewable energy generators would receive only the cap price,
while if it fell below the floor level, they would receive this price [121].

These measures made investments in solar PV plants, especially those with capaci-
ties between 100 kW and 10 MW, highly attractive. Investors capitalized on these
incentives by constructing small-sized plants in close proximity rather than building
larger ones. Consequently, large-scale systems were able to benefit from the FIT
rates intended for smaller, more expensive systems [120]. Despite these advantages,
various loopholes existed for investors and operators, such as "repowering" existing
plants to fall under the better regulations of Royal Decree 661/2007. Additionally,
the FIT rates, besides being too high, failed to adjust to the decreasing costs result-
ing from Chinese mass production. The policy change was simply too slow to halt
the boom and the corresponding costs for the government. Although the draft of
the new Royal Decree was published in September 2007, it only entered into force
in September 2008 [120].

Stagnation

As previously mentioned, a new Royal Decree was enacted in September 2008
to manage solar PV deployment and implement cost-containment measures. RD
1578/2008 categorized PV installations into facades- or roof-mounted and ground-
mounted systems. It introduced capacity quotas, limiting the number of new solar
PV installations eligible for subsidy support each quarter of the year. These quo-
tas operated on a first-come-first-serve basis and were linked to the FIT rate. If
less than 75% of the quota was utilized, the current FIT level remained unchanged;
however, exceeding 75% led to a reduction in the FIT rate [122].

Furthermore, the already reduced feed-in-tariffs faced additional cuts through an-
other Royal Decree in 2010 [123]. Between 2008 and the end of 2011, these tariffs
were decreased by a total of 19% to 61%, varying depending on the type of instal-
lation [120].

To manage subsidy costs during the financial crisis, that additionally led to de-
creasing demand, RD 1578/2008 reduced the duration of financial support for new
solar PV plants to 25 years [122]. Subsequently, RD 1565/2010 extended this 25-
year cap retroactively to all solar PV plants developed under RD 661/2007, which
were originally promised subsidies across their entire operating lifetime [121], [123].
Later, RDL 14/2010 increased the support period to 28 years [123]. However, it
also introduced a cap on operating hours for most existing solar PV plants. This
meant that any electricity generated beyond this cap had to be sold at the pool
electricity price instead of the relevant FIT rate [120]. Additionally, RD 14/2010
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closed the repowering loophole by stipulating that all repowering must involve the
use of new equipment, preventing developers from updating systems with outdated
modules [123].

Furthermore, RDL 1/2012, introduced a moratorium on new projects, deferring the
registration of pre-allocation applicants for an indefinite period and abolishing all
types of tariffs and premiums for new projects. Calls for new solar PV installations
were completely suspended [124]. Additionally, RDL 2/2013 introduced a special
tax on all sources of electricity generation, including solar PV plants. Feed-in tariffs
would be annually adjusted using the core inflation rate as a reference, leading to a
freeze of FIT in 2013 and likely reductions in the future.

These government measures aimed at reducing costs and installation rates resulted
in lower demand and, consequently, decreased deployment of solar PV. They also re-
duced job opportunities in the solar PV sector and eroded confidence in Spain as an
investment environment with a stable regulatory framework for renewable energies.
This uncertainty led to increased capital costs for lending institutions. However,
the public was shielded from these changes as the Spanish government regulated
electricity prices, thereby maintaining consumer living costs [120].

Re-acceleration

The re-acceleration began in 2019, when Spain witnessed the installation of 261.7
MW of new solar power, with approximately 10% of this capacity being connected
to the grid, while the remaining 90% comprised self-generating installations for
self-consumption [125]. Self-consumption entails utilizing all produced energy for
personal use or storing any surplus energy for later use, with the option to sell ex-
cess energy either directly to a supplier at a price defined by the supply contract
or through a reference dealer at a rate based on average hourly prices, typically
lower than purchased energy costs [126]. This surge in self-consumption installa-
tions in 2018 was propelled by regulatory changes, notably RDL 15/2018 and RD
224/2019, which enhanced economic conditions, simplified administrative processes,
and permitted shared self-consumption in community settings [127]. Furthermore,
self-consumption PV systems with capacities below 10 kW were exempt from vari-
able fees associated with backup network usage [128]. The introduction of these
regulations also abolished the "sun tax" imposed by RD 900/2015, which had hin-
dered low-power building installations [129].

The initiation of Spain’s economy’s decarbonization and an 80% reduction in solar
PV energy costs over the past decade have attracted major companies to invest in
large-scale PV power plants [130], [131]. Notably, many of these companies are new
players, as the leading companies from the initial solar PV boom of 2004-2007 have
either ceased to exist or experienced substantial declines in market share [129].

Furthermore, Royal Decree 357/2017 introduced a new compensation system for new

renewable energy facilities, featuring competitive tendering procedures to allocate
specific remuneration regimes based on various criteria [132]. The first governmental
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emergency energy auction in 2017, prompted by concerns about meeting European
energy objectives for 2020, primarily allocated capacity to onshore wind energy,
prompting criticism from the Spanish solar association. Consequently, a second
auction was held, resulting in solar PV being awarded capacity for 4 GW [133]-[135].

In summary, the stagnation occurred because the government did not anticipate the
rapid deployment rate driven by unexpected cost drops and high FITs. A further
complete stop of solar deployment can be associated with electricity demand decline
and the policy response to that decline. The re-acceleration ensued when the costs
dropped further, while policies were adapted: conditions for self-consumption were
enhanced, and the introduction of the auction system played a pivotal role. A
certain electricity demand increase combined with coal phase-out led to demand for
low-carbon power sources. A summary of the pivotal policies is illustrated in the
following Figure 4.10.
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Figure 4.10: Timeline of pivotal Spanish policies regarding solar PV

4.5 Spain Onshore Wind

Spain has the second largest European wind energy market after Germany and the
fourth largest installed capacity globally. Wind power has been a crucial technology
in Spain, covering 24% of energy consumed and avoiding the emission of millions of
tons of CO2 annually [136].

General power supply and demand trends, Grid condition
The general supply and demand trends and grid conditions are described in detail
in section 4.4.

Manufacturing

Spain’s wind manufacturing industry is substantial, boasting over 250 manufactur-
ing centers scattered across 16 of the country’s 17 regions [137]. The growth of this
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sector was primarily propelled by the regional governments during the 1990s. These
governments extended support to both domestic and foreign investors, encouraging
them to establish manufacturing facilities within Spain’s borders. This proactive
stance towards local manufacturing played a pivotal role in augmenting Spain’s in-
stalled wind capacity and nurturing the growth of its domestic wind industry [138].

Wind potential

Spain boasts favorable wind conditions for onshore wind turbines, especially in spe-
cific areas. Regions like Galicia, Castile and Leén, Aragon and Navarre in the
northern and central parts of the country are known for their strong and steady
winds, rendering them prime spots for wind energy projects. Coastal zones also
benefit from consistently strong winds, further bolstering their suitability for wind
turbine installations, which can also be seen in the Global Wind Atlas in Appendix
A.5. Moreover, elevated landscapes such as mountainous regions contribute to ac-
celerated wind velocities, creating additional prospects for wind power generation.
Spain’s varied topography presents a spectrum of wind conditions that favor the
effective operation of onshore wind turbines, establishing the nation as a leading
country in wind energy production [136].

Stagnation and re-acceleration points

Until 2009, Spain had a stable growth in wind deployment, although the annually
added deployment fluctuated a lot between 2002 and 2009. From one year to another
there were changes up to 1 GW capacity. Beginning from 2010, a downward trend
in deployment became evident and in 2013 the addition was almost zero, remaining
like this until 2018. In 2019, there was a huge increase in installations of 2 GW, but
in the following year it decreased to around 1.2 GW and remained constant from
that time on. The average 3-year growth rate has a maximum value of 8.63%
before stagnation and 5.427]\,4—% afterwards. The maximum growth rate for the fitted
curve is 7.544W. which is plausible as the maturity is with 0.995 above 0.5, which

TWh?
means the inflection point has been passed.

It is striking, that the re-acceleration of onshore wind and solar PV was in 2019 and
it both was a significant increase from almost zero in 2019 to 2 GW for wind and
even 4 GW for solar PV.
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Figure 4.11: Change point diagnosis for Onshore Wind in Spain.

Initial growth

Spain was one of the early adopters of onshore wind technology. The country began
investing in wind energy in the 1980s, making significant strides in the development
and deployment of onshore wind turbines [138]. This was around the same time
when the Spanish government decided to not build any new nuclear power but the
electricity demand was still rising: In the early 1980s, construction of a third gen-
eration of five units was started, but after a moratorium was decided by the new
socialist government in 1984, only two were completed [139].

The initial growth can be split in three phases:

Between 1980 and 1996, Spain enacted policies to enhance energy efficiency and
promote renewable energy, including the Law of Energy Conservation in 1980 and
Renewable Energy Plans (PER’86 and PER’89). In 1991, the National Energy Plan
set targets for renewable energy production and incentivized cogeneration. Despite
limited tariff support, Spain expanded its wind capacity and nurtured a local wind
industry by actively supporting local manufacturing with policies. These policies
encouraged foreign companies to establish manufacturing bases in Spain in return
for access to the domestic market [140].

Between 1997 and 2000, Spain enacted vital policies to boost renewable energy. The
Electric Power Act of 1997 established a "Special Scheme" mandating renewable en-
ergy incorporation into the grid, offering surplus energy sale options. The "Plan
for the Promotion of Renewable Energies" aimed for 12% renewable energy by 2010.
Under this Act, the electricity distributor had an obligation to buy all electricity pro-
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duced from renewable sources. Royal Decree 2818/1998 regulated renewable energy
production, allowing producers to sell all electricity to the grid at premium prices.
Additional sets of incentives were introduced in 1999, including research budgets
and a program for promoting renewable energy among the general public. Wind
energy flourished, surpassing government targets, supported by regional incentives
[138].

Between 2000 and 2010, Spain implemented significant measures to boost renew-
able energy, particularly through the 2005 Renewable Energy Plan devised by the
Institute for Diversification and Saving of Energy (IDAE). This plan involved col-
laboration between governmental bodies and institutions and set revised capacity
targets for 2010, including a wind target of 20,155 MW, replacing the previous plan
from 1999 [141].

The 2005 plan primarily relied on private investment, with only a minor portion
allocated for public investment aid. In 2007, the Spanish feed-in tariff system under-
went alterations with Royal Decree 661/2007, introducing alternative remuneration
options for wind power: Feed-in-tariffs, which means a guaranteed payment and
feed-in-premiums, that are paid on top of the electricity market price [138].

Stagnation

In 2010, further revisions to the tariff system were made through Royal Decree
1614/2010, temporarily reducing the feed-in-premium and introducing measures to
limit the number of qualifying operational hours for FITs for wind farms annually
[138], which led to a downward trend in deployment.

On February 1, 2013, the government implemented a new Royal Decree (RD 2/2013)
that eliminates the choice for renewable energy producers to sell energy at market
price plus a premium. Instead, from that time on they were required to select ei-
ther a fixed tariff or the prevailing market price. Previously, over 80% of Spanish
wind farms utilized the market price plus a premium option, which was one of the
incentives provided by Royal Decree 661/2007. With the introduction of the new
decree, renewable energy producers are favoring the fixed tariff option due to the
inadequacy of the current market price to support projects, as reported by the Span-
ish Wind Energy Association. Additionally, this decree is retroactive, necessitating
project owners to completely revise the original conditions under which long-term
investments were undertaken [142].

Moreover, RDL 1/2012 implemented a moratorium on new projects, postponing
the registration of pre-allocation applicants indefinitely and eliminating all forms
of tariffs and premiums for new projects. During that time, Spain exported more
electricity than they imported. This could be a reason for the government’s decision
to implement this moratorium [124].

Re-acceleration
Re-acceleration began when the Royal Decree 359/2017 introduced a framework
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for granting a specific remuneration regime to renewable energy facilities operating
within the Spanish peninsula’s electricity grid. This decree included several key
provisions:

Firstly, it mandated an official announcement for the allocation of this specific re-
muneration regime, exclusively applicable to facilities utilizing renewable energy
sources.

Secondly, the allocation process was governed by competitive tendering procedures,
allowing companies and investors to submit bids to secure remuneration for their
facilities. The criteria for allocation were established during the tendering process.

Lastly, the decree outlined a unique method for determining the allocation of the
specific remuneration system and the standard value of initial investments. This
method, referred to as the "closed envelope auction with marginal system," involved
participants submitting sealed bids, with remuneration being determined based on
a marginal system that prioritized the lowest accepted bids [134].

In 2017, the first renewable energy auction was held for 3 GW, with the majority
allocated to wind energy. Remarkably, the contracts were secured at an unprece-
dented rate of 43 EUR per MWh, marking the lowest level ever recorded in onshore
wind energy. The reason behind such low prices lies in the government’s offering of
a guaranteed minimum income, which attracted investors and ensured competitive
bidding, consequently driving down the prices. This underscores that revenue stabi-
lization mechanisms, rather than subsidies, are key to reducing the costs of onshore
wind energy [134].

However, there was a perceived bias against solar PV as only 1 GW was allotted
to it. Consequently, the Spanish solar association raised concerns about discrimina-
tion, leading to a second auction. In this subsequent auction, solar was awarded 4
GW, while wind received 1 GW, resulting in a total allocation of 4 GW capacity for
both sectors [135].

In summary the stagnation began in 2013 because Spain was a net electricity ex-
porter and the demand declined, which led to the government’s decision to imple-
ment a moratorium for all renewable energies projects, as they thought they were no
longer needed. Additionally they switched from a premium system to fixed tariffs,
even retroactively for already existing contracts. The re-acceleration started when
a certain electricity demand increase combined with coal phase-out led to demand
for low-carbon power sources. Therefore the policies were adapted and a tendering
system was implemented. All the pivotal laws are depicted in Figure 4.12.
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Figure 4.12: Timeline of pivotal Spanish policies regarding onshore wind

4.6 Denmark Onshore Wind

Denmark stands as the pioneering adopter of and a frontrunner in wind energy with
a long history of deployment and a sizable manufacturing industry. The country
recognized early, that renewable energies play a complementary role alongside tra-
ditional sources, rather than seeing them as alternatives [143]. In 2022, 55% of the
electricity consumed in Denmark was sourced from wind power.

General power supply and demand trends

Figure 4.13 shows an almost linearly increasing demand until 1995, as the standards
of living improved and so did the levels of energy consumption [144]. As oil was
inexpensive, abundant and easy to transport in the 1960s, until 1972 Denmark’s
electricity production was highly dependent on imported oil, in fact, in the early
1970s more than 90% of the national energy consumption was imported from the
unstable Middle East [145]-[148]. This changed after the first international oil crisis
in 1973, as this crisis showed the extent of the import dependency [148]. From this
year on Denmark phased out oil and instead relied on imported coal until 1995.
Beginning from 1975, Denmark also net-imported electricity for almost two decades
(apart from some exceptions). To reduce their import dependency, the energy-mix
was diversified by scaling up domestic gas, wind energy and biomass. This led to a
phase of net electricity exports. Since 1996 the efforts of diversifying the energy mix
became obvious, as the share of coal also could be reduced since then. Additionally,
the demand stagnated. However, from 2011 on Denmark has been dependent on
electricity imports again, but the phase-out of coal is still ongoing and also the use
of domestic gas has been decreasing again since 2010, while wind power and biomass
have been growing and solar PV was implemented.
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Figure 4.13: Electricity supply in Denmark by fuel type and domestic or imported.
Data: IEA Energy Balances [78], graph by V. Vinichenko.

Grid condition and interconnection

Denmark offers the most reliable electric grid in Europe, with 99.997% uptime,
despite its large share of fluctuating renewables [149]. The country has two sepa-
rate transmission systems, of which the eastern one is synchronous with the Nordic
countries and the western one with continental Europe [150]. Since 2010, the two
systems are connected by the Great Belt Power Link[151], [152]. Denmark is located
at an electricity crossroad between the larger electricity markets in Scandinavia and
Germany, and facilitates power trade between these. Several cables connect the
two Danish systems to neighboring countries. The western Danish power grid is
connected to Norway and Sweden, the eastern grid is connected to Germany, and
Jutland is connected to the Netherlands and England [153], [154].

Manufacturing

The Danish wind turbine industry is one of the world’s largest with Vestas as Den-
mark’s leading wind turbine manufacturer and a key player in the Danish wind
power industry. The company is a major manufacturer, seller, installer and service
provider worldwide and accounted for over 15% of the wind turbine commissioned
capacity worldwide in 2021, the highest of any manufacturer [155]. The turnover
from the Danish wind power industry was 115.1 billion Danish kroner in 2020 [156].
At the same time the exports of wind power technologies and services was 51.9 bil-
lion Danish kroner [157], which leads to an export percentage of 45%. This economic
benefit is an important motivator for supporting the local industry.

Wind potential

The wind potential in Denmark is significant, as it can be seen in Appendix A.6. The
country experiences strong and consistent winds, especially in coastal areas. These
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winds are largely driven by the temperature differences between land and sea, as
well as by the prevailing westerly winds from the North Sea [158]. The country is
relatively flat and has a long coastline, which ensures consistent wind flow across
large areas and provides good opportunities for the installation of wind turbines.

Stagnation and re-acceleration points

Denmark’s take-off year in wind power was in 1989, one decade earlier than any
other country, which shows its emergence as an early adopter of this technology
[3]. However, progress in deployment was modest in the subsequent years until a
notable surge occurred in 1996, reaching a remarkable peak in 2000. The slow-down
began in 2001, and by 2003, the deployment started to reach almost zero. A gradual
re-acceleration commenced in 2008, leading to a peak year in 2013. Afterwards, the
trajectory has been marked by fluctuations and an overall declining trend in the
annual addition of capacity. The average 3-year growth rate has a maximum value
of 11.00% before stagnation and 5.832%. afterwards. The maximum growth rate

TWh

for the fitted curve is 4.73%, which is plausible as the maturity is with 0.93 above

0.5, which means the inflection point has been passed.
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Figure 4.14: Change point diagnosis for onshore wind in Denmark.

Initial growth

After the first international oil crisis showed Denmark the consequences of their de-
pendency on imported oil, the government reacted by introducing plans to reduce
the vulnerability of national economy due to import dependency. This involved di-
versifying the energy mix and enhancing energy efficiency measures [159], [160].
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In 1976, Denmark introduced its first Energy Plan (Danske Energipolitik), outlin-
ing various objectives. This included transitioning power plants from oil to coal and
nuclear energy, as well as improving energy-efficiency in heating systems. The inte-
gration of renewable energy sources was also part of it, but only played a minor role
[146], [147], [161], [162]. During the mid-1970s, however, energy taxes were imposed
on electricity prices and were used for research and development in renewable energy
sources [138]. In 1979, after the second oil crisis, Denmark created the Ministry of
Energy and shifted its focus to ensuring a stable, accessible, and affordable energy
supply for all. This objective was pursued through strategies aimed at minimiz-
ing energy consumption, maximizing energy efficiency, diversifying fuel sources, and
leveraging locally available energy resources [145], [146], [159], [162].

During the 1970s, international anti-nuclear movements gained momentum, and in
Denmark, it was particularly influential. This movement actively campaigned for
the integration of RES [138], [163]. They were particular active in 1979 and their
activism led to a parliamentary decision in 1985 to permanently exclude the option
of nuclear power from the Danish energy system, leaving no other option to reach
energy self sufficiency than concentrating on renewables [138], [145], [146], [162],
[163]. Scientists and researchers in Denmark proposed two different alternative en-
ergy plans in 1976 and 1983, that suggested the integration of sustainable energy
systems in Denmark highly relying on wind power [147]. These, in combination
with energy efficiency and natural gas in decentralized co-generation plants, were
planned as an alternative to nuclear and helped the anti-nuclear development [138].

During the 1970s, Danish wind power technology primarily relied on small-scale in-
novators, investor groups, and small companies, often operating with personal funds
at personal risk, working from below [145], [148], [164]. Top-down, the government
initiated a research program for larger wind turbines and introduced a 30% sub-
sidy for the installation costs of wind turbines certified by a Danish test center in
1979, fostering collaboration between stakeholders and researchers [148], [164], [165].
These capital grants were gradually faded out until 1988 with the improvement of
cost-effectiveness of the turbines [138]. However, as the size of wind turbines gradu-
ally grew, exceeding 55kW, costs escalated, which prompted local initiative groups
to create wind farm cooperatives and jointly finance larger turbines to meet their
own electricity consumption and sell excess energy to the grid [138]. By 2001, 86%
of all turbines in Denmark were installed by wind turbine cooperatives, involving
approximately 100,000 families. Additionally, utilities began investing in wind tur-
bine installations [148], [165], [166].

The second Energy Plan (Energiplan81), implemented in 1981, introduced subsidies
for the construction and operation of wind turbines, which significantly contributed
to establishing a robust domestic market and local industry for wind energy. Ad-
ditionally, the plan imposed taxes on coal and oil, increasing the competitiveness
of renewable energy sources and offered tax incentives to families who generated
electricity for their community [138].
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During the 1980s, the development of a substantial renewable energy market in
California presented a promising export opportunity for Danish wind manufactur-
ers. However, this potential was reduced in 1985 when deployment in California
ceased, resulting in declining overseas sales [138]. Nevertheless, the local wind in-
dustry received further support, indirectly through the parliamentary decision to
not integrate nuclear power to the Danish electricity sector and directly through
the implementation of the "100 MW Agreement" in 1985. This agreement aimed to
deploy 100 MW of wind power between 1986 and 1990 [138], [167].

From the mid-1990s onward, state subsidies were implemented to encourage the re-
placement of older, smaller, and inefficient wind turbines with modern ones [168].
Additionally, successive Energy Plans introduced during this period included pro-
gressively ambitious climate goals.

In 1992, the renewable energies planning system was decentralized, which means
municipal planning and site assessment of wind farms was encouraged. Municipal
governments have large independence for policy design and get the financial means
to drive renewables deployment, including provisions for public hearings to increase
the acceptance. However, the policies have to be embedded in the strong national
framework [169]. This initiative was accompanied by the introduction of fixed feed-
in tariffs. These tariffs mandated that utilities prioritize wind-generated electricity
and purchase it at a rate equivalent to 85% of the price paid by consumers and guar-
anteed wind energy projects connection to the grid [138]. Before, Danish utilities
favored conventional, large-scale power plants, as they had little experience in han-
dling dispersed, small-scale electricity systems. Furthermore, wind projects received
a tax refund (environmental premium) of DKK 0.27 per kWh. In total this resulted
in a typical remuneration of DKK 0.60 per kWh for wind power [170].

In 1999 the Danish government decided to liberalize the electricity market by 2002
to introduce competition into the electricity supply sector, that was in reality a
monopoly [138], [169]

Stagnation

Stagnation started in 2001, when a right-wing government was in power, which led
to a shift in environmental priorities from previous years. There was reduced sup-
port for renewable energy sources, resulting in the scaling back of various financial
incentives. Feed-in-tariffs were replaced with feed-in-premiums, which were set at
levels insufficient to continue growth and no longer ensured guaranteed interconnec-
tion [138], [143]. The support for certain R&D activities was also cut back. The
uncertainty surrounding these policies held investors back from pursuing new instal-
lations. Additionally, research centers lost funding, which challenged their ability to
continue their work [143], [148], [168]. Moreover, there was a restructuring of the
power supply sector. This involved the privatization of power companies, leading to
the establishment of independent sectors for power distribution, transmission, and
production, each operating within its own framework [171].
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The unstable and fluctuating electricity prices increased the risks associated with
investment. Consequently, ownership of modern industrial-scale wind power plants
shifted towards external developers, utilities, private investors, or public/private
partnerships [145], [148]. This trend led to a decrease in the role and significance
of the wind farm cooperative movement, which had been prominent since the early
days of wind power in Denmark [172].

Resistance to local onshore wind farms grew and farm opposition groups mobilized,
as the wind farms became increasingly prominent in the landscape and local owner-
ship of turbines declined, so there was no chance for financial profit from the revenue
of the turbine [172], [173].

Re-acceleration

The re-acceleration began in 2008 with the negotiation of a broad coalition En-
ergy Agreement, in which the government renewed its focus on energy efficiency,
renewable energy sources, and wind farms. The drivers for this were rising energy
security concerns due to increasing net-imports of electricity and declining domestic
gas production. The agreement served as a roadmap and provided long-term plan-
ning guidelines for Danish energy policy, emphasizing the ongoing transition towards
low-carbon energy [148]. The goal was to promote the utilization and integration
of RES in the energy system while considering environmental and socioeconomic
factors. It is crucial to acknowledge the increasing instances of resistance and social
controversy about local wind farms to enhance local acceptance and engagement in
such projects [168], [172]. To achieve this, incentives and a compensation scheme
for local residents to allow onshore wind farms to be located in their area were in-
troduced [60].

In 2009, the Promotion of Renewable Energy Act entered into force. The primary
support mechanism for wind power remained a FIP scheme, but with higher premi-
ums compared to the initial scheme introduced in 2001 (premium to market price
of DKK 0.25 per kWh instead of DKK 0.10 per kWh for the first 22,000 peak load
hours). This scheme provided stable revenues for wind power projects. All subsidy
costs were transferred to consumers through an equal Public Service Obligation tar-
iff on their overall electricity consumption [174]. For offshore wind farms, special
tariffs were established based on competitive tenders [138]. The act also establishes
a "loss of value scheme", that offers payment in case of loss of value to a property
due to the erection of a wind turbine. In addition, individuals installing onshore
wind turbines were required to offer at least 20% of the turbines ownership for sale
for residents living up to 4.5 km away from the turbines to give them a chance to
benefit financially from the revenue of the turbine [60].

In February 2011, the government published its Energy Strategy 2050, with the
primary objective of achieving independence from coal, oil, and gas by 2050. Ad-
ditionally, an interim goal was set to reach a 30% share of renewables in the final
energy demand [138].
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In 2011, a new government was elected with big targets for renewable energies. In
March 2012, a broad Energy Agreement was published for the period until 2020.
According to this agreement, wind energy was projected to account for 50% of elec-
tricity consumption by 2020, while greenhouse gas emissions from the Danish energy
sector would be decreased by 34% compared to 1990 levels. The plan also aimed to
install 3.3 GW of new wind power capacity. The expansion of the electricity grids
should be financed through a Public Service Obligation scheme, like the FIP are
[175].

In summary, stagnation occurred due to shifting priorities following the election of a
right-wing government in 2001. This government implemented significant cutbacks
to incentives for wind deployment, which led to political uncertainty. Feed-in tariffs
were replaced by feed-in premiums, with the premiums being insufficiently high to
economically justify the construction of new wind turbines. Additionally, Research
and Development spending was reduced. Furthermore, opposition groups against
onshore wind formed, as wind turbines became more prominent in the landscape and
local ownership of turbines declined, so there was no chance for financial profit from
the revenue of the turbine. The starter for re-acceleration was the broad coalition
Energy Agreement of 2008. The driver for this agreement were rising energy security
concerns because of the increasing electricity imports. The agreement redirected
the focus back to renewable energy sources and established long-term plans for
a sustainable energy transition. As part of this shift, the premiums of the FIP
scheme were increased. Additionally, measures to overcome public resistance were
introduced. All pivotal policy changes are illustrated in Figure 4.15.
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Figure 4.15: Timeline of pivotal Danish policies regarding onshore wind

4.7 Austria Onshore Wind

Austria has considerable potential for wind power in specific regions, complemented
by a grid infrastructure capable of storing surplus electricity in pumped hydro stor-
age facilities. Furthermore, Austria has successfully overcome two periods of stag-
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nation in wind turbine deployment.

General power supply and demand trends

Austria’s electricity demand has been steadily increasing over time, with a notice-
able slowdown of the growth rate observed around 2008, as illustrated in Figure
4.16. There were two distinct demand drops in 2009, after the global economic
crisis and in 2020 because of Covid-19. From the beginning on, hydro power has
consistently represented the largest share of Austria’s electricity production. Until
the early 2000s the capacity for hydro power generation increased, but in subse-
quent years, the potential for further expansion of hydro power production became
largely exhausted. As the demand continued to grow, surpassing its domestic pro-
duction capacity, Austria transitioned from being a net exporter to a net importer
of electricity. Consequently, the amount of imported gas in the electricity mix grew.
Noticeably, the early 2000s marked a significant increase in wind deployment in Aus-
tria. This shift leads to the presumption, that Austria was forced to focus on other
renewables as a means to reduce import dependency and further develop towards
a low-carbon electricity system. With the increasing contribution of wind power to
the energy mix, Austria successfully decreased the reliance on imported coal in its
electricity production. However, they are still a net-importer of electricity.
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Figure 4.16: Electricity supply in Austria by fuel type and domestic or imported.
Data: IEA Energy Balances [78], graph by V. Vinichenko.

Grid condition and interconnection

Austria has a robust electricity grid infrastructure. The country has a transmission
network capable of transporting electricity across the country. Notably, wind tur-
bines located in the eastern regions of Austria are interconnected with pumped hydro
storage facilities in the western parts. This strategic setup aids in mitigating the
fluctuations of renewable energies by converting and storing excess electricity when
available. Additionally, Austria’s grid is interconnected with neighboring countries,
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allowing the import and export of electricity to ensure reliable and secure energy
supply [176].

Manufacturing

The Austrian industry for wind turbines is especially known for their supply sector,
that produces core components for onshore and offshore wind turbines, like control
systems, wind power generators, wind turbine design or high-tech materials. Recent
studies assume an estimated export share of 90%. Technology originating from Aus-
tria is integrated into nearly every wind turbine worldwide. Some of the suppliers
in Austria’s wind turbine industry are "hidden champions', and a few of them even
hold leading positions in the global market. To maintain their status at the top of
the world market, R&D plays a crucial role. The wind industry is an important
economic driver and adds high value to the country [177].

Wind potential

Austria’s wind potential varies across the country, as it is influenced by the country’s
topography. There are windy corridors in the Eastern Alps and flat plains in the
East of the country, that are ideal locations for wind turbines, which can also be
seen in the Global Wind Atlas in Appendix A.7. These regions experience consistent
wind speeds suitable for wind energy generation [178]. Other areas with good wind
potential are regions with higher elevation, such as parts of Upper Austria, Styria,
and Carinthia [179].

Stagnation and re-acceleration points

Figure 4.17 clearly illustrates that Austria has experienced two distinct phases of
stagnation, each followed by periods of re-acceleration. The initial significant growth
in Austria’s wind energy sector started in 2002, with the take-off year occurring two
years later in 2004. The first period of stagnation began in 2007 and the deployment
of wind energy projects nearly halted for several years. Growth re-accelerated in 2011
and soon reached higher values of additionally installed capacity per year than before
stagnation. However, this phase also came to a halt in 2016, when the deployment
trend first decreased and then completely stopped in 2020. Unlike the previous
stagnation, this slowdown was characterized by a more gradual decline, with only
one year of no deployment. The re-acceleration began in 2021, with already high
additionally installed capacity during that year and even more in 2022. The average
3-year growth rate has a maximum value of 3.71 2% hefore the first stagnation and

TWh

4.88% afterwards. After the second stagnation it is 2.31%, but it have been

only two years since the re-acceleration began, so this rate is not meaningful yet.
The maximum growth rate for the fitted curve is 3.26%, which is plausible as the
maturity is with 0.82 above 0.5, which means the inflection point has been passed.
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Figure 4.17: Change point diagnosis for onshore wind in Austria.

Initial growth

The first turbines in Austria were installed in 1994, when RES were promoted for
the first time. During this period, wind power plants were offered double the market
standard tariff for the first three years as an incentive. However, since this subsidy
was limited until 1996 and no subsequent financing was evident, the expansion of
wind energy did not experience significant growth [180], [181]. In 1998, the federal
government reintroduced FITs. However, these tariffs were not consistently regu-
lated on a national level, leading to variations between the states. By 2000, Austria’s
nine states advocated for a standardized subsidy scheme for RES and expressed will-
ingness to transfer jurisdiction in energy policy from the regional to the federal level
[181]. At that time, the deployment of hydro power started to stagnate, highlighting
the necessity of expanding other renewable energy sources to maintain the trajec-
tory towards carbon neutrality. The uniform subsidy came with the introduction of
the Green Electricity Act (GEA) in 2002. It was the first legislation to regulate the
purchase of green electricity and it introduced feed-in-tariffs of EUR cent 7.80 per
kWh for all RES [180]. This FIT was financed by the Austrian electricity consumers
through a clearance mechanism. The GEA also established a target to raise the
proportion of "green" power from 70% (as of 1997) to an indicative target of 78.1%
by 2010, aligning with the objectives outlined in EU Directive 2001/77/EC [182],
[183].

Stagnation 2007

The first stagnation occurred in 2007 after a major amendment of the GEA. The
FITs were reduced to EUR cent 7.55 per kWh and were configured to decrease
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gradually over time to reduce the burden on the Austrian electricity consumers.
Additionally, the duration of guaranteed support was shortened to ten years, and
a dedicated green power settlement agency, the OeMAG, was established. This
agency has a maximum annual budget of EUR 17 million per year from 2007 to
2011 to purchase renewable electricity. consequently the unlimited payments for all
RES power plants ceased. Instead, only renewable installations that received per-
mits within the annual funding volume allocated by OeMAG were promoted and
remunerated. Electricity distributors are mandated to purchase a certain amount
of green electricity from OeMAG at a fixed price set by the Federal Ministry. This
price is lower than the feed-in tariff. The difference between the feed-in tariff and
the purchase price for electricity distributors is covered by Austrian electricity con-
sumers, who contribute a fixed lump sum to OeMAG [182].

Re-acceleration 2011

In 2010, Austria implemented the National Renewable Action Plan in response to
EU Directive 2009/28/EC, which mandated all member countries to outline their
targets for the share of renewable energy in their electricity mix. Austria’s target was
to achieve 71% of its electricity demand met by electricity generated from renewable
energy sources. To reach this goal, the growth of renewables, especially wind power
had to accelerate again. In addition, the net-imports of electricity increased during
that time. Therefore, in the same year, the Green Electricity Regulation (GER) was
introduced, which raised the Feed-in Tariff (FIT) for wind energy to EUR cent 9.70
per kWh and extended the duration of support to 13 years. This new regulation
drove the re-acceleration.

In 2012, there was also a reform of the Green Electricity Act, which implemented
specific expansion targets for RES, particularly focusing on wind energy. The reform

aimed to address the backlog of power plant operators on the waiting list, which had
accumulated since 2007 due to the OeMAG’s limited budget for FITs [182], [183].

Stagnation 2016

Starting in 2016, the yearly installation of wind turbines began to decline. This was
due to the insufficient funding for support schemes dedicated to renewable energy
initiatives, particularly for wind power projects. As a result, there was a backlog
of permitted projects with a combined capacity exceeding 800 MW, all awaiting
FITs [184]. Additionally, the GER was amended and feed-in-tariffs were reduced
to EUR cent 8.95 per kWh. Deployment stagnated even more when the GER was
amended another time in 2018 and the FITs were further reduced to EUR cent 8.12
per kWh [183]. However, this second stagnation period was more a slow down, as
the deployment did not totally stop, except for 2020.

Re-acceleration 2021

The Renewable Energy Expansion Act was implemented in 2021 to re-accelerate the
growth of renewables, particularly as net electricity imports began to rise once more,
and electricity prices increased. Moreover, according to recent surveys, the public
acceptance is growing, and in 2022 78% of Austrians surveyed appreciated wind tur-
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Figure 4.18: Timeline of pivotal Austrian policies regarding onshore wind

bine deployment in their region [185]. The Renewable Energy Expansion Act aims
to increase annual electricity generation from renewable sources by 27 TWh, with
a specific target of 10 TWh for wind energy. Additionally, tendering processes were
implemented, with plans to tender a capacity of 190 MW in 2022 and an additional
400 MW each year thereafter. Another support option provided by the act is market
premiums of EUR cent 7.98 per kWh for renewable energies [183].

In summary, Austria faced its first stagnation in wind turbine deployment in 2007,
primarily due to the gradual reduction of feed-in tariffs and shortened support dura-
tions aimed at alleviating the burden on electricity consumers. Additionally, limited
budget allocations for financial support resulted in the inability to approve all ap-
plications for wind turbine installations. In response to newly established environ-
mental targets and rising net electricity imports, the government reinstated higher
feed-in tariffs and extended support durations in 2011 to re-accelerate growth. How-
ever, by 2016, insufficient funding for support schemes, particularly for wind power
projects, led to a backlog of permitted projects awaiting feed-in tariffs. Furthermore,
the reduction of feed-in tariffs contributed to a slowdown in deployment. With net
electricity imports on the rise again and electricity prices increasing, new targets
for renewable electricity production were set. To achieve these goals, a tendering
process was implemented in 2022 to drive re-acceleration in the renewable energy
sector. An overview of the pivotal Austrian policies is given in Figure 4.18.
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Discussion

This chapter aims to analyze and compare the different solar PV and onshore wind
cases described in Chapter 4 with each other, respectively, to uncover similarities
and differences in the mechanisms across the different countries. Furthermore, it
compares solar PV and onshore wind to determine whether similar factors are re-
sponsible for the stagnation and re-acceleration of both energy sources. Additionally,
comparisons are made between the growth rates before and after stagnation, as well
as with the maximum fitting-based growth rate. Lastly, the regional and global
growth curves are compared to the national ones to ascertain whether they exhibit
similar or different behaviors.

5.1 Comparison of solar PV cases

For Greece and Germany, the stagnation phases exhibit striking similarities. In
Greece, the stagnation phase begins just one year after Germany, starting in 2014
and ending in 2018 for both countries. Additionally, the growth patterns during the
initial phase and the subsequent re-acceleration are comparable. In both countries,
annual deployment gradually increases before experiencing a significant decrease to
the level of stagnation. However, the level of deployment during stagnation differs
between the two countries. In Germany, the annual deployment during stagna-
tion slows down to approximately 25% of the annual deployment before stagnation,
whereas in Greece, it nearly comes to a halt, hovering around zero. This is also ob-
served in Spain, where annual deployment during the stagnation phase is also close
to zero. In Spain, the stagnation phase commences in 2009 following a brief peak in
deployment. Although there is a slight recovery in deployment in 2010, it gradually
declines again until coming to a complete halt in 2014, coinciding with the beginning
of stagnation in Greece. The re-acceleration in Spain begins around the same time
as in the other two countries, starting in 2019. Notably, the stagnation phase in
Spain is twice as long as the one in Germany. Table 5.1 provides an overview of the
stagnation and re-acceleration times of the solar PV cases, along with the duration
of their stagnation phases.
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Table 5.1: Comparison of stagnation and re-acceleration of the solar PV cases

Country | Stagnation | Re-acceleration | Stagnation phase
Germany 2013 2018 D years
Greece 2014 2018 4 years
Spain 2009 2019 10 years

The power supply and demand dynamics vary across the three countries. In Ger-
many, demand decreased before and during stagnation, and the country remained
a net exporter of electricity throughout this period. However, the decision to phase
out nuclear power and the gradual decline of coal usage led to an increased de-
mand for low-carbon electricity sources, potentially driving political motivations to
re-accelerate solar growth. The decision to completely phase out coal by at latest
2038 was made in 2020 [186]. Germany’s significant domestic coal resources and the
influential lignite industry played a role in this decision-making process.

In Greece, prior to the onset of stagnation, there was a rapid decline in both demand
and net electricity imports following the global financial crisis in 2008. However,
from 2014 to 2016, both demand and net imports began to increase once more.
During this period, there was also a notable reduction in the amount of domestic
coal in the electricity mix, leading to a growing demand for low-carbon electricity
sources. The decision to phase out coal by 2028, however, was only made in 2019
[186]. Similar to Germany, Greece also possesses domestic coal resources that were
heavily relied upon in earlier years. The decreasing demand and reduced dependence
on electricity imports may have influenced the government’s decision to not further
support renewables, particularly during a period of financial instability. However,
as demand began to rise again, along with increased electricity imports, there was a
renewed motivation to re-accelerate solar PV growth in 2016. This initiative aimed
to enhance the country’s self-sufficiency and reduce reliance on imported electricity.

In Spain, prior to the stagnation period, electricity demand experienced growth.
However, during the first part of stagnation phase, there was a slight decrease in
demand due to the global economic crisis and the Spanish financial crisis. Despite
this, Spain remained a net exporter of electricity during this time. However, in the
second part of stagnation phase, spanning from 2013 to 2018, there was a notable
increase in electricity demand. This surge in demand was primarily met by elec-
tricity imports, as the Spanish electricity system was unprepared for that rise in
consumption and not only solar PV but also onshore wind installations stagnated
during this period. The end of electricity imports in 2020 suggests a correlation
between the re-acceleration of onshore wind and solar PV, beginning in 2018 and
2019, respectively. It is plausible that the government took measures to re-accelerate
renewables to enhance the country’s self-sufficiency and reduce import dependency.
Furthermore, in 2018 in its just transition strategy, the Spanish government made
the decision to phase out coal and set the date to 2030 in 2021 by joining the
PPCA [182], [186]. This led to a higher demand of low-carbon electricity sources
and therefore presumably contributed to the re-acceleration. Unlike Germany and
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Greece, Spain lacks significant domestic resources, which further underscores the
importance of renewable energy sources for the country’s energy security.

The policy trajectory across all three countries exhibits similarities, with the intro-
duction of feed-in tariffs being the primary policy instrument for promoting solar PV.
Additionally, to re-accelerate growth, all three countries transitioned to tendering
processes. However, there are significant differences in the approach to FITs among
the three countries. While Germany and Greece implemented gradual changes to
FITs, in Spain they were very abrupt. This led to sudden peaks in annual deploy-
ment such as after the doubling of FITs in 2008, and the decision to only change them
every four years, instead of changing them slightly and predictably with a degres-
sion rate like in Germany and Greece later. This resulted in a surge in deployment,
also driven by declining prices, which substantially increased subsidy spending [119],
[120]. However, Spain struggled to handle this sudden growth, failing to implement
effective FIT policies. Instead, in response to the financial burden, they drastically
cut FITs and support duration in 2008 [122]. They also imposed limits on PV instal-
lations for each quarter of the year, causing a halt of deployment in 2009. 2010 saw
a slight recovery as the panel prices were dropping even further, however, FITs were
reduced again, even retroactively [123]. With declining demand and net electricity
exports, a moratorium on new projects came in 2012, causing a second decrease in
installations until a complete stop in 2014, lasting until 2018 [124]. The abruptness
of these measures created a highly uncertain investment environment for RES in
Spain, portraying the country as an unfavorable destination for RES investments.
Indeed, both Greece and Germany also reduced their FITs in 2012 and 2013 due
to financial burdens and declining cell prices. However, unlike Spain a few years
earlier, they implemented transitional phases with gradually decreasing FIT's, incor-
porating degression rates that responded to actual deployment through an extension
corridor [72], [110]. This approach allowed them a smoother transition and better
management of the deployment pace. Interestingly, their stagnation occurred a few
years after Spain’s, indicating that they may have learned from Spain’s mistakes
and adjusted their policies accordingly to overcome similar issues like the financial
burden of ineffective policies and demand decline. The trade barriers imposed by
the European Commission in 2013, however, had an impact on all three countries,
as they artificially increased the prices of solar panels while subsidies decreased.
Consequently, this resulted in lower deployment rates [72]. However, in Germany,
deployment did not drop to zero, potentially attributed to the presence of a domestic
solar PV industry and market.

The immediate cause of the re-acceleration were reduced costs due to the abolish-
ment of trade barriers in 2018 [100]. This was a response to the inability to save
European solar PV industry and the rising demand of low-carbon electricity sources.
Additionally, oversupply in China, resulting in decreased panel prices, played a role,
as China could not sell as many panels to Europe as before. Another contributing
factor to cost reduction was the implementation of tendering systems in all three
countries. However, it’s worth noting that the tendering systems in Germany and
Spain differed. In Germany, successful bidders received their offer, while in Spain,
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all participants received the same offer. Moreover, in Germany, the tenders were
technology-specific, whereas in Spain, all renewable technologies competed against
each other [187]. This led to problems in the beginning, as the first tender predom-
inantly allocated capacity to wind power, with minimal allocation to solar PV.

When it comes to grid conditions, all three countries show similarities, as they all
have a good electricity grid, but face some challenges. Germany boasts a robust
interconnection with neighboring countries, however, it struggles with a deficiency
in transmission capacity from its windy northern regions to the industrial hubs in
the south [79]. In Greece, interconnection with neighboring countries is generally
strong, but some islands remain disconnected from the main grid [105]. In Spain,
although interconnection with neighboring countries is still developing, it is steadily
improving over time [116].

In terms of the manufacturing, the countries differ. Spain and Greece lack a substan-
tial solar PV manufacturing industry. In contrast, Germany once had the world’s
largest industry, although it was surpassed by China in 2007 [48]. Spain experienced
an emerging market during its initial boom, but faced a crash when China began
mass production, as it was no longer competitive in the global market [48].

While Spain and Greece share similar solar potential, Germany’s solar potential is
notably lower. However, there is no indication that this difference has had a signif-
icant impact on deployment. This may be due to the substantial improvements in
efficiency observed in recent years, averaging around 0.5% per year during the last
20 years [188]. It may also suggest that a high solar potential is not a prerequisite
for being a leader in solar power deployment.

5.2 Comparison of onshore wind cases

The onshore wind cases exhibit different stagnation and re-acceleration timelines,
as evident from Table 5.2. Moreover, the duration of the stagnation phase varies
across cases. Austria and the first part of stagnation phase in Spain (until 2012)
share similar patterns, characterized by a gradual decrease in annual deployment.
This aligns with political decisions to gradually decrease FITs (Austria) or FIPs
(Spain) [138], [182]. In contrast, Denmark and the latter part of stagnation phase in
Spain since 2012 experienced more abrupt declines in annual deployment, coinciding
with political decisions such as Denmark’s shift from FITs to FIPs and the morato-
rium in Spain [124], [138]. Re-acceleration in Denmark and Austria during the first
phase involves a gradual increase in annual deployment, while in Spain and Austria
during the second phase, it occurs in a more significant step upwards in annual
deployment. The common political decisions associated with gradually increasing
annual deployment include the increase of FITs or FIPs [174], [182]. Conversely, the
introduction of tendering processes corresponds to the abrupt surge in deployment
[134], [183].
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Table 5.2: Comparison of stagnation and re-acceleration of the solar PV cases

Country | Stagnation | Re-acceleration | Stagnation phase
Spain 2010 2019 9 years
Denmark 2001 2008 7 years

: 2007 2011 4 years
Austria 2016 2021 5 years

Austria stands out among the three countries due to its consistent growth in elec-
tricity demand over time. Historically, hydro power has been the primary source
of electricity, with its share steadily increasing until the early 2000s. However, fur-
ther expansion in hydro power production reached a point of saturation, leading
to stagnation in its growth. As Austria’s electricity demand continued to rise, the
country became increasingly reliant on importing electricity, and had to increase the
share of imported gas in the electricity mix. This shift likely prompted Austria to
diversify its renewable energy sources, thus initiating an initial acceleration in wind
deployment as part of its transition towards a more self-sufficient electricity system.
This hypothesis is confirmed by the fact that the stagnation in wind deployment
coincided with a decrease in imported electricity, while measures for re-acceleration
were introduced when imports increased once again. Despite efforts to expand do-
mestic renewable energy sources, Austria remains dependent on electricity imports.

In Denmark, a stagnation in electricity demand occurred around 1995, possibly
because of early initiatives aimed at enhancing energy efficiency. By 1970, Den-
mark relied heavily on imported oil, but the oil crisis prompted a rapid transition to
coal. Within a decade, coal became the primary energy source, albeit still imported,
alongside electricity imports [146]. To mitigate this import dependency, Denmark
began to diversify its energy mix, incorporating domestic sources such as gas, wind,
and biomass. This diversification facilitated a reduction in the reliance on coal,
leading to a phase of net electricity exports as demand also stagnated. The stagnat-
ing demand and the declining import dependency of electricity supply might have
contributed to the stagnation, as the political will to support RES deployment sank.
Therefore, the pace of renewable energy deployment did not match the phase-out
of coal, nor did it compensate for the decline in domestic gas production. Conse-
quently, Denmark had to import electricity again by 2011. The decreasing amount
of exported electricity by 2007 may have prompted efforts to re-accelerate renewable
energy deployment.

In Spain, prior to the stagnation period, there was a period of electricity demand
growth. However, during the initial phase of stagnation, spanning from the onset
of the global economic crisis in 2008 to around 2012, there was a slight decline in
demand attributed to both the global economic crisis and Spain’s financial crisis.
Notably, Spain maintained its status as a net exporter of electricity during this pe-
riod. However, in the subsequent phase of stagnation, from 2013 to 2019, there was
a notable increase in electricity demand. This surge in demand was primarily met by
electricity imports, as the Spanish electricity system was unprepared for that rise in
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consumption, as installations of both solar PV and onshore wind stagnated during
this period. The end of electricity imports in 2020 suggests a correlation with the
subsequent re-acceleration of onshore wind and solar PV installations, beginning
in 2018 and 2019, respectively. It is plausible that government actions aimed to
re-accelerate renewables were motivated by a desire to improve the country’s energy
self-sufficiency and reduce import dependency. Additionally, Spain’s commitment
to phasing out coal, underscored by its inclusion in the Powering Past Coal Alliance
(PPCA), further reinforces the push towards renewable energy transition [182], [186].

The policy trajectories in all three countries share similarities, as their instrument
for policy promotion is a feed-in-tariff or in the case of Spain -premium. In Denmark
and Spain, guaranteed purchase agreements were pivotal, while Denmark introduced
an environmental premium, a tax refund to incentivize producers further [138], [170].
Notably, Denmark’s wind farm cooperatives played an important role, allowing res-
idents to meet their electricity needs and generate income from nearby turbines,
which led to enhancing social acceptance [138]. Denmark and Austria both pivoted
towards wind energy promotion due to similar circumstances. Denmark’s decision
to exclude the implementation of nuclear power steered the country towards wind
energy, aligning with its pursuit of energy self-sufficiency [146]. Similarly, Austria’s
stagnant hydro power deployment led to a shift towards wind energy to advance
its transition to a low-carbon energy landscape and maintain self-sufficiency, albeit
with limited success. Spain diverged slightly by introducing FITs as an alternative
remuneration option alongside its existing FIPs nine years after their introduction
[138]. However, despite the availability of FITs, the majority of investors continued
to favor FIPs as the preferred incentive mechanism [142].

The primary immediate cause of stagnation across all countries was the reduction
of subsidies. In Austria and Denmark, these cuts were introduced by newly elected
governments. Austria’s new socio-democratic government reduced FITs and support
duration to lower the financial burden on electricity consumers during the global fi-
nancial crisis. Moreover, they imposed a cap on the budget for renewable energy
support [183]. Denmark’s right-wing government did not prioritize environmental
concerns, which led to the introduction of FIPs with low premiums instead of the
existing FIT scheme and a reduced research and development funding to save costs
[138]. Similarly, in Spain, FIPs were reduced, and operational hours were capped,
which led to a downward trend in annual deployment [138]. However, the complete
stop of deployment commenced in 2013 following the introduction of a moratorium
on new projects and the wholesale transition to FITs, despite the previous preference
for FIPs by 80% of stakeholders [142]. Notably, both measures were implemented
by newly elected governments. At the onset of stagnation, Spain and Denmark were
net exporters of electricity, and Austria experienced a gradual reduction in import
dependency.

For both, Austria in its first re-acceleration and Denmark the immediate cause for

the re-acceleration were increased FITs and FIPs, respectively [174], [183]. In Den-
mark, this re-acceleration was prompted by a renewed environmental focus and rising
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energy security concerns — electricity imports surged while domestic gas production
decreased. Likewise, Austria faced similar energy security concerns during this pe-
riod, with high electricity imports leading to a reevaluation of their renewable en-
ergy strategy. During these initial re-acceleration phases, both countries witnessed
a gradual increase in annual deployment. However, the second re-acceleration in
Austria diverged from Denmark’s trajectory. Austria’s second re-acceleration was
similar to the one in Spain, as both experienced a sudden increase in annual deploy-
ment. The approaches were also similar with the introduction of tendering systems
driving deployment [134], [183]. In both cases, rising energy security concerns due to
escalating electricity imports were the driver. Additionally, Austria’s re-acceleration
was compounded by increasing electricity prices.

The importance of social acceptance in wind energy deployment becomes obvious
by looking at Denmark’s approach. Initially, wind turbine cooperatives played an
important role, with local initiative groups owning a significant majority of installed
turbines until 2001 [148]. This high level of ownership fostered acceptance, as resi-
dents directly benefited financially. However, as turbines grew in size, prominence,
and cost, ownership shifted to larger companies, leading to increased resistance
from communities. To address this challenge and facilitate re-acceleration, the gov-
ernment prioritized socio-economic factors to regain local acceptance [168], [172].
Alongside financial subsidies, they implemented a requirement for investors in on-
shore wind turbines to offer at least 20% ownership for sale to residents. This
initiative aimed to provide residents with an opportunity to benefit financially from
the turbines, mitigating concerns and improving local support.

In terms of wind conditions and industry, all three countries share similarities, as
they all have favorable conditions and industry presence. Denmark stands out with
one of the world’s largest wind turbine industries, while Spain also hosts a significant
manufacturing sector [138], [155]. Austria, although not as prominent in manufac-
turing, boasts a sizable supply sector for the wind turbine industry [177]. Moreover,
all three nations benefit from reliable grid infrastructure, ensuring efficient electric-
ity distribution. However, Spain lags slightly in interconnectivity with neighboring
countries compared to Denmark and Austria [116].

5.3 Overall comparison of solar PV and onshore
wind

Unlike the solar PV cases, the stagnation and re-acceleration periods for onshore

wind show significant variation, with differing dates and durations of stagnation.

This discrepancy probably comes from the absence of a global wind market crash

similar to the one experienced by solar PV. Additionally, there was no EU-wide
policy equivalent to the trade barriers imposed on solar PV.

Binz and Truffer [189] classify global innovation systems (GIS) for individual tech-
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nologies into several categories. In particular, they characterize the GIS’s for mature
solar PV and onshore wind as "footlose" and "production-anchored" respectively.
This indicates that the mode of innovation characteristic for wind power is largely
grounded in local learning-by-doing, while for solar PV, innovation relies more on
universal scientific principles and research that is not connected to any specific lo-
cation. This may be a part of explanation why the deployment of solar power in
individual countries is more sensitive to global market developments.

Energy security concerns and dynamic electricity demand are significant factors
influencing the deployment of both solar PV and onshore wind technologies. As
renewable energy sources, they contribute to improving self-sufficiency and meeting
higher demand of low-carbon sources. However, promoting their deployment can
cause financial burden for countries. Consequently, if there is no immediate need
for additional generation capacity or if demand is not increasing, governments may
be less willing to provide extensive support for deployment compared to periods of
growth and rising demand.

In the wind sector, social acceptance is more important due to the prominent visi-
bility of wind turbines in the landscape compared to solar PV installations, which
can often be discreetly placed on rooftops without utilizing additional land. The
development also started earlier, which leads to higher levels in deployment. Wind
turbines also generate noise as their blades rotate, which potentially causes dis-
turbance to nearby residents. Moreover, there are concerns about the impact on
wildlife and property values, with residents fearing potential decreases in property
value. These factors contribute to the importance of addressing social acceptance
in wind energy projects [190].

By comparing the solar PV and onshore wind cases in Spain, some other parallels
between the two technologies become obvious. The decline in deployment of on-
shore wind turbines began shortly after the crash in solar PV deployment in 2009.
Both instances of reduced deployment were prompted by cuts in financial support
mechanisms [122], [138]. The cause for these cuts were demand decline and growing
financial burden. However, the decision to cut FITs for solar PV was more urgent
due to rapid growth in deployment and significant financial burden on the country.
Conversely, the decision to reduce support for wind energy was more deliberate and
driven by a decline in electricity demand. Deployment in both technologies came to
a halt in 2014 and only began to re-accelerate in 2018 for wind (with a significant in-
crease in 2019) and in 2019 for solar PV. This complete stop in deployment for both
technologies stemmed from Spain’s introduction of a moratorium on new projects
in 2012, driven by ongoing decreases in electricity demand and the country’s status
as a net electricity exporter [124]. The re-acceleration of both wind and solar PV
was driven by the introduction of competitive tender processes in 2017 in response
to rising electricity demand and therefore electricity imports. However, wind energy
experienced a somewhat earlier re-acceleration, as the tenders were not technology
specific, which led to most of the capacity being allocated to wind energy in the
initial tender. This resulted in protests from the solar PV sector and subsequent
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adjustments to the tender process [134], [135]. Both re-accelerations were marked
by abrupt increases in annual deployment. Overall, the similarities between the
trajectories of solar PV and wind in Spain demonstrate the role of national context
in addition to technology-specific factors.

5.4 Growth rates comparison

An essential aspect to analyze is whether the growth rate before or after the stagna-
tion period was higher. To check whether the S-curve methodology is reliable, it is
also important to investigate what factors may have influenced this. The following
Table 5.3 provides an overview of the maximum 3-year average growth rates before
and after stagnation, with the higher rate highlighted in red. All growth rates are
normalized to the system size in the respective year to ensure comparability. The
rates are calculated based on the equations outlined in Section 3.5. The meaningful-
ness of the maximum growth rate of the fitted curve is dependent on the maturity
level of the technology within the respective country. When the maturity level is
significantly below 0.5, indicating that the inflection point is still in the future, the
maximum growth rate cannot be reliably determined [3]. This scenario applies to
solar PV in Spain, where the maturity level is 0.0008. For solar PV in Greece,
although the maturity level is also below 0.5, it is in close proximity, making the
maximum growth rate feasible for analysis.

Table 5.3: Overview of the normalized maximum 3-year average growth rates

before and after stagnation in % The higher rates are colored orange.
Country, 3-year average growth rate ratio
Fuel max. before stagnation | max. after stagnation | before/after
Germany solar PV 13.28 10.46 1.28
Greece solar PV 12.98 16.28 0.80
Spain solar PV 3.84 11.51 0.33
Spain wind 8.63 5.42 1.59
Denmark wind 11.00 5.83 1.89
Austria wind 3.71 4.88 0.76

Table 5.3 shows that Germany’s solar PV, Spain’s wind, and Denmark’s wind expe-
rienced higher maximum 3-year-average growth rates before stagnation. Conversely,
Greece’s solar PV, Spain’s solar PV, and Austria’s wind showed higher growth rates
after stagnation. However, for Austria, only the first stagnation is considered, as
there is insufficient data for the second re-acceleration, which began in 2021 and data
is only available until 2022. Consequently, the number of cases with higher max-
imum 3-year-average growth rates before and after stagnation is balanced. If the
growth rate is higher before or after the stagnation could be dependent on whether
the initial or re-accelerated growth period is (so far) longer. In Germany for solar
PV and Denmark and Spain for wind, the initial growth period was longer then the
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re-accelerated growth. For the other cases this was different. Their initial growth
was shorter than their re-accelerated growth. Overall, the growth rates before and
after stagnation are usually comparable. Significant exceptions are Spain were stag-
nation happened early in the deployment process and the renewed growth was three
times faster, and Denmark where stagnation happened after a long period of mature
growth, and the renewed growth was almost two times slower.

Table 5.4: Overview of the normalized maximum 3-year average growth rates and
the normalized maximum growth rates according to the fitted curve in 2% with

respect to feasibility of these rates. The higher rates are colored orange. e
Country, max. growth rate ratio
Fuel 3-year average fitting-based average/fitted
Germany solar PV 13.28 8.03 1.65
Greece solar PV 16.28 9.15 1.78
Spain solar PV 11.51 no accurate rate measurable -

Spain wind 8.63 7.54 1.14
Denmark wind 11.00 4.73 2.33
Austria wind 4.88 3.26 1.50

Table 5.4 shows that the maximum fitting-based growth rate — as far as it can be
determined — consistently is lower than the actual maximum 3-year average growth
rate. This discrepancy arises because the stagnation period is not taken into account
in the fitted curves. Consequently, the curve is treated as a single S-shaped curve
rater than a series of curves, resulting in a lower slope and hence a lower 3-year-
short-term estimate of the growth rate. While this implies that the maximum fitting-
based growth rate may not precisely reflect the maximum growth observed in the
near future, it does offer better reliability for long-term growth estimations.

5.5 Global and regional comparison

Now that we understand how growth curves look at the national level, the question
arises whether similar growth patterns exist at the regional or global level. This
section will delve into this analysis. The following Figure 5.1 shows growth curves of
solar PV and onshore wind in different regions or country groupings in the world from
one country to the whole world. The cumulative capacity is plotted over the time,
beginning in the year 2000. It starts with Spain, where the stagnation periods of
both technologies are very clear. For the EU member countries of 2015, the different
periods of the S-curve and a subsequent re-acceleration are only recognizable for
solar PV, however the stagnation is more of a slow-down. For wind it is an almost
linear growth. The solar PV capacity overtook the wind capacity around 2022. The
OECD countries as a whole didn’t experience a stagnation phase in neither one of
the technologies. Onshore wind deployment is slowly accelerating, while for solar
PV the acceleration is quicker and it overtook wind capacity around 2019. A similar,
but even more clear course shows the global capacity.
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Figure 5.1: Deployment curves of solar PV and onshore wind over time in
different regions and unions beginning from 2000.

This illustrates that globally, there is not stagnation but rather a redistribution of
growth, which contributes to an overall increasing and rapidly accelerating deploy-
ment of wind and solar PV technologies. This observation aligns with the theory
proposed by Breetz et al. [52], which suggests that different countries play different
roles in different stages of the learning curve, influenced by technological spillovers.
In essence, certain political systems may excel in promoting early demonstration and
niche adoption, while others are better suited for supporting large-scale deployment
or system evolution [52]. Global learning, particularly in the case of solar PV, holds
considerable significance. Countries seeking to restart their RES growth can take
advantage of the technological advancements and cost reductions achieved through
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the global learning progress.

Moreover, it indicates, that while individual countries may have experience in re-
accelerating renewable growth, but there is no experience on a broader regional and
global level, as the deployment of solar PV and onshore wind is still accelerating
there. The national experience, however, has limited applicability at broader levels,
as it contains national legislation, driven by national concerns and goals.

5.6 Overall Conclusions and Learnings

The comparison of various renewable energy deployment cases and policy trajec-
tories gives valuable insights that contribute to the existing literature on energy
transition, although the experience of stagnation and re-acceleration in different na-
tional contexts is limited.

Changes in electricity demand and import dependency have significantly in-
fluenced policy decisions regarding RES. When demand decreases and a country
becomes a net exporter of electricity, energy security concerns decrease and the gov-
ernment’s will to support RES decreases. This is because the surplus electricity
suggests that additional generation capacity is not immediately required, leading
policymakers to prioritize other concerns over renewable energy promotion. Con-
versely, when demand for electricity increases and a country becomes dependent
on electricity imports, this drives policymakers to take measures to enhance the
country’s self-sufficiency. In such scenarios, the government is more inclined to re-
accelerate renewables, viewing them as a means to mitigate import dependency and
improve domestic energy security. However, it is noteworthy that also the presence
of domestic resources, particularly coal, also influences investment decisions in re-
newable energies. The existence of domestic resources, including coal, has a positive
impact on energy security, which in turn can affect the willingness to invest in re-
newable energy sources. In essence, shifts in electricity demand and import-export
dynamics are indicators for energy security concerns, which in turn are key drivers
for shaping government policies related to renewable energy.

The reduction and eventual phase-out of coal, that all investigated countries
decided, and in Germany additionally the phase-out of nuclear power, have notable
implications for the demand for low-carbon electricity sources. As coal reduction
measures take effect, there is a higher need for low-carbon energy sources. This shift
aligns with broader international, regional and local policies within the European
Union, like described in Section 4.1.2.

A significant aspect to consider is policy learning, which has been evident in the
evolution of renewable energy support mechanisms. FITs have proven effective in
promoting the initial growth of emerging renewable energy sources. However, it has
become apparent that FITs need to be flexible and responsive to actual deployment
rates and changing market dynamics, particularly in response to fluctuations in cell
prices. Otherwise this leads to uncontrolled deployment and therefore a financial
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burden to the country, like it was the case in Spain. This leads to another key lesson
learned — the importance of implementing transitional phases and adjustments to
support mechanisms. For instance, Greece and Germany, in contrast to Spain, have
proactively adapted their FIT structures by introducing degression rates that are
dependent on an extension corridor. This approach allows a smoother transition
and better alignment with the evolving market conditions, thereby reducing the risk
of FITs becoming financially burdensome. As both countries had their stagnation
phase a few years after Spain, it can be assumed, that they learned from Spain’s
political mistakes, that inconsistent policies lead to uncertainty and make a bad
investment environment for RES. Tendering processes have emerged as an effec-
tive mechanism for re-accelerating growth in renewable energy deployment. These
processes offer a competitive framework that can drive down costs and encourage
innovation. Looking ahead, the implementation of tenders can be an effective mea-
sure to immediately re-accelerate growth or in the best case replace FITs when they
become cost-ineffective without triggering a stagnation.

These learnings align with a theory proposed by Breetz et al. [52], which suggests
that different policy instruments are suitable for different stages along the experience
curve of renewable energy technologies and shows that transitions are not smooth
and linear, especially for frontrunners.

There are also some noteworthy insights specifically relevant to solar PV deploy-
ment. One key observation is the potential impact of having a domestic solar
PV manufacturing industry on deployment trends during periods of trade barri-
ers implementation. Countries with a domestic industry may experience less drastic
decreases in deployment due to the presence of a domestic market. This dynamic
is particularly evident when trade barriers coincide with decreasing FITs. In cases
where FITs remain high, deployment may even continue to increase or remain sta-
ble. For instance, China maintained high levels of deployment during trade barriers
imposed by Europe, as they could redirect their surplus production to their domestic
market, supported by robust FITs.

The German experience highlights another important lesson: trade barriers com-
bined with reduced subsidies are not an effective strategy for protecting domestic
industries. In response to recent challenges faced by their domestic solar PV in-
dustry, Germany is now considering a different approach. Rather than resorting to
trade barriers, they are thinking about introducing a "Resilienzbonus'. Under this
scheme, investors have the flexibility to choose between purchasing Chinese panels
and continuing to receive standard financing terms, or opting for panels manufac-
tured in Germany and receiving a premium of up to EUR cent 3.5 per kWh for 20
years additionally to the standard financing terms, with gradual reductions in the
premium until 2030 [191]. This approach aims to support domestic industry.

In the realm of onshore wind power, several noteworthy factors come into play. It’s

particularly significant to observe that policy shifts triggering stagnation frequently
stem from newly elected administrations. In Austria, for instance, the incoming

74



5. Discussion

socio-democratic government aimed to alleviate the financial strain on electricity
consumers. Similarly, Denmark’s right-wing government deprioritized environmen-
tal concerns. Both countries illustrate how priorities regarding RES, particularly
wind energy, can differ among political parties. A change in government direction
consequently leads to a shift in priorities and support schemes, particularly for wind
energy, which tends to be a more contentious energy source.

Resistance to wind energy tends to be stronger than for solar PV, despite an
overall positive attitude towards it among the general public [192]-[195]. The pri-
mary driver of this support is the environmental benefits associated with renewable
energy. However, when individuals are faced with the prospect of wind turbines
being erected near their homes, opposition often arises. This phenomenon, com-
monly referred to as the "Not in my backyard" (NIMBY) theory [196], suggests that
selfish concerns about visual impact and noise may contribute to local resistance.
Another theory posits that the mere announcement of a wind turbine project trig-
gers a thinking process leading to opposition [190]. Regardless of the underlying
reasons, addressing local opposition is crucial. Denmark’s experience highlights the
effectiveness of involving residents in wind energy projects, whether through wind
turbine cooperatives or requirements for investor ownership. This aligns with exist-
ing research of Wolsink [190] and O’Hare [196] emphasizing the importance of public
engagement and information dissemination for the success of wind power initiatives.

The insights discussed above confirm the theory proposed by Kulmer et al. [29],
which posits that critical events serve as "turning points" in the deployment of low-
carbon energy. These events are understood as a focal point in one of the three
perspectives. They can stem from either the supply or demand side, encompassing
changes in electricity demand, shifts in national and international policies, and so-
cial aspects.

To conclude, there are indeed multiple causes in all three perspectives for stagna-
tion and subsequent re-acceleration. Within the techno-economic perspective, the
demand dynamics play the most important role for both technologies. The global
market situation only had impact on the solar PV sector. Policies are within the
political perspective. However, they are the immediate causes for subsidized growth,
that are themselves driven by other factors and national interests like energy security
concerns and global trends like the financial crisis. Policy learning is an intersec-
tion between the political and socio-technical perspective, as the action of learning
is a social phenomenon. Other mechanisms within the socio-technical perspective
are the prominence of manufacturing industry in the country and social resistance,
which is more important in the onshore wind sector. The most important factors as-
sociated with stagnation and re-acceleration and their prominence in different cases
are summarized in Table 5.5 and Table 5.6 respectively.
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Table 5.5: Summary of the most important factors associated with stagnation and
their prominence in the different cases.

Demand decline/

Decline of import
dependence of

Generous support

Change of the

Social

Source stagnation prior . policies leading . .
. el. supply prior . K ruling party resistance
to stagnation . to major spending
to stagnation
Germany S + +
Greece S + + +
Spain S + ++
Spain w + +
Denmark \WY% + + + +
Austria (1) w + + +
Austria (2) W +

Table 5.6: Summary of the most important factors associated with re-acceleration
and their prominence in the different cases (*also phase-out of nuclear power).

Demand Growth of import Introduction of Ch ¢ Policies
ange o
growth dependence of more flexible g. addressing Coal
Source N . . the ruling .
prior to re- el. supply prior support policies social phase-out
. . party .
acceleration to stagnation e.g. tenders resistance
Germany S + e
Greece S + + + +
Spain S + + + +
Spain W + + + +
Denmark W + + +
Austria (1) W +
Austria (2) w +
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Conclusion

This thesis has identified cases and periods of stagnation followed by re-acceleration
in renewable growth. It has provided insights into the underlying mechanisms be-
hind these growth patterns, aiming to equip policymakers with valuable knowledge
to accelerate the transition towards a low-carbon future. Additionally, it has ex-
amined whether growth rates post-stagnation outpace or lag behind those observed
prior to the stagnation.

By visually analyzing the growth curves of solar PV and onshore wind installations
in various countries, this study identified instances characterized by a period of stag-
nation followed by re-acceleration. From these cases, six were chosen for a detailed
analysis. Factors such as policy shifts, market conditions, technological progress,
and external influences were scrutinized to uncover the reasons behind the periods
of stagnation and subsequent re-acceleration.

Causes for both stagnation and re-acceleration in RES technologies are often di-
rectly influenced by policy decisions. Policies, which may not be appropriate for
the current stage of technological development, such as FITs becoming financially
burdensome after rapid deployment, can lead to stagnation. Re-acceleration typi-
cally occurs through policy learning; for instance, the use of tenders can effectively
stimulate RES deployment while managing costs.

Another influential factor is electricity demand. Stagnation in RES deployment
often accompanies stagnating or declining demand, as there is no immediate need
for additional electricity generation. Conversely, growth in demand, particularly for
low-carbon electricity driven by international or EU policies, tends to re-accelerate
RES deployment. Similarly, import dependence of electricity supply plays a role.
When a country has low import dependence and maybe even is a net exporter
of electricity, concerns about energy security may diminish, leading to decreased
political support for RES deployment and subsequent stagnation. Conversely, if a
country relies on imports of electricity or fossil fuels used in generating it, energy
security concerns may prompt increased support for RES deployment to enhance
self-sufficiency. These factors are summarized in Figure 6.1.
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Stagnation Re-acceleration

Ineffective policies
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(» energy security > no will to (» energy security concerns

Low import dependency of supply I High import dependency of supply
support RES) > will to support RES)

Figure 6.1: Overview of the technology comprehensive reasons for turning points.

There are also technology specific reasons for the stagnation. For solar PV, the
global market shock triggered by the onset of Chinese mass production caused the
stagnation. Due to the mass production there was a sharp decline in panel prices,
leading to unmanageable deployment rates and a heavy financial burden because of
the FITs, which led to their reduction. Additionally, trade barriers imposed by the
European Commission caused panel prices to rise again, contributing to the stagna-
tion of solar PV deployment.

In contrast, for onshore wind deployment, social acceptance is a critical factor, as
wind deployment is less synchronized than solar PV deployment. Local resistance
often arises when individuals are confronted with the prospect of wind turbines be-
ing installed near their homes. To address this, involving residents through wind
turbine cooperatives or implementing requirements for investor ownership can be
effective strategies in mitigating opposition.

The number of cases with higher actual maximum 3-year-average growth rates be-
fore and after stagnation appears to be balanced, suggesting that the height of the
growth rate is not influenced by whether stagnation has occurred or not. However,
it’s evident that the fitting-based maximum growth rate consistently falls below the
actual maximum 3-year average growth rate. This is because the fitted curve is
treated as a single S-shape, which may not accurately reflect the maximum growth
observed in the near future. While this implies that the maximum fitting-based
growth rate may not precisely capture the peak growth experienced, it does provide
greater reliability for long-term growth estimations.

An additional finding is that although individual countries may possess expertise in

re-accelerating renewable growth, there is none in broader regional and global con-
texts, as the acceleration of solar PV and onshore wind deployment is still ongoing
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at these levels. The experience gained at the national level has limited applicability
at broader scales due to the direct influence of national legislation, which is shaped
by distinct national concerns and goals.

The research presented in this thesis has several limitations. One challenge lies in
the limited number of cases that were investigated. Therefore, the findings may lack
generalizability, and difficulties in drawing conclusions that can be applied to other
contexts may arise. There is a higher risk of bias or outliers influencing the results.
Furthermore, the limited amount of cases may restrict the ability to detect patterns,
trends, or relationships, which might constrain the robustness of the study’s conclu-
sions.

Furthermore, all the cases analyzed in this this thesis represent the same country
group, which also may limit the generalizability of the findings. This mainly arises
from the fact that only early adopters, primarily EU members and OECD countries
with the financial means, drive the initial adoption and expansion of newly devel-
oped technologies. Therefore these countries have a longer history of the specific
technology and it is more likely that they already faced phases of stagnation and
subsequent re-acceleration.

In this thesis, only countries that faced stagnation with a subsequent re-acceleration
were investigated. At the same time, for some countries similar external factors (e.g.
financial crisis, the solar PV market crash) did not lead to lead to a stagnation and a
subsequent re-acceleration. A systematic comparison between these two groups can
provide a deeper insight into causes of stagnation and re-acceleration, and should
be prioritized as a task for future research.
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A. Appendix

A.1 Import dependency of the investigated coun-
tries
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Figure A.1: Import dependency of electricity supply of the investigated countries;
plot by V. Vinichenko.
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A. Appendix

A.2 Germany solar irradiation map
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Figure A.2: Solar irradiation map for Germany [197].
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A.3 Greece solar irradiation map
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Figure A.3: Solar irradiation map for Greece [197].

IV



A. Appendix

A.4 Spain solar irradiation map
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Figure A.4: Solar irradiation map for Spain [197].
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A.5 Spain Global Wind Atlas map

Figure A.5: Global Wind Atlas map for Spain [198].
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A.6 Denmark Global Wind Atlas map
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Figure A.6: Global Wind Atlas map for Denmark [198].
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A.7 Austria Global Wind Atlas map
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Figure A.7: Global Wind Atlas map for Austria [198].
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