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Executive summary
The global warming target set by the Paris Agreement of 1.5°C is in danger of
being exceeded, necessitating an energy transition for Europe with a particular
role for offshore wind energy generated in the North Sea. The North Sea’s
offshore energy system is a complex socio-technical system; however, a holistic
study of this system is missing in the literature. Particularly the transmission
aspects, linking the onshore system to the offshore system and ensuring a con-
nection between the rapidly increasing electricity supply and growing electricity
demand, have been neglected in literature so far.

The multi-level perspective (MLP) framework is widely used to analyse transi-
tions of complex socio-technical systems. However, no study has yet applied
MLP to the North Sea offshore energy system.

This thesis extended the MLP framework with an actor analysis, including a so-
cial network analysis (SNA), PESTLE analysis, and scenario analysis to achieve
a holistic understanding of the North Sea energy system. For this, a case study
of the Dutch and German electricity transmission system operator, more specif-
ically its department Grid Field Operations - Offshore (GFO-O), was applied to
the North Sea offshore energy system to answer the following research question:

How does the application of an Extended Multi-Level Perspective (E-MLP) frame-
work enhance the understanding of the complex socio-technical and uncertain
dynamic nature of the North Sea offshore energy system, thereby informing GFO-
O´s strategy to facilitate the energy transition?

A mixed method approach was chosen. For this, five different methods (MLP,
actor analysis, social network analysis, PESTLE analysis, and Socio-Technical
Scenarios) were incorporated and combined into the Extended Multi-Level
Perspective framework whilst collecting and applying both qualitative and
quantitative data. The application of E-MLP enabled a holistic understanding
of the socio-technical system, accounting for its complex and dynamic nature.

The key findings of this research are that the North Sea offshore energy system
is strongly influenced by onshore developments, supply chain, grid congestion,
and demand flexibility. Reshoring the supply chain is costly and time-consuming.
Grid congestion and demand flexibility are crucial, while AI enables niche
innovations. Small nuclear reactors have limited impact. Offshore focuses
on energy hubs, standardisation, and wind park expansion. Moving further
offshore increases vulnerability. The future role of hydrogen in the energy
system is uncertain. Cybersecurity and the multi-use of space are essential.
Involving municipalities is vital for success in contrast to the current top-down
approach by governments.
The following recommendations for GFO-O result:



• Plan reshoring of supply chain parts such as vessels or consider sharing
concepts to mitigate uncertainties and reduce reliance on global supply
chains.

• Attract digital talent through partnerships with universities, up-skill existing
workers, invest early in AI capabilities and focus on automation for improved
operations.

• Strengthen GFO-O’s position through network leverage and drive standard-
isation discussions.

• Investigate the necessity of a 24/7 electricity supply and explore the possi-
bility of rolling outages.

• Invest in maintenance robots and cargo drones to enhance the efficiency
and safety of offshore operations.

• Investigate the potential of green hydrogen production on converter plat-
forms and explore partnerships for hydrogen transmission.

• Monitor Orsted’s development for potential impacts on GFO-O’s transmis-
sion tasks.

Furthermore, policymakers should prioritise driving the multi-use of space and
closely follow the valuable insights from the multi-frame project. Initiating pilot
studies based on these findings can provide lessons learned about the multi-use
of marine space. Establishing a dialogue with the military to address physical
and cyber threats to the North Sea offshore energy infrastructure is essential,
given its increasing relevance due to recent geopolitical developments. Addi-
tionally, incentivising demand flexibility on a consumer level through awareness
campaigns and market incentives can further support renewable energy pro-
duction in the North Sea and reduce the burden on the offshore system.

Moreover, a case study of a transmission system operator in the North Sea
offshore energy system was added to the body of MLP studies, and E-MLP was
successfully applied. Additionally, the landscape level of the MLP framework
has been analysed in more detail than in previous studies by applying the
PESTLE framework, as requested by previous research.

This thesis introduces the E-MLP research framework, applied to the case study
of GFO-O, a transmission system operator in the North Sea offshore energy
system. E-MLP enhances the understanding of the system by analysing factors
affecting it and contributes to energy infrastructure design literature. Through
actor analysis and SNA, the regime and niche levels are extensively studied,
providing insights into actor interactions and informal institutions. The thesis
presents a novel approach to scenario analysis, combining exploratory scenario
planning and socio-technical scenarios, offering valuable contributions to sce-
nario literature. Additionally, the study provides a holistic understanding of
the North Sea offshore energy system and policy-relevant insights for future
research and inclusive policymaking.

The selected approach for the thesis has potential limitations due to the use of
multiple analysis tools with limited in-depth exploration. Publicly available data
was used to ensure repeatability, but it restricted the pool of information. The



semi-structured interviews and focus on specific experts may limit perspectives.
The social network analysis was limited by undirected ties and unweighted
nodes, potentially missing out on information. The inclusion of 50Hertz in
the analysis could provide material for future studies exploring cooperation
dynamics within the offshore energy system.

This research offers the starting point of more detailed analyses of different
levels within the MLP framework for the North Sea offshore energy system or
more detailed studies of specific relevant factors, such as the offshore supply
chain. This thesis can be extended by adding political or economic weights to
the nodes in the SNA. Future studies could explore a heterogeneous analysis of
the oil and gas sector, study specific factors like the offshore supply chain in
more detail, and apply E-MLP to other energy transition regimes. Furthermore,
E-MLP should be applied to the Baltic Sea offshore energy system to test and
refine it.
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Introduction

1 Introduction

1.1 Motivation
The world is currently on a trajectory to significantly overshoot the 1.5°C target
for global warming agreed upon by 196 countries in the Paris Agreement in
2015 (Intergovernmental Panel on Climate Change, 2022a; United Nations,
2016). The consequences of exceeding 1.5°C global warming are predicted to
be disastrous for the planet and life on Earth (Armstrong McKay et al., 2022).
Tipping points will be reached, further exacerbating catastrophic climate im-
pacts endangering the livelihoods of millions of people and threatening entire
ecosystems to collapse (Armstrong McKay et al., 2022; Intergovernmental Panel
on Climate Change, 2022b).

One of the main drivers of climate change is the CO2-equivalent- (CO2e) emis-
sions resulting from inefficient and ecologically unsustainable activities such as
the combustion of fossil fuels (Heubaum & Biermann, 2015). Modern life is
based on energy consumption (Clemente, 2010). Hence, one grand challenge
in the 21st century and beyond is how humans can utilise energy without expo-
nentially fueling further global warming. A major trend in energy consumption
is electrification due to the benefits of transportability, exchangeability, and
low cost of electricity (Tsao et al., 2018). Especially in the Western world,
electrification is strongly linked with decarbonisation to achieve climate tar-
gets (de Maere d’Aertrycke et al., 2020). Green energy sources such as solar
and wind play an essential role in electrification and the European energy
transition, while wind energy is heavily invested in by the Netherlands and
Germany, among others (Koivisto et al., 2020; MacKinnon et al., 2022). Espe-
cially offshore wind from the North Sea is seen by many as key to the European
energy transition (Tosatto et al., 2022; De Croo et al., 2023; Jansen et al., 2022).

1.2 Problem statement
Given the need for the energy transition, a significant body of research has
been devoted to understanding it. Many studies have been conducted on the
production (Díaz and Guedes Soares, 2020; Rentier et al., 2023; Kang and
Guedes Soares, 2020; Fernández-Guillamón et al., 2019) or consumption as-
pects (Gea-Bermúdez et al., 2021; Hennig et al., 2020; Khan et al., 2022; Huber
et al., 2014) of the European energy transition. However, these studies have
neglected the transmission aspects, especially in the North Sea.

Governments from countries bordering the North Sea have set highly ambitious
capacity targets for offshore wind production, considering it as the ’Green Power
Plant of Europe’ (De Croo et al., 2023). The build-out of offshore wind and
supporting energy infrastructure is enormous. So is the growing demand for
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Introduction

electricity by electrification of the industry onshore (Wei et al., 2019; Göransson
et al., 2019). Without corresponding transmission developments, the offshore
system would continue investing in new assets, increasing production, while the
onshore system demands more and more energy, but the bridge between these
two systems remains missing. That is why it is important to study transmission
aspects as well for the European energy transition.

Considering the socio-technical, multi-actor nature of the North Sea energy
system, deemed Europe’s ’Green Power Plant’ De Croo et al. (2023), an analysis
across multiple dimensions is required. The multi-level perspective (MLP) is
used as a multi-dimensional framework to analyse socio-technical transitions
(Elzen et al., 2004b). MLP is dividing the socio-technical system into three
dimensions. The landscape is comprised of slow-changing factors external to
the regime level. The regime level entails the actors and their interactions,
embedded in a set of rules and norms. From protected niches, innovations can
spawn that have the potential to impact the regime level and landscape.

Out of the studies on the consumption and production aspects of the Euro-
pean energy transition, none have used the MLP framework despite complex
socio-technical systems being best addressed by MLP. The research process
yielded only two studies that apply MLP on the North Sea offshore energy
system (Flynn, 2016; van Hoof et al., 2020). One is analysing the transition of
Dutch fisheries, and the other focuses on a specific offshore grid initiative. A
third one is applying lessons learned from the UK’s energy transition to China,
with a brief mention of North Sea gas (Yang et al., 2022). Given the societal
relevance of the North Sea for the European energy transition, this creates a
possibility of losing out on valuable scientific insights that can inform policies
on a system level. Thus, the lack of applying MLP, a framework to analyse
complex socio-technical systems, to this highly relevant offshore energy system
is creating a scientific gap. Moreover, there has been no holistic study of the
North Sea offshore energy system so far. Studies have either focused on specific
aspects, such as emissions from oil and gas platforms (see Riddick et al., 2019
(2019)), the offshore wind energy sector (Künneke et al., 2015), or on a specific
country (Denmark, see DAndrea et al., 2021 (2021)). A holistic analysis of
the North Sea offshore energy system as a complex, socio-technical system is
missing in the body of literature.

Furthermore, extensions of MLP to account for the multi-actor nature and inher-
ent uncertainty of future developments in this rapidly changing system are not
to be found in the existing body of MLP case studies. Even though Genus and
Coles (2008) point to the added value of an actor analysis to MLP and Andrews-
Speed (2016) stresses the need for more detailed analyses of the landscape
level within MLP, there has been no systematic integration of an actor analysis,
social network analysis, detailed external factor analysis and scenario analysis
in MLP so far. In order to fully understand niches with the potential for system
change, it is essential to achieve an overview of the social network of other
actors on the regime level, and assess their partnerships, projects and consortia
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Introduction

they are part of. Hence, a more holistic framework grasping the complexi-
ties, uncertainties and multi-actor nature of socio-technical systems such as the
North Sea offshore energy system in the midst of the energy transition is needed.

Combining these insights, MLP is applied to a case study of a transmission
system operator in the North Sea offshore energy system, combined with an
actor analysis, a social network analysis, external factor analysis and scenario
analysis to analyse this highly dynamic and relevant system for the European
energy transition in a holistic way.

In the Netherlands and Germany, the Transmission System Operator (TSO)
manages the electricity grid (Söder et al., 2020). TenneT is the only TSO in the
Netherlands, one of four TSOs in Germany, and a major actor with significant
market power in the electricity system of these two countries. TenneT’s opera-
tions can be divided into onshore and offshore. While the onshore department
mostly focuses on maintaining and operating the transmission grid on land, the
offshore department builds offshore converter platforms, operates, and main-
tains them. More specifically, the department Grid Field Operations - Offshore
(GFO-O) is responsible for operation and maintenance while the department
Large Projects Offshore (LPO) builds the platforms and Asset Management is
responsible for the operational readiness life-cycle management.

When looking at the path electricity takes from being created in offshore
wind parks until it arrives in either industry or at the household level of end-
consumers (Figure 1), offshore conversion and transmission to land forms a
crucial bottleneck. Resolving this bottleneck is essential for Europe to accom-
plish the energy transition, given the planned rapid development of offshore
wind generation in the North Sea (IEA, 2020; Díaz and Guedes Soares, 2020;
Jansen et al., 2022; De Croo et al., 2023). Solving this bottleneck is not fully
under GFO-O’s control, resulting in a complex problem.

Due to the problem’s multi-actor nature within a complex socio-technical sys-
tem, a solution and successful performance of GFO-O hinges on a sophisticated
understanding of the external factors that are impacting the transmission busi-
ness. Additionally, the recent developments with Russia’s invasion of Ukraine
and the political scramble for energy security have re-emphasised the value
of energy security and security of supply (Correljé and van der Linde, 2006;
Kuzemko et al., 2022; Purvins et al., 2011). European politicians are scram-
bling to provide security of energy supply to their citizens amid increasing
uncertainties. Thus, it becomes clear that GFO-O’s role in enabling the security
of supply as its core task is of immense societal value and of critical impor-
tance for the Netherlands and Germany. In order to mitigate their impacts and
enable the security of the electricity supply on which the German and Dutch
energy transitions depend, analysing the external factors affecting GFO-O is
indispensable for dealing with them.
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GFO-O’s performance:
To understand what exactly GFO-O’s performance is, a look at its vision
is imperative. GFO-O aims to be the leading offshore TSO in Europe. In
order to become this, safety for people, availability of the grid connection
systems as well as technical and financial efficiency are key. For these
areas, GFO-O has defined key performance indicators to ensure safe and
reliable electricity supply.

1.3 Societal relevance
GFO-O is of societal relevance not only for the offshore energy system in the
North Sea but also as a key puzzle piece for the European energy transition.
Its core task is to ensure the reliability of energy supply despite significant
uncertainties. Navigating these uncertainties across multiple dimensions re-
quires a system perspective to understand and identify relevant external factors.
Furthermore, change at an unprecedented pace requires a robust and flexible
strategy accounting for multiple future states of the world. Currently, there is
no body of strategies available that helps TSOs and, hence, GFO-O to ensure the
reliability of supply amid the various uncertainties by solving the transmission
bottleneck in the offshore energy system to facilitate the energy transition.

Not least because of its predicted enormous economic potential, the North Sea
offshore system is in the middle of rapid changes and seeing an unprecedented
transition, with GFO-O in the midst of it, tasked with solving the offshore to
onshore transmission bottleneck.
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Figure 1: System overview. Source: own elaboration

The North Sea, due to its favourable wind conditions and relatively shallow
waters, is seeing strong growth in offshore wind development and, hence, is a
crucial arena for the energy transition in Europe (Jansen et al., 2022). However,
it can be seen in Figure 1, that the offshore energy system in the North Sea is
of complex socio-technical nature (Künneke et al., 2015).

To achieve an understanding of the offshore energy system in the North Sea, it
is essential to analyse a broad range of factors. Moreover, the offshore system
is only part of the larger energy system in the Netherlands and Germany, as
there exists a strong and growing dependence of the onshore system to receive
electricity generated offshore. For a better understanding, the way of electricity
is illuminated in Figure 1.

1.4 EPA relevance
This thesis is conducted within the Master of Science degree in Engineering and
Policy Analysis (EPA). Aligning with the objectives of the study program, a grand
societal challenge, the energy transition, is analysed in a multi-dimensional way.
Going beyond pure engineering and technical considerations, a socio-technical
approach is taught within EPA and, hence, applied to this study. Thinking in
systems, dealing with uncertainties and the multi-actor nature of systems is at
the core of the EPA program.

Therefore, it is aimed to research the complexity of the system of interest with
the methods of actor analysis and social network analysis (Hermans & Cun-
ningham, 2018), scenario analysis (Enserink et al., 2022), and policy analysis
(Enserink et al., 2022), which were learned in the courses EPA1144 Actor and
Strategy Models and EPA1124 Policy Analysis of Multi-Actor Systems. PESTLE

Page 5 of 180



Introduction

is a method that is not part of the EPA-curriculum but highly aligned because it
enables multi-dimensional analysis of factors in a system (Perera, 2020; Soares
et al., 2023). Similarly, the MLP framework is not explicitly taught within
EPA but allows the analysis of a socio-technical system on multiple levels and,
thereby, contributes to understanding and mitigating grand societal challenges.

The interdisciplinary nature of societal challenges often requires the combi-
nation of different methods into a framework that is able to analyse a system
holistically. This has been done for this thesis with E-MLP, combining all meth-
ods mentioned above to achieve a holistic understanding of the system and
inform policy-makers and decision-makers within TenneT’s GFO-O on how to
best deal with the insights arising from the study of the North Sea offshore
energy system. Thus, this thesis fulfils another onjective of the EPA program,
the relevance for decision-making both in the industry and in the public sector.

1.5 Research objectives
Using the lense of the extended MLP framework, the main characteristics of the
North Sea offshore energy system are analysed. To account for multiple dimen-
sions within the three levels of the socio-technical system, a PESTLE analysis
is performed. PESTLE is an external factor framework, considering political,
economic, social, technological, legal, and environmental factors (Sharmina
et al., 2019). Political factors encompass the national energy policies. Economic
factors range from workforce to resource interest and demand for raw material,
for instance by the wind parks, TSOs and the shipping industry. Furthermore,
the European energy transition is not merely of technical nature but clearly
involves social and environmental factors (Acosta et al., 2018; Tenggren et al.,
2016). National regulation is an example of a legal factor. To account for the
dynamics of the European energy transition, an exploratory scenario analysis
will be integrated within the E-MLP.

As a result, this thesis aims to analyse the North Sea offshore energy system
using the E-MLP framework in a holistic way. Following the call by Andrews-
Speed (2016) for case studies with particular focus on the landscape within
MLP, a complementing PESTLE analysis will be performed to identify and
analyse relevant external factors for GFO-O’s performance (defined above).
Based on the most relevant factors identified, a qualitative scenario analysis will
be conducted to evaluate the factors’ impact on GFO-O’s performance within
the future uncertain landscape of the European energy transition. The final
goal is to add an E-MLP case study within the North Sea offshore energy system
to the body of literature and give policy recommendations for the strategy
process to the management and policy makers Thereby, a starting point for
MLP studies on the North Sea offshore energy system will be created and a new,
less studied system will be added to to the growing body of MLP case studies.
Another contribution of this thesis is the extension of the MLP framework by
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an actor analysis, providing a more holistic understanding of socio-technical
systems in transitions. Moreover, niches are uncovered within a system that
has not intensively been studied with MLP, which adds value to the literature
and future scholars studying the North Sea energy system under the light of
socio-technical transitions. Not only the offshore perspective can be useful
but also insights into this case study of a transmission system operator are
relevant for scholars in every country to understand and improve the scientific
body of MLP to contribute to the security of energy supply as a bottleneck of
international energy transitions.

Consequently, the following main research question was drafted.
Main research question
How does the application of an Extended Multi-Level Perspective
(E-MLP) framework enhance the understanding of the complex socio-
technical and uncertain dynamic nature of the North Sea offshore
energy system, thereby informing GFO-O´s strategy to facilitate the
energy transition?

To answer the formulated main research question, the sub questions below are
deemed most relevant and suitable to guide the process of this thesis.
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Sub-questions

1. What is an Extended Multi-Level Perspective framework?
2. What are the main characteristics of the North Sea offshore energy

system captured by the use of the extended multi-level perspective
framework?

3. What are the relevant actors in the North Sea offshore energy
system?

4. What are plausible socio-technical scenarios capturing the evo-
lution of the North Sea offshore energy system in the next 15
years?

5. Taking into account the static and dynamic characteristics of
the North Sea offshore energy system, how can GFO-O adapt its
strategy in the face of uncertainty to perform its core tasks and
facilitate the energy transition?

1.6 Research outline
Chapter 2 introduces the theoretical background of MLP and elaborates on
the location of this research within MLP and the energy infrastructure domain.
Chapter 3 explains the chosen research approach in more detail. Chapter 4
provides an understanding of the socio-technical North Sea offshore energy
system, analyses the relevant actors, introduces TenneT’s and GFO-O’s position
and objectives within this system and entails the PESTLE analysis based on the
literature research. Furthermore, it contains a map of technological innovations
impacting the system resulting from the social network analysis and PESTLE
analysis. In chapter 5, the results of expert interviews on external factors will be
compared with the literature research of the PESTLE analysis. Based on these
factors, exploratory scenarios will be created, discussed and the implications
for GFO-O analysed. This will then be used to give policy recommendations
to GFO-O and policymakers in chapter 6. Furthermore, a conclusion will be
drawn and limitations and potential extensions of this research discussed.
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2 Theoretical background
This thesis is positioned within the European energy transition. To understand
the body of transition literature, a first understanding is required of what a
transition is.

"The term transition is broadly used in many scientific disciplines and refers to
a nonlinear shift from one dynamic equilibrium to another." (Loorbach et al.,
2017). According to Elzen et al. (2004), transitions can be envisioned as
long-term processes within systems that provide ’basic societal functions’ such
as energy. Furthermore, transitions are described to bring about ’drastic change
of the technical as well as the societal dimensions of such a system’ (Elzen et al.,
2004a).

Looking at transitions from a scientific perspective, a large body of literature
focuses on energy systems transitions (Demski et al., 2015; Leal Filho et al.,
2020; Kern and Smith, 2008; Acosta et al., 2018). The supply side aspects
(particularly offshore wind generation) and demand side aspects are well
covered in literature (Tenggren et al., 2016; Perveen et al., 2014; Díaz and
Guedes Soares, 2020). A lot of research can be found on energy production and
the environmental impact of various renewable energy sources, however, there
is not much focus on the transmission as a critical aspect of energy provision
as a bottleneck between generation and supply of energy (Tenggren et al.,
2016; Edomah et al., 2017). Moreover, because this thesis is focusing on the
North Seah offshore energy system, the relevant literature domain energy
systems transitions is part of the body of research on ’socio-technical transitions’
(Geels and Schot, 2007; Leal Filho et al., 2020; Geels, 2004a). The following
chapter is setting the scene for the scientific background and introduces the
main theoretical framework for this thesis.

2.1 Multi-level perspective
To analyse socio-technical transitions, the multi-level perspective is widely used
and successfully applied (Andrews-Speed, 2016; Jehling et al., 2019; Elzen
et al., 2004b; Fuenfschilling and Truffer, 2014). "The so-called ’multi-level
perspective’ has been developed to analyse and explain transitions and sys-
tem innovations." (Elzen et al., 2004a). According to Geels and Schot (2007),
within socio-technical transitions, three levels are of significance when consid-
ering socio-technical systems (Figure 6). These three levels are the landscape,
regime and niches. It should be noted that the different levels are not a mere
depiction of reality but concepts to analyse and simplify ’complex dynamics of
sociotechnical change’ (Geels, 2002). Furthermore, the levels are linked and
this linkage enables an explanation of the dynamics of a transition. MLP depicts
transitions in the light of dynamic interaction between different levels and their
structuring (Fuenfschilling & Truffer, 2014). The structuring is hierachical,
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with the landscape being the most structured level and the niche level the least
structured (Fuenfschilling & Truffer, 2014).

The landscape level entails factors external to the regime level that impact the
regimes over a long period of time, while change is only occurring slowly at the
landscape level (Geels, 2004b). These factors are multi-dimensional and range
from economics, politics, cultural, and societal to environmental factors (Geels,
2004b). There is almost no possibility to change the landscape factors from the
regime level (Geels, 2004b). As the top level, the landscape sets the context for
the regimes and therefore the niches. Even though the process is slow, changes
in the landscape occur and these changes put pressure on the regime level to
adjust (Geels, 2002). Pressure can result from changing regulation or policies,
but also from a changing macroeconomic environment.

Socio-technical regimes can be considered the backbone of the system due to
interaction of the actors (Fuenfschilling & Truffer, 2014). They are the set of
rules that govern behaviour of social groups and therefore provide an inherent
stability for a multi-dimensional, socio-technical system (Geels, 2004b). This
stability still enables innovation but slows down the process and all but prevents
radical disruptions (Geels, 2004b). In case of pressure from landscape and
niches, the regimes can be weakened, enabling radical transformations and
transitions from one system state to another. Regimes can be understood as
actors and institutions that provide societal functions such as electricity and in-
frastructure (Tenggren et al., 2016). The regimes interact and are maintaining
system elements, such as energy infrastructure.

The niche level is less institutionalised, meaning they are subject to less rules
than the regime level and therefore more free to innovation (Fuenfschilling
& Truffer, 2014). From niches, rapid and often radical innovations originate
that have the potential to disrupt the system (Tenggren et al., 2016; Geels
and Schot, 2007). These disruptions can result from new business models
or technological development. Niches can be thought of as a fertile breeding
ground for ideas that is protected from strong impacts of regimes and the
landscape. Niches enable learning processes, experimenting with new tech-
nologies or other aspects potentially impacting the entire system in a protected
environment (Geels, 2004a). Learning processes within niches are protected
from selection forces such as market pressure (Geels, 2004b). This gives room
for the development of radical innovations that would otherwise not succeed as
they are too expensive in their development or their development process might
take too long to survive under the competitive pressures on the regime level.
Another aspect of niches is the fostering of network effects that can feed into
innovations, such as supply chain connections (Geels, 2004b). Furthermore,
niches can quite literally provide the space for actors to connect, exchange
ideas, knowledge, and best practice in a protected environment which can
stimulate innovation and, consequently, disrupt the previously stable regime
level (Geels, 2004b). Niches differ in their maturity, while some innovations
are almost ready to be scaled up, others are far from it (Elzen et al., 2004a).
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Transitions result from shifts in regimes. An old, highly structured regime gives
way to a new one, where the structures are yet to establish (Fuenfschilling &
Truffer, 2014). New laws, regulations, business and business models are drivers
for such a transition (Fuenfschilling & Truffer, 2014). An example to illustrate
the dynamics within MLP are negative externalities such as environmental
impact. At first, they might be ignored by the the regime level as the effects
are not immediate. However, if they are picked up by other actors, for instance
an environmental Non-governmental organisation (NGOs) , they can rise to
the landscape level and manifest as environmental regulation. This regulation
will have a direct impact on the regimes (Geels, 2004b). This dynamic can be
seen in Figure 2. For actors in the regime level, there is an incentive to identify
relevant niches and factors while they are not yet in the landscape and therefore
the immediate influence on the factor is lost. Thus, strategic and competitive
games on regime level between actors result (Geels, 2004a). Investing in the
right niche can pay of in the long term as the (radical) innovation makes its
way to the regime level and may result in policy changes on the landscape level,
potentially causing system change (Geels, 2004a).

Figure 2: Transition process within the multi-level perspective. Source: Geels, 2004b
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2.2 Institutional theory
The domain of institutional theory aligns with MLP, it investigates the inter-
dependence between actors, rules and technology (March & Olsen, 1983).
Institutional theory is looking at organisations and how they can provide their
core tasks to society, which is located in the regime level within MLP. Insti-
tutional theory specifically focuses on the interaction of organisations with
their environment, taking into account competitors but also social rules and
norms - institutions (Edomah et al., 2017). Two kind of institutions can be
distinguished. Informal institutions encompass intangible concepts such as
norms, traditions, or values, shared among different groups and communities
(Scholten & Künneke, 2016). These are often not stated explicitly, but rather
implicitly shared as ’culture’ (Andrews-Speed, 2016). They are results of count-
less interactions and emerge spontaneously rather than that they are created
(Scholten & Künneke, 2016). In contrast, formal institutions are officially stated
and actively rule interactions as laws or regulations, formulated by authorities
(Scholten & Künneke, 2016). Examples are market design or environmental
regulations. Actors in the regime level and their interactions are governed by
such formal institutions.

2.3 Energy infrastructure
An energy transition is not possible without physical assets, the energy infrastruc-
ture. Energy infrastructure ranges from the production, over the transmission
to the consumption of energy (Scholten & Künneke, 2016). Part of the energy
infrastructure considered in this research are the wind parks offshore, the
onshore grid, but also converter stations offshore and subsea cables, among
many other assets. With the focus on the North Sea offshore energy system,
this thesis can be located within the body of literature on offshore as part of the
energy infrastructure domain (Garg et al., 2015; Edomah et al., 2017; Scholten
and Künneke, 2016). Scholten (2016) emphasises the importance of operation
and maintenance as a critical part for adaptive socio-technical systems. This
validates GFO-O’s relevance and the purpose of this thesis not only from a
societal but also from a scientific perspective.
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Figure 3: Socio-technical energy infrastructure. Source: modified after Scholten and Künneke, 2016

According to Scholten (2013), energy infrastructure can not be reduced to
physical infrastructure anymore. Due to the complexities and interconnections
of actors, technology and institutions, the perspective on energy infrastructure
changed towards that of a socio-technical system (Scholten, 2013). The opera-
tion of energy infrastructure is reliant on humans, which shapes the notion of
reliability as it moves beyond a purely technical dimension. Interdependence
and relations among actors are highlighted and particularly actor networks
require special attention (Scholten and Künneke, 2016; Scholten, 2013). The
development of decentralised and spatially distributed energy infrastructure
is further contributing to the complexity. In Figure 3, this complexity is de-
picted. While the flow of energy (the commodity of consideration) and the
monetary flow are linear in opposing directions, energy flows from source to
consumption and the monetary flow proceeds from the consumption to the
source, institutions and technology encompass the entire energy infrastructure
value chain. The concrete dynamics and interactions are too complex to depict
in one figure and further emphasise the need to consider energy infrastructure
as a socio-technical system. The part within energy infrastructure that this
research focuses on is the transmission, as highlighted in Figure 3.

2.4 Design of energy infrastructure
Building upon the concept of energy infrastructure as a socio-technical system
Scholten and Künneke (2016) go a step further and argue for the need of a
comprehensive design approach that combines the technological and economic
dimension of energy infrastructure. For the design of a system, not only compo-
nents of this system need to be chosen carefully, but also the way of connecting
these to fulfil the system’s objective (Waldo, 2006). In case of energy infrastruc-
ture, this objective is security of energy supply (availability) in an affordable
and acceptable way (European Commission, 2000). Availability, affordability
and acceptability are considered to measure the performance of energy infras-
tructure (Scholten & Künneke, 2016). Looking at the socio-technical system
of energy infrastructure, this raises the question of how to select and connect
these components - how to design energy infrastructure.

Scholten and Künneke (2016) criticise, that the separate design of energy
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infrastructure and electricity market design led to contradicting outcomes in
the example of liberalising energy markets, enabling a decentralised structure
operated by multiple actors while the operation of the physical infrastructure
remained firmly in the hands of one single actor. Hence, the design of energy
infrastructure should entail the economic and technological dimension in one
comprehensive design. The benefit of such a design can best be explained with
the words Scholten and Künnecke: "It enables us to adequately identify, inter-
pret and address operational and market challenges to energy infrastructure
performance." (2016).

Figure 4: Design of energy infrastructure. Source: adapted from Scholten and Künneke, 2016

Figure 4 shows the proposed design, which can be separated in three levels.
The systemic environment is linked to the institutional environment via the
concept of "access", which can be broken down in open and closed access to
infrastructure. Open access allows different actors to access the infrastructure
and provide services based on standards and protocols. This pool of actors is
significantly reduced and the services are of limited nature for closed access
in the technical dimension. Economically speaking, governments control and
regulate the market in case of closed access, while functions and services are
opened up for competition and liberalised in the case of open access.

In the second level, design principles are linked to governance of markets
via the concept of "responsibilities". In the technical dimension, this entails
the assignment of infrastructure operation and maintenance tasks to different
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actors. In the economic dimension, the objective of service provision enabling
security of energy supply is achieved by assigning "ownership and decision
rights" to market participants. This can be done by privatisation, liberalisation,
regulation and introducing competition where it is effective to achieve the
above stated objective. Responsibility allocation should align between market
functions operation tasks of actors (Scholten & Künneke, 2016).

The third level links control mechanisms and organisation with the concept of
"coordination". The first two levels need to be established in order for the third
level to function effectively. The third level focuses on actor interactions. In the
technical dimension, these interactions take shape in more (centralised) or less
(decentralised, almost autonomous) "coordinated" form to perform operation
tasks. From the economical perspective, the interactions in different kinds of
market, for example spot markets, are of relevance. Moreover, the organisation
types and their level of regulation are of key importance to prevent inefficiencies
such as centralised control and highly privatised market transactions.

Such coherent design is not only relevant for each level but across all levels
for a successful application of this framework to challenges like the large-scale
integration of wind as a variable renewable energy source and the consequent
challenges for energy infrastructure and market design (Scholten & Künneke,
2016). Thus, potential lock-ins and path dependence due to thinking along
merely one dimension could be potentially avoided.

2.5 Interim summary
MLP is used to analyse socio-technical systems in the context of transitions
and splits up these systems into the landscape, regime and niche level. The
landscape and niche level apply pressure on a weak regime, when it develops
cracks and tensions, opportunities arise for niche developments to rise to the
regime level and disrupt the system. Institutional theory applies to the regime
level of MLP and institutions can be divided into informal and formal. Design
of energy infrastructure is accounting for the change in function and treats
energy infrastructure as a socio-technical system, encompassing the technical
and economic dimension and their interaction. Availability, affordability and
acceptability are used to measure performance of energy infrastructure.
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3 Research design and methodology
In this chapter, sub-question 1 will be addressed by presenting the E-MLP and
elaborating on its components as well as motivating their choice.

3.1 Research design
This thesis operates on the intersection between MLP, institutional theory and
the design of energy infrastructure within socio-technical transitions. Within
the domain of energy systems change, it particularly focuses on the trans-
mission process instead of the well-covered demand- or supply-side aspects.
Andrews-Speed (2016) stresses the need for case studies that go beyond a
general application of MLP and institutional theory to the energy sector. He
emphasises a lack of detailed analyses of socio-technical systems within energy
where particular attention is paid to the landscape within MLP (Andrews-Speed,
2016).

Thus, a case study using E-MLP is adopted. Case studies are beneficial for
studying socio-technical transitions as they allow insights into complex, multi-
dimensional situations (Agency, 2018). Moreover, case studies can be used to
analyse non-linear processes over a certain time, which is particularly valuable
to study the complex nature of the energy transition, per definition, a process
spanning over a significant period of time. To account for the need for case
studies with a focus on the landscape, stressed by Andrews-Speed (2016), an
extended MLP framework and PESTLE are applied to the North Sea offshore
energy system, studying the case of TenneT’s GFO-O as a TSO with offshore
transmission business with its core task being the provision of crucial societal
reliability of energy supply.

3.2 Extended Multi-Level Perspective Framework
A mixed method approach is chosen. For this, 5 different methods (MLP, actor
analysis, social network analysis, PESTLE analysis, Socio-Technical Scenarios)
were incorporated and combined into the Extended Multi-Level Perspective
framework, whilst collecting and applying both qualitative and quantitative
data.

The composition of the Extended Multi-Level Perspective framework can be
seen in Figure 5. A socio-technical system of interest, in case of this thesis the
North Sea offshore energy system is chosen. Next, MLP is used to decompose
the system into the landscape, regime and niche level. Building on top of MLP,
a PESTLE analysis is used to identify relevant factors in all three levels that are
affecting the system. Furthermore, the actors in the regime level within the
socio-technical system and their interactions are studied by an actor analysis,
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while a SNA is conducted to identify cooperations on the regime level but also
technological innovations and business models spawning from the niche level.

Figure 5: Extended Multi-Level Perspective framework for socio-technical systems. Source: own elaboration

Given the uncertainties particularly of socio-technical systems in the energy
transition, Socio-Technical Scenarios are created to understand possible future
developments and capture dynamics that are missed by a static consideration.
Especially for the rapidly changing North Sea offshore energy system, the study
of the systems’ dynamics is essential. By designing four different scenarios, an
understanding of the static and dynamic nature of the socio-technical system of
interest is achieved. At this point, the holistic understanding, gained by apply-
ing the Extended Multi-Level Perspective framework enables the formulation
of policy recommendations.

In section 3.5, the different methods combined for the E-MLP framework are
elaborated on and motivated.

3.3 Relevance of GFO-O for MLP
Having introduced the multi-level framework and argued for its applicabil-
ity to socio-technical transitions, the question might arise: what is the benefit
of using E-MLP for this particular thesis, and where is the connection to GFO-O?

First of all, Europe is in the middle of an energy transition as a result of climate
change and accelerated by the Russian war on Ukraine. Next to the technical
aspects of scaling up renewable energy production and the grid accordingly, this
transition goes far beyond the technological realm. It concerns the European so-
ciety on multiple dimensions and, hence, must be considered a socio-technical
transition. As described above, GFO-O is tasked with providing security of
energy supply by transmitting energy produced offshore to shore. Offshore
energy production is part of a larger socio-technical system, the North Sea
offshore energy system. Hence, multiple developments in different dimensions
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lead to mutual reinforcement and disrupt the system’s stability. Examples on
the landscape level are regulatory changes and new, even more ambitious
governmental policies (see De Croo et al., 2023), which bring about regime
change (Geels, 2004b). A regime change might eventually lead to system
change, which is highly relevant for GFO-O and the way it operates. In case
of a GFO-O pushing for the change or enough time in which the effect can
be anticipated, the consequences do not have to be of negative nature for GFO-O.

Figure 6: Multi-level perspective on socio-technical transitions. Source: modified after Geels, 2002; Tenggren et al., 2016

Taking a step back, GFO-O can be positioned within the regime level in the
multi-level perspective, as shown in Figure 6. Maintaining the system element
of critical converter platforms and subsea cables (infrastructure), it is providing
energy to society. Hence, the existing set of rules governs its interaction with
other actors within the regime level. The landscape level is consistent of factors
external to GFO-O’s influence. Subsequently, GFO-O’s position is reduced to
a reactionary one. Understandably, this is everything but advantageous when
operating critical infrastructure and providing security of energy supply.

Concrete examples of landscape pressures on GFO-O are the evolving regula-
tory landscape or European ambitions for the North Sea energy system to be
the ’Green Power Plant’ of offshore wind, as decided at the North Sea Summit
(De Croo et al., 2023). Additionally, rapid offshore wind park developments
require workforce growth that is beyond the existing capacities to maintain
and operate an increasing number of assets. Environmental regulation and
societal pressure for environmental protection affect GFO-O’s operations as
well. Besides immediate impacts on the operations, this also affects the supply
chain, and determines which contractors can be chosen and which are not
acceptable. European policy regarding domestic supply chains with fewer ties
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to China significantly furthers the supply chain pressure and impacts GFO-O
significantly, without much room to change it.

On the regime level, there exists strong competition due to multiple actors in
the North Sea offshore energy system. Varying interests further complicate
the situation; one of many conflict zones is area competition. Military, the
fishing and shipping industries, as well as wind park operators and oil and
gas companies, compete for the restricted space in the North Sea. Moreover,
operators of wind farms could change their core business and potentially start
transmitting electricity from the sea to shore themselves, with high implications
for GFO-O.

Niche developments have the potential to disrupt GFO-O’s core business and
therefore need to be accounted for in the strategy. Spawning business models
that might require adaption of the core business need to be closely monitored;
an example would be hydrogen production on the offshore platform using
electrolysis. In this case, GFO-O is required to refocus on how to operate the
converter platforms and needs new skills within the workforce. Also, facilitation
of operations is possible as the result of radical niche innovations, examples
range from automation to robotics and innovative software developments. For
GFO-O, there exists a huge opportunity to learn from other actors’ niches but
also to grow its own innovative business ideas in niches protected from market
forces. Lacking awareness from GFO-O of potential cooperations on projects
or within consortia which GFO-O is currently not part of, results in missing
out on the sharing of lessons learned and valuable knowledge about disruptive
business ideas or innovations (Geels, 2004a). This is one of the reasons for
performing a Social Network Analysis, introduced below. Another reason is the
concept of learning by doing. Working with new technology leads to a better
understanding of technology; hence an actor becomes more effective in using it
(Storm, 2012). Resulting is an advantage for those actors experimenting with
the technology in niches before innovations move up to the regime level.

By using MLP, an understanding of factors that could be internalised by co-
operation or adaption of niches before they rise to the landscape level can
be achieved. The nature of social-technical systems due to the presence of
physical infrastructure makes it difficult to change in the face of a transition
and quickly adapt; a strong path dependence is limiting actors (Geels, 2004a).
MLP is a framework to help with that. If GFO-O would only be reactionary
and not observe the socio-technical system utilising MLP, it is hard to enable a
successful transition and provide its services to society.

3.4 Relevance of North Sea offshore energy system
The North Sea offshore energy system can be considered one of the main drivers
to successfully achieve a European energy transition. As the ’Green Power Plant
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of Europe’ and one of the most crowded seas in the world, wind energy produc-
tion is set to rapidly increase to reach up to 300 Gigawatt (GW) capacity by 2050
(De Croo et al., 2023). Thus, this complex socio-technical, multi-actor system
is of particular significance for Europe. Despite this, few studies have applied
the multi-level perspective to this system to understand its role in the energy
transition and analyse landscape factors and niche innovations and their impact.

3.5 Methodology
In the following, the different methods used in this study are presented and a
rational for choosing each one for the construction of the Extended Multi-Level
Perspective framework is given.

Due to the long-term horizon of landscape factors such as national energy poli-
cies and the long term investment that energy infrastructure requires, focusing
only on factors currently influencing the North Sea offshore energy system
and analysing the static system within which GFO-O operates would not be
sufficient to understand the socio-technical system and solve the bottleneck
of security of energy supply. Instead, a certain level of anticipation but also
foresight into future developments is essential to account for critical future
impacts that might be already visible on the horizon.

3.5.1 PESTLE Analysis

As a first step to understanding the future, we need to observe and understand
current developments and trends. Thus, extending the MLP framework with
the PESTLE analysis is a combination of PESTLE and MLP is a great tool for
this. MLP’s layered perspective complements the multi-dimensional radar of
a PESTLE analysis. This way, not only immediate impacts on GFO-O in terms
of external factors are analysed, but also the understanding is acquired where
these factors originate and what their potential level of influence is. Structur-
ing these factors into landscape, niche and regime developments enables an
assessment of potential risks or opportunities, also based on a time dimension,
with niche developments bearing the potential of rapid system disruption.

PESTLE is the chosen framework for analysing factors impacting the North Sea
offshore energy system because of its multi-dimensional scope. PESTLE is a
framework for external factor analysis that is frequently used in the energy do-
main (de Andres et al., 2017; Soares et al., 2023; Borges Posterari and Waseda,
2022; Cholewa et al., 2022; Demirtas et al., 2021). Areas of application range
from Poland, Azerbaijan to the Pacific Islands (Borges Posterari and Waseda,
2022; Cholewa et al., 2022). PESTLE ensures a broad scope for the analysis
to identify and analyse the most relevant factors without limiting the analysis
(Achinas et al., 2019; Cholewa et al., 2022). Not only ensures PESTLE the
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right scope for the desired purpose of analysing the most relevant external
factors in the offshore energy system in the North Sea, it also adds value as
an established tool used as an input to build exploratory scenarios (Borges
Posterari and Waseda, 2022; Demirtas et al., 2021; Wade, 2012; Enserink et al.,
2022). This flexibility enables the integration of PESTLE within the E-MLP
framework.

3.5.2 Actor Analysis

An actor analysis is performed to understand the interests and resources of
the different actors and, hence, their position in the system. Clearly, GFO-O
is the problem owner. For comparison purposes, an organisational level of
aggregation is chosen for the actor analysis. Hence, not the Department GFO-O
is considered as the problem owner, but TenneT as a whole. This choice is made
due to the availability of aggregated public data on projects companies are
conducting but the inaccessibility of department-level data, which is often only
internally available to organisations. Relevant actors are identified because
they are either strongly involved in the North Sea offshore energy system, have
a strategic position, have an influence on the opinion of other actors, are highly
interested in or strongly affected by developments within the system.

The identified actors are screened based on their interests, level of interest, their
objective, resources and whether they are critical actors. Afterwards, critical
actors are identified and in a Power-Interest Diagram the distinction between
crowd, subjects, context setters and key players is drawn. This procedure was
adopted from Hermans and Cunningham (2018) and slightly modified, as can
bee seen in Figure 7. In the appendix, the procedure is described in more detail
in subsection A.1.

Figure 7: Guide for the application of an actor analysis to the E-MLP. Source: modified after Hermans and Cunningham, 2018
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3.5.3 Social Network Analysis

Given the analysis of a system, not only the analysis of each individual actor
but also the interactions between the actors is of great importance to arrive at
a holistic understanding of this system. Therefore, an analysis of interactions
between actors, their social network, provides insights on actors’ behaviour
and relations to understand their strategies (Hermans & Cunningham, 2018).
By visualising these otherwise hidden aspects and drawing conclusions, this
method allows a unique perspective on a socio-technical system.

Conducting an actor analysis and performing a social network analysis of
relevant actors on the regime level will result in an understanding of the
interactions of actors, cooperations and the respective position in the network.
This goes beyond the analysis of rules that govern the interactions of actors in
the regime level of MLP and adds value to the E-MLP framework and, therefore,
to a holistic understanding of the North Sea offshore energy system.
Furthermore, niche level developments can be identified in the SNA from
projects between actors that are not covered by academic literature. These
niche developments can contain innovative technology pilots or business models
with the potential to disrupt the entire system and drive the transition towards
a new regime.

By using the combination of an actor analysis and a social network analysis,
two levels within MLP can be analysed. The actor analysis looks at resources,
power and interests of the actors, therefore focuses on the regime level. Due
to a small tweak in the visualisation of the social network analysis, creating a
second network graph that is clustered based on themes and projects, both the
niche and regime level can be analysed with one method.

For this thesis, two different networks have been analysed. The network of
European TSOs with offshore business to understand their interconnections.
For this analysis, attention was only paid to the physical connections, electricity
interconnectors. These are electricity cables, mostly high voltage, linking elec-
tricity systems of different countries (National Grid, 2023). As interconnection
is a relevant feature of future European electricity grid and necessitates collab-
oration between countries and, therefore, their TSOs, it gives a first indication
of relevant actors. Moreover, the type of connection, either HDVC or AC is
relevant for the energy system, as long distances, crossing water bodies are
more economic using HVDC interconnectors (Wang & Redfern, 2010). The
data for this SNA can be found in Table 11.

The second network that was analysed is that of the key players in the North
Sea offshore energy system. Taking into account the results of the actor analysis
and power-interest diagram, a set of key players should emerge that are of
particular relevance for this thesis. Starting with these key players, connections
are identified with other key players, but also with supplier, project partners,
customers, financial connections (shareholders) and funded ventures. Hereby,
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connections between the connections of key players were considered out of
scope due to the already large size. Even though this thesis analyses the North
Sea, no geographical boundaries were applied to the SNA as for example cus-
tomers such as Microsoft or project partners like the WorldBank are not only
operating in the North Sea.

The procedure applied to perform the SNA in this thesis can be seen in Figure 8
and in more detail in the appendix in subsection B.1. The software Gephi is
leveraged for the visualisation. For a layout that identifies clusters in a clear to
understand way, the Yifan Hu algorithm was chosen, because of the large size
of this social network and emphasis on the key players, a clear presentation
was focused on.

Figure 8: Guide for the application of a social network analysis to the E-MLP. Source: modified after Hermans and Cunningham,
2018

3.5.4 Socio-Technical Scenarios

Socio-technical scenarios account for the dynamic aspects that influence the
system and provide further insights. They enhance MLP’s abilities to account
for potential rapid change and uncertainty of the energy transition by drawing
the development of potential futures for the North Sea offshore energy system,
emerging from interactions of the current system.

Resulting from the uncertainties and complexities of a transition is the need of a
vision to successfully steer into a desirable direction. To develop and formulate
a vision, scenarios are a suitable tool (Elzen et al., 2004a).
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"It is precisely in such times of uncertainty that people most want to know,
what’s next. The best we can do, however, is scenarios" - Parag Khanna,
Connectography

Socio-technical scenarios are part of the mehtod of scenario analysis. According
to Fahey (1998), scenario analysis is valuable for any strategic process that
involves external factors in an environment deemed to be ‘complex, chang-
ing and uncertain’. Huss (1988) agrees and adds the benefit of applying it
in long-term analyses with a macro-level perspective. He describes scenario
analysis as a bridge between forecasting and planning (Huss, 1988). Due to
the inherent long-term nature of strategy processes and the rapidly changing
offshore system with various uncertainties, scenario analysis is deemed a useful
tool going forward (Dedecca et al., 2016; Meeus, 2014; Fahey, 1998).

Moreover, a large body of research for scenario analysis in the energy sector
exists (Höjer et al., 2008; Luukkanen et al., 2015; Schmidt-Scheele, 2020).
The authors mostly focus on the applicability of scenario analysis for the energy
sector and socio-technical systems, aligning well with the intent of this thesis
(Weimer-Jehle et al., 2016; Witt et al., 2020; Elzen et al., 2004a). The North
Sea offshore energy system is highly dynamic and entails a significant deal of
uncertainty due to its dependence on geopolitics, technological innovation and
party politics (Koivisto et al., 2020). The forecasted exponential increase in
offshore wind capacity places a significant burden on GFO-O to maintain and
operate the converter platforms in a rapidly changing landscape to ensure the
reliability of supply (Mytilinou et al., 2017). As a result, an exploratory scenario
analysis approach is identified as suitable to deal with the described level of
complexity and uncertainty (Riddell et al., 2019). Particularly for regimes such
as GFO-O within socio-technical transitions, especially in the energy sector,
this uncertainty hampers the operation and endangers the societal goal of a
successful energy transition (Andrews-Speed, 2016).

The benefit of using socio-technical scenarios can be found in its scope, analysing
the micro, meso and macro level based on the MLP and, hence, its compatibil-
ity with socio-technical systems and MLP (Elzen et al., 2004a). Furthermore,
socio-technical scenarios are not limited based on one emerging technology but
rather focus on the development of a system, considering both the technical as
well as the social dimensions. Moreover, as a theoretically informed method,
socio-technical scenarios use MLP to create a coherent story, directing the focus
to the process and therefore enabling an understanding of the transition instead
of merely focusing on the output of scenarios (Elzen et al., 2004a). By focusing
on the process, the story evolves and logically links different niche develop-
ments and landscape factors that apply pressure on the regime. Tensions and
cracks in the regime are becoming visible as a result. Moreover, the exploratory
nature of socio-technical scenarios allows detachment from linear extrapolation
of current developments into the future but rather enables the understanding
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of radical changes as the result of niche developments that are otherwise hard
to integrate in scenarios (Elzen et al., 2004a).

Elzen et al. (2004a) mention patterns and mechanisms upon which the scenar-
ios are built. Even though there is a lot of freedom for creativity content-wise,
these should be integrated in order to ensure plausibility. On a broad pic-
ture, mechanisms for socio-technical scenarios can be divided into substitution,
including disrupted regimes directing the focus on niche developments, or
transformation, where current issues exacerbate in the future on many dimen-
sions in the regime level and lead to a disruption of the system on all levels.

One example of a pattern are niche accumulations, where separate develop-
ments in niches are linked and building on top of each other to generate a
new development. Another example is the interaction of the technological
with the social domain and the impact of technological developments on social
developments. An example is the usage of new technology. Furthermore, dy-
namic elements need to be included, such as niche developments and learning
processes. This ranges from innovations to learnings by actors, society or new
rules and regulations. Moreover, the development of innovations needs to be
displayed in a system context by showing hybrid developments or reinforcing
effects of different innovations. Niche proliferation entails niche developments
into different regimes or other locations. Developments should also not be
restricted to either the niche or landscape level but rather encompass all levels
of the socio-technical system (Elzen et al., 2004a).

Socio-technical scenarios always start with a so-called ’pre-history’, to give
context and show the development of current dynamics to a certain point in
the future.

In socio-technical systems, complexity and uncertainty are all but preventing
planned steering of transitions (Elzen et al., 2004b). Elzen et al. (2004a)
emphasise the importance of driving forces when creating scenarios. Based on
the concept of exploratory scenario planning in Enserink et al. (2022), these
driving forces are determined based on impact and uncertainty of the identified
factors. With these, the two most relevant factors are used to create a scenario
cross. Resulting are four different scenarios, where the driving forces are used
to create plausible storylines using the method of socio-technical, presented by
Elzen et al. (2004a). The exploratory scenario planning method by Enserink
et al. (2022) is used as the framework. It sets the boundaries for applying
socio-technical scenarios and the consistent stories about future developments,
that make them a well-suited method for E-MLP and, therefore, this thesis. The
procedure of how the socio-technical scenarios are developed can be seen in
Figure 9.
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Figure 9: Exploratory scenario planning framework and its application for this thesis. Source: modified after Enserink et al.,
2022; Elzen et al., 2004a

3.6 Research approach
Combining the arguments above, the following research approach, outlined in
Figure 10, is chosen to answer the main research question and sub-questions.

Figure 10: Overview of data, methods and tools required to answer sub-questions. Source: own elaboration
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Sub-question 1
What is an Extended Multi-Level Perspective framework?

Following the explanation of the different methods and their combination above
in the method section, the E-MLP framework is laid out and in the following
will be applied to the North Sea offshore energy system for a holistic analysis
of this socio-technical system.

Sub-question 2
What are the main characteristics of the North Sea offshore energy
system captured by the use of the extended multi-level perspective
framework?

To answer the second sub-question, an extensive literature review will be con-
ducted to identify the main characteristics of the North Sea offshore energy
system based on the MLP levels. This is complemented by an actor analysis,
including a social network analysis to assess niche developments within the
actor network and understand the position of the key players in the system. The
combination between the multi-level perspective, actor analysis, and PESTLE
enables an in-depth understanding of the interdependence between actors,
landscape factors, niche, and regime developments within the North Sea off-
shore energy system. Thereby, the pressures that the landscape as well as the
niches apply to the regime and, consequently, to GFO-O, can be discovered.
Furthermore, relevant consortia can be identified, in order to enable GFO-O to
learn and gain from knowledge sharing between regime level actors.

A first understanding of the North Sea offshore energy system is reached by
drawing the socio-technical system and analysing the main technological com-
ponents of the current system in a technological map.

For the actor analysis, a social network analysis using Gephi will shed light
on the inter-dependencies of the different actors and embed them into the
patchwork of regimes within the multi-level perspective framework. Moreover,
disruptive business models or radical technological innovations emerging from
niches can be identified. Next, a PESTLE analysis will be conducted. The factors
identified by the literature-based PESTLE analysis are complemented by the
factors resulting from the expert interviews. It was decided to first identify the
factors, list them and then the factors based on MLP. This choice was made as
a full PESTLE analysis of each individual MLP level was not feasible due to the
lack of factors. Moreover, the chosen approach matches well with the design of
the MLP-based interview guideline, where factors are identified first.
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Sub-question 3
What are the relevant actors in the North Sea offshore energy system?

From the actor analysis and SNA, the position of the actors in the network will
be assessed and relevant actors identified by analysing values, resources, power,
and position. This is complemented by a network analysis using centrality
measures to understand the social network and critical actors in the North Sea
offshore energy system.

Sub-question 4
What are plausible socio-technical scenarios capturing the evolution
of the North Sea offshore energy system in the next 15 years?

Building upon the insights from the actor analysis, PESTLE and semi-structured
expert interviews, the resulting factors will be used to identify driving forces
for dealing with the system’s inherent uncertainty. These driving forces are
used to construct socio-technical scenarios based on uncertainty and impact in
an exploratory manner. Each scenario will be examined on the implications for
GFO-O.
The identified main characteristics factors from sub-question 1 are used to
identify 2 core uncertainties. These will be used to create a scenario cross with
critical either/or uncertainties. As a result, four distinct scenarios are created.
Within these scenarios, the implications for GFO-O are assessed (see Figure 9).
Afterwards, the scenarios are translated into storylines that are presented
to experts within TenneT and one external expert to verify the validity of
the designed scenarios. Based on the experts’ input, the scenarios are either
confirmed or modified to form plausible future states of the world.

Sub-question 5
Taking into account the static and dynamic characteristics of the
North Sea offshore energy system, how can GFO-O adapt its strategy
in the face of uncertainty to perform its core tasks and facilitate the
energy transition?

Up to this point, the most relevant niche, regime and landscape characteristics
of the North Sea offshore energy system have been identified, an understanding
of the actor network was reached and potential future states of the world were
developed as well as validated in the socio-technical scenarios. Furthermore,
external factors and niche developments have been placed in these future states
of the world. To answer the fifth sub-question, the insights from the scenarios
and the extended MLP analysis are used to design policy recommendations to
GFO-O’s management. These policy recommendations are based on GFO-O’s
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key performance indicators stated above and aim to aid the strategy process for
the next five years and enable the energy transition with GFO-O as the leading
offshore TSO.

3.7 Data Collection

3.7.1 Desk research

The necessary data will be acquired using desk research, literature reviews, and
conducting stakeholder interviews. The data is available in various databases,
such as the ones stated above, online or offline in various libraries. To broaden
the perspective and ensure an unbiased result of the interviews, experts from
TenneT as well as experts working outside of TenneT on the North Sea offshore
energy system have been invited. ATLAS.ti will be used as software to code and
interpret the interviews in order to reduce subjectivity and bias (Buckendahl
et al., 2015). It is chosen because of the available license for TU Delft students
and its intuitive user interface.

3.7.2 Actor analysis

For the actor analysis, data was used from different sources such as companies’
strategies, annual reports or newspaper articles. The latter was chosen especially
if there was a suspicion of strategy greenwashing, where words were deemed
to be too far away from the actual actions. The sources for each actor can be
seen in Table 9.

3.7.3 Social Network Analysis

Data will only be considered for the SNA dating back until 2018 to maintain a
realistic scope for this thesis as well as prevent completely outdated informa-
tion. The detailed data sources can be found in the appendix, but overall only
publicly available data was considered, coming from the key players’ website
such as annual reports, press releases, project reports, financial reports. Other
sources were technical journals such as ’Power Technology’ or the websites of
consortias, which listed all project partners. Consortia such as Eurobar have or
’The Offshore Coalition for Energy and Nature’ have their own websites, from
which all the members could be gathered.

3.7.4 Expert interviews

A qualitative content analysis approach is chosen in order to answer the re-
search questions and arising questions during the literature research. Because
of the highly dynamic nature of the North Sea offshore energy system, it is
considered important for this study to acquire additional information from the
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expert’s knowledge that is not attainable using a quantitative approach. The
dynamic nature of the system is best evidenced by the drastic policy change
from last year’s Esbjerg declaration, aiming for 65 GW capacity offshore wind
in the North Sea by 2030 to the North Sea Summit declaration, almost doubling
these targets to 120 GW by 2030 only one year later (WindEurope, 2022a;
De Croo et al., 2023). Hence, the perspectives of experts working in this highly
dynamic environment might provide insights that cannot be found in papers
due to the fast pace of offshore developments. According to Kaiser (2014),
qualitative expert interviews are defined as a process of data collection that is
systematic and theoretical and guided by theory, first and foremost. Experts are
chosen because of their novel or unique knowledge about processes, systems,
policies or companies that are not or are differently to be found in literature
(Kaiser, 2014). Differing from the quantitative approach, qualitative interviews
are not necessarily repeatable with the exact same outcomes if performed by
another scientist due to the lacking inherent nature of standardisation. That
is the main reason why it is highly relevant to transparently document and
extensively describe the procedure of expert selection, development of the
interview guideline and process of coding and finding categories for the tran-
scribed statements to ensure the highest possible reproducibility (Kaiser, 2014).

An expert is defined by Kaiser (2014) as a person who is qualified by the role
in a system or process and bears a responsibility or a person that has relevant
knowledge about a system or process. An expert can also be both. On a less
abstract level, the described system is a company and the expert is the CEO of
this company or an analyst of or for this company (Kaiser, 2014). It is important
that the experts are in possession of knowledge that can not or not entirely be
found in the literature to obtain unique information enhancing the information
gathered in the literature research (Kaiser, 2014). In the context of this thesis,
experts are chosen who predominantly have a responsible role within TenneT
or in institutions relevant to the North Sea system and, furthermore possess
relevant knowledge about external factors, the offshore energy systems or
regulations.

The experts were selected based on a minimum duration of employment in
offshore-related activities in the North Sea for two years to ensure the presence
of sufficient expertise which goes beyond the literature. Acquisition of the
interview partners was conducted via LinkedIn, telephone and e-mail. The
interviews were held entirely online, with Microsoft Teams as the platform of
choice due to its automatic transcription capabilities. In an attempt to diversify
the group of experts and broaden the perspective towards a holistic view on
the North Sea offshore energy system, experts from three different countries,
Germany, the Netherlands and Sweden, were interviewed. Moreover, the field
of work of the experts ranges from ministries, environmental research institutes,
the maritime industry, an independent offshore advisory, the offshore wind
sector and different departments within TenneT. The roles of the interview
partners can be seen in Table 1. A particular focus was paid to interview experts
with technical expertise but also with an understanding of the overall system
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to provide the most valuable insights for this thesis. The given range for the
number of interviews was 10 - 15, in the end 13 interviews were conducted
and recorded.

Table 1: Roles of the interviewed experts

ID Role
1 Policy Advisor
2 Engineering Manager
3 Strategist
4 Advisor
5 Operational Consultant
6 Senior Researcher
7 Director
8 Offshore Advisor
9 Policy Officer
10 Analyst
11 Business Development Manager
12 Offshore Wind Advisor
13 Strategy Advisor

After identifying the interview partners, the next step in the process is the
development of an interview guideline, to be found in the appendix. For this
thesis, the main purpose of the interviews was one the one hand to verify
external factors that have been identified by the literature or add new ones
that has not been considered so far. On the other hand, the aim was to get
insights into the experts’ perspectives on the potential futures of the North
Sea offshore energy system. Outlooks into the development of the North Sea
offshore energy system were not hard to identify and mostly rather case specific
but not holistic, considering the entire system. Moreover, if using only one
or two papers as input for future scenarios, might result in a strong biased.
Therefore, all interview partners were asked to provide possible scenarios and
pathways while describing key drivers or actions required in order to inform
the scenario planning later in this thesis in a scientific way. Scientific in the
sense that it can be repeated based on the same input. The interview style was
chosen as semi-structured as choosing open questions presents opportunities
for the experts to add aspects that has not been discussed at this point and thus
potentially acquire unique information.

In this context, it is emphasised that within the qualitative approach used for
this thesis, deviations from the interview guideline are possible depending on
the interview situation. This can result in less reproducibility but on the other
hand, enables the acquisition of information that cannot be collected with a
quantitative approach and is therefore chosen due to the presumed lack of data
for some factors (Kaiser, 2014). The interview guideline can be found in the
appendix.
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3.8 Coding of interviews
The transcribed interviews are coded with the Software ATLAS.ti. In a first
step, the categories from the question sets were chosen as categories, so-called
codes. Deductive coding was be applied using the research questions and the
multi-level perspective as a framework to create a codebook and match the data
to the predefined codes (Kaiser, 2014). Furthermore, applying the multi-level
perspective to the acquired interview data gave it a structure and enabled a
contribution to science as the codebook could be applied to further projects
within the multi-level perspective and the body of research on socio-technical
transitions. The coding process was started by using individual codes such as
’hydrogen’ for factors identified by the experts. These individual codes were
grouped using axial coding based on MLP into the three levels. Within each
level, further distinctions have been made. These different layers enabled the
grouping of codes into top- and subcategories, creating theoretically informed
codes.

Figure 11: Codebook using the multi-level perspective. Source: own elaboration

In the multi-level perspective, the regime level can be differentiated into 5
different regimes, the science regime, policy regime, socio-cultural regime,
technological regime and the user andmarket regime (Elzen et al., 2004b; Geels,
2005). Furthermore, incumbent actors and the use of power are important
aspects of the regime level, that were included in the codebook (Figure 11).
Within the landscape level, long-term (everything above 15 years) and medium-
term developments (5-15 years) were distinguished. The niche level codes were
informed by the concept of strategic niche management, which emphasises
expectations, niche learning and network building (Hoogma, 2002).
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3.9 Data Analysis
The E-MLP framework segments the North Sea offshore energy system based
on niche, regime and landscape level and analyses its level to provide a holistic
understanding of the overall system and identify cracks and tensions on the
regime level resulting from landscape and niche pressures. Based on the rel-
evant literature, the PESTLE analysis provides an understanding of relevant
niche, regime and landscape factors that impact the system. These are comple-
mented by insights from the expert interviews.

For the socio-technical scenarios, the content is based on the findings of niche
developments in the actor analysis, factors from the PESTLE analysis and factors
as well as descriptions of the future system resulting from the expert interviews.
As the literature is not sufficient in terms of the impact and uncertainty of the
individual factors of the North Sea offshore energy system, these are deter-
mined by asking the experts to provide a ranking of the most important factors
based on impact and identify key uncertainties. The evaluation of factors based
on impacts was done by assigning points in descending order. Factor number
one received 3 points, factor number two received 2 points and factor number
three received 1 point. As asking the experts to rank the key uncertainties was
considered a rather hard task, each uncertainty was assigned 1 point. These
were then added together and the two most important factors were used to span
the scenario cross. This procedure is described in more detail in subsection B.3.

3.10 Research validity and reliability
Research validity is ensured by informed choices based on available literature.
The choice of GFO-O as a case study is due to the relevant position of TenneT
as one of the major TSOs with offshore transmission business in the North Sea
and its unique position as a cross-border TSO in Germany and the Netherlands.
This allows an enhanced perspective from two of significant countries in the
European energy transition, providing relevant insights for the MLP perspec-
tive. Moreover, the findings of the literature analysis on external factors were
validated and enhanced by the expert interviews. Not presenting the experts
with the literature results beforehand reduced the introduction of potential bias
in their answers. The scenarios were sent to two experts outside of TenneT in
written form for validation and feedback and presented to three people within
TenneT for validation purposes.

Research reliability is achieved by transparently documenting the individual
steps for the PESTLE analysis, the actor analysis, interviews and socio-technical
scenarios and providing relevant data in the appendix, where it was deemed
necessary to reliably reproduce the achieved results. Moreover, another per-
son working with GFO-O would be able to achieve the same results as for the
PESTLE and actor analysis only publicly available data was used. The expert

Page 33 of 180



Research design and methodology

interviews might vary slightly due to the semi-structured nature, but the inter-
view guideline and codebook are provided to reach similar results.
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4 Policy Analysis for the North Sea off-
shore energy system

In this chapter, the North Sea offshore energy system will be analysed to gain
an understanding of the socio-technical system, the actor network and the
factors affecting the system on all three levels within MLP. The sub-question
2 is addressed by analysing the socio-technical system, its components and
the factors influencing it based on PESTLE. Sub-question 3 is addressed by
examining the actors, their values, resources, , power, position, and social
network.

4.1 Socio-technical system of the North Sea
The socio-technical system for North Sea offshore energy is leaning on the
description of socio-technical systems by Geels (2004). The technological ele-
ments and social elements interact and form a system that is providing functions
for society and can be seen in Figure 12. Particularly relevant is the concept of
affordability, availability and acceptability after Scholten and Künneke, 2016,
introduced in the theoretical background. For the North Sea, the concept of
sustainability is added, due to its position in the European energy transition.
Regulations are spanning from national to EU level, with environmental regu-
lations being formed on both levels.

It should be noted, that within this thesis, sustainability is used in the context of
environmental sustainability. Spatial planning on a national level encompasses
shipping routes, fishing areas and safety zones around oil and gas platforms
or offshore wind parks. User practices mainly depend on the preference for
energy, whether it is electricity, oil or gas, with the price of energy playing a
significant role for these preferences. Demand by industry and consumers can
be more or less flexible. Supply networks are mostly global, with international
supply chains for materials such as vessels, steel or specific magnets for the
wind turbines (Hafner & Tagliapietra, 2020). The supply of labour is another
relevant aspect of supply networks with implications for the entire system.
A particular feature of this socio-technical system is maintenance, requiring
either special maintenance vessels, adapted to the rough conditions offshore or
helicopters to transport people and cargo to offshore assets. The subsystems
‘User practices and markets’, ‘Regulation’, ‘Supply networks’, ‘Cultural meaning’
are entailed in factors within the PESTLE analysis. The technical aspects of the
system, including the subsystems ‘Infrastructure’, ‘Technology’, and ’Mainte-
nance networks’ are elaborated on below.
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Figure 12: Socio-technical system for North Sea offshore energy. Source: own elaboration based on Hafner and Tagliapietra, 2020;
Scholten and Künneke, 2016; TenneT, 2023; Quirk et al., 2021; Schupp et al., 2021; Flynn, 2016; Gusatu et al., 2020

4.2 Technological map of the North Sea
The main technological components of the current offshore system can be
seen in Figure 13. Renewable energy is produced by offshore wind farm and
floating solar farms. Via subsea cables, the produced electricity is transmitted
to the offshore converter platforms, from where on it is sent via transmission
cables onshore. Energy hubs in various concepts are currently constructed and
will combine renewable offshore energy production, storage and transmission
on a condensed area offshore (Lüth, 2022). The renewable energy sector is
linked to the oil and gas sector by the requirements for helicopters for transport
and special-purpose vehicles for offshore operations and maintenance tasks.
Examples of such vehicles are Jack-up barges for the installation of assets and
maintenance work (uit het Broek et al., 2019). Furthermore, the oil and gas
sector operates on offshore platforms, from where the drilling with mining
equipment is coordinated and the yield either sent to shore via pipelines or
stored temporarily in so-called floating storage and offloading vessels for fur-
ther transport by pipeline or tankers (Riddick et al., 2019).

The shipping industry is not only supplying tankers for the oil and gas sector
but has large fleets of passenger ships such as ferries in the North Sea, next to a
multitude of cargo ships that enter the port of Rotterdam as one of Europe’s main
gateways to the world freight traffic. Fishing vessels such as bottom trawlers
are another technological component of this system (Rijnsdorp et al., 2020).
Moreover, sensors, buoys and weather stations are part of the meteorological
and oceanographic systems that monitor the North Sea and provide valuable
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insights into weather phenomenons and water developments (Momber et al.,
2022).

Figure 13: Technological map of the North Sea offshore system. Source: own elaboration based on uit het Broek et al., 2019;
Riddick et al., 2019; Schupp et al., 2021; Liyanage and Bjerkebaek, 2006; Buck and Langan, 2017; Mathew et al.,
2006; Li et al., 2022; Golroodbari et al., 2021; Spro et al., 2015; Martínez-Gordón et al., 2022; Goetz and Shenoi,
2007; Jaatun et al., 2020

4.3 Actor analysis
In Figure 14, the interconnectors between the different European TSOs with
offshore business can be seen. From this image it becomes clear, that inter-
connection plays a significant role when analysing the offshore system. The
majority of the interconnectors is operating on high-voltage direct current
(HVDC) , which is the more economic solution for larger distances. The size
of the TSO nodes is correlating with connectivity. Thus, the British (National
Grid) and the Danish (Energinet) TSOs are strongly connected and, hence, are
less dependent on national energy resources.

This interconnector map also shows that there is already a strong connection
between the different TSOs with offshore business. The physical aspect of
this connection is depicted in Figure 14. There is, however, a social aspect
of the connection, significantly affecting the regime and niche level, which
is hidden in this graph. The social connections will be illluminated in more
detail in subsubsection 4.3.2. But first, an understanding of the relevant
actors in the North Sea offshore energy system beyond the TSOs, their values,
resources, power and interest is indispensable to reach a holistic understanding
of the system. The process of identifying these actors is described in detail in
subsection A.1.
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Figure 14: Interconnector map of European offshore TSOs. Source: own elaboration using Gephi

4.3.1 Value and Resource Analysis

To better understand the influence and role of the different actors in the system,
the values (Table 2) and resources (Table 3) of the actors were analysed.
It becomes clear that the residents and fishers, together with the environmental
NGOs have more informal power. It should be noted that especially lobbying
can be highly effective. A good example are the successful lobbying efforts
by oil and gas. Nevertheless, the NGOs, residents and fishers, together with
WindEurope can be considered the least resourceful actors and are therefore
considered the least powerful. For citizens the North Sea offshore energy system
is also not on top of their mind if they do not live close to a substation at the
shore, therefore the interest can be considered as rather low.

All TSOs have the mandate from their respective government to operate the
transmission grid, which per se gives them significant power and interest. More-
over, they clearly possess technical expertise but what they are lacking is skilled
workers, which research institutes can provide, next to knowledge and expertise.
An interesting case is the military, which has a growing interest in the North Sea
for military practice in the wake of the Russian war on Ukraine and they possess
the legal power to play a significant role in the system. So far, they are not yet
considered key players because the North Sea is not their main focus and for
example the German military might prioritise the Baltic Sea due to the proxim-
ity to Russia but the military should be on the radar for a strong future presence.
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Table 2: Actor screening based on values

Actor Interests Desired situation/ objectives Level of interest

TenneT Reach Dutch & German government capacity targets,
provide security of energy supply Leading offshore TSO in Europe High

Orsted Acceleration of permitting,
priorisation of wind farms in marine spatial planning Global leader in offshore wind development Medium

Energinet Reach Danish government capacity targets,
provide security of energy supply

Sector coupling between offshore wind and hydrogen,
power-2-X High

Statnett Reach Norwegian government capacity targets,
provide security of energy supply

Become a relevant player in offshore wind,
including floating wind High

Svenska Kraftnät Reach Swedish government capacity targets,
provide security of energy supply Become a relevant player in offshore wind High

Military Protection of North Sea, space for strategic positions
of vessels and submarines

Military practice areas and space for naval vessels,
security of offshore assets Medium-high

Amprion Grid expansion, adding offshore to reach German government
capacity targets, provide security of energy supply

Meshed offshore grid, technology standards based
on Eurobar initiative High

Elia Reach Belgium government capacity targets,
provide security of energy supply

Build first energy island in North Sea and connect
it with Denmark, integrated European grid High

National grid Reach UK‘s governmental capacity targets,
provide security of energy supply

Key player offshore, integrated and centralised
connections of offshore wind to onshore grid High

EU regulators
Ensure security of energy supply, provide regulatory
framework facilitating cross-border cooperation and accounting
for interests of other sectors to drive energy transition

Successful transition towards renewable energy without
compromising the interests of society, fishing industry,
oil and gas, shipping and environmental conservation
according to EU legislation

Medium

Oil & gas companies Profit maximisation from oil and gas exploration of North Sea Continue drilling as long as possible, strong role of in
carbon capture & storage and hydrogen High

Windpark operators Priorisation of areas in auctions, speeding up of permitting,
clear regulation that enables instead of constrains 300 GW of offshore wind in the North Sea High

Environmental NGOs Biodiversity and environmental protection areas Nature-inclusive design of offshore energy infrastructure,
designated space areas for nature protection areas High

Shipping industry Priority areas designated to shipping, uninterrupted operations,
port accesibility

Acessible and cost-efficient shipping routes,
involvement in offshore logistics High

WindEurope Promoting and representing wind industry in Europe Establish offshore wind as main priority for
marine spatial planning and permitting High

National governments Security of energy supply,
economic feasibility North Sea becomes Europe’s ’Green Power Plant’ Medium

Residents Security of affordable energy supply
without disruption of their daily routines

Cheap and abundant energy from the North Sea without
exacerbating climate change‘s impact on daily lifes Medium-low

Research Institutes Promote energy transition,
minimise societal and environmental impacts

Successful energy transition meeting science-based
targets providing lessons for similar systems Medium-high

Fishing industry Sufficient space for trawlers and nets,
no disturbance of fish stocks by offshore constructions

Large share of space with designated areas
reserved for fishing, allowing bottom trawling High

Investors Profit maximisation from risk-reduced investments
into offshore energy

North Sea becomes Europe’s ’Green Power Plant’,
long-term planning & investment security Medium

Investors are another critical player for the energy transition. Due to the less
established nature of renewable energy in comparison to oil and gas, funding
is critical for its development. Renewable energy in the North Sea is an even
more recent development, necessitating investments that go beyond financial
support by national governments. Apart from the TSOs, with a mandate from
the government, most actors are private market players. Therefore, attracting
funding from investors is highly relevant for renewable energy developments
in the North Sea. A mismatch exists between the risk aversion of investors,
requiring long-term investment security and the dynamic nature of the North
Sea offshore energy system. In case of amounting unpredictability, investors are
likely to look elsewhere for funding opportunities. Hence, they have a strong
position in the network.
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Table 3: Actor screening based on resources

Actor Resources Dependency:
Critical actor?

TenneT Capital and physical infrastructure, government mandate,
technical expertise Yes

Orsted Capital, global network, technical expertise Yes
Energinet Government mandate, technical expertise, capital Yes
Statnett Government mandate, capital, technical expertise Yes
Svenska Kraftnät Government mandate, capital, technical expertise Yes
Military Legal power, capital No
Amprion Government mandate, capital Yes
Elia Government mandate, technical expertise, capital Yes
National grid Government mandate, technical expertise, capital Yes
EU regulators Regulatory power Yes
Oil & gas companies Lobbying, offshore expertise, strong connection to governments,

natural resources Yes
Windpark operators Technical expertise, lobbying, public support No
Environmental NGOs Public support, lobbying, media platforms Yes
Shipping industry Strong connection to government, informal power due to critical goods,

capital Yes
WindEurope Lobbying, expertise in offshore wind No
National governments Legal power, capital, regulatory power Yes
Residents Voting, lobbying, resistance No
Research Institutes Knowledge and expertise, human resources, public support No
Fishing industry Public opinon, informal power due to influence in communities,

respected by public, connection with government No
Investors Capital Yes

It can also be seen that the wind park operators are of significant importance
for the offshore energy system to develop into the direction desired by policy,
however, their resources are rather limited. This can be explained by the fact
that they are fully dependent on the tendering processes for spatial areas for
their wind parks by the government.

The result of the actor analysis (subsection A.1) in terms of influence in the
system, or power, and interest in the North Sea offshore energy system can bee
seen in Figure 15.
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Figure 15: Power-Interest matrix. Source: own elaboration

4.3.2 Social Network Analysis

Following the process documented in subsection B.1, based on the actor analy-
sis and the resulting Power-Interest matrix in Figure 15, the following Social
Network Analysis is conducted for the key players within the North Sea offshore
energy system.
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Figure 16: Social Network Graph based on connections of the key players in the North Sea offshore energy system. Source: own
elaboration using Gephi and the Yifan Hu algorithm

The network density is the ratio of actual connections to potential. Potential
connections are the maximum possible number of connections without con-
necting to nodes multiple times or self-connections (Newman, 2018). Hence,
the density is always between 0 and 1. The analysed network has a density of
0.014. This relatively sparse network indicates that many actors rely on others
to convey information. A look at the network in Figure 16 confirms this, there
are a few well connected actors and many actors with just one connection.
Thus, the next step is to identify these well-connected and, therefore, strongly
positioned actors.

Analysing the centrality of actors in the system contributes to an overall under-
standing of the network and the position of specific actors within the network.
The simplest measure of actor connectivity is degree centrality. It counts the
number of ties connected to to each node (Newman, 2018). The average degree
centrality in the network is 2.4. In Figure 17 it can be seen, that all TSOs and
Orsted are high above that average, indicating their relevance in the network.
Moreover, Orsted has a degree centrality that is more than twice as high as the
next highest actor, Statnett.
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Figure 17: Degree Centrality SNA. Source: own elaboration

Two other relevant measurements for centrality need to be differentiated. Be-
twenness centrality measures the number of shortest paths between actors in
the entire network in relation to the number of shortest paths that pass through
one specific actor (Newman, 2018). In a nutshell, this implies the importance
of an actor in the network. An actor with a high betweenness centrality can
act as a mediator or broker (Hermans & Cunningham, 2018).

Closeness centrality gives an indication of the access of one actor in the system
to all other actors. A high closeness centrality means an actor is able to quickly
spread information in the network (Newman, 2018). For the actor network
in Figure 16, a higher closeness centrality implies being more agile in case of
regulatory changes. Orsted, for example, is therefore able to quickly convey in-
formation about new regulations to its project partners and contractors, giving
it a competitive advantage due to its high closeness centrality Figure 20.

However, when comparing the closeness and betweeness centrality for the
network of actors in the North Sea offshore energy system, it can be seen that
betweenness centrality is of more relevance (see Figure 19 and Figure 20). The
normalised closeness centrality of the most relevant actors is very similar, hence
all actors are able to spread information relatively quickly. Conversely, when
considering the betweenness centrality, the differences between the actors
become clear. Orsted has by far the highest betweenness centrality, indicating
its relevant position as a mediator between different actors. Therefore, Orsted is
in the best position to control the flow of information, impact negotiations and
has a strategic position to be well informed about potential niche developments
or innovative partnerships. As one of the largest developer and operator of
wind farms, Orsted can potentially make use of this strong position and start
offering transmission tasks to the industry and in the future even customers,
given a government mandate. This would further solidify its crucial role in the
system and has the potential to disrupt the transmission aspects of the North
Sea offshore energy system
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It can be seen from the actor network in Figure 16 that Orsted is the best-
connected actor in the system. Not only within the North Sea offshore energy
system, but also globally, with connections to Google, Nestle, the World Re-
sources Institute or TotalEnergies. One of the reasons is that Orsted is not only
developing wind farms but also providing energy to global customers such as
Google via Power Purchasing Agreements. This leads to a strong position in the
network, with the possibility to leverage these connections. One potential use
case is the threat to focus more on their growing market in the US, if European
regulations are not favourable, which provides Orsted as one of Europe’s leading
renewable energy developer with significant leverage in negotiations.

Niche developments that Orsted is working on are floating offshore wind and
hydrogen, as well as energy islands (see Figure 18). Moreover, Orsted is testing
cargo drones for offshore wind farm operation and maintenance, for instance
to deliver spare parts on demand to the offshore technicians. This potential
innovation can reduce the need for humans to go offshore with helicopters,
reducing costs and also safety risks.

Figure 18: Actor network of Orsted. Source: own elaboration using Gephi and the Yifan Hu algorithm
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Figure 19: Betweenness Centrality SNA. Source: own elaboration

Figure 20: Closeness Centrality. Source: own elaboration

National Grid has the third highest betweenness centrality, underlining its
relevance in the network. It focuses on the niches floating offshore wind and
robotics, where a cooperation with Boston Dynamics, the world leader in
robotics, is testing maintenance robot dogs for inside of interconnector halls,
potentially reducing labour demand, optimising operations and reducing the
danger to human life (Figure 26).

Energinet, the Danish TSO, is well connected with European research institutes,
but also has highly valuable global connections via projects with the World Bank
or Microsoft (see Figure 25). Relevant niche developments driven by Energinet
are energy islands and hydrogen. Especially interesting is the cooperation with
Gasunie Deutschland, the German gas network operator, on a cross-border
hydrogen network. This bears the potential to become an onshore backbone to
potential offshore hydrogen developments. Energinet’s betweenness centrality
is the fifth highest.
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Statnett, the Norwegian TSO, appears to have a strong focus on software solu-
tions and AI developments Figure 30. Not only are they experimenting with a
potential niche innovation in gaming technology for health and safety training,
they are also part of a project that uses AI for asset management. Moreover,
they established a professorship collaboration with the Norwegian University
of Technology on blockchain, AI and big data, investing in young talents and
simultaneously participating in niche learnings on AI and digitalisation. From
a network perspective, it can be seen in Figure 16 that they have a specific
Nordic focus in their connections. Additionally, they are exploring projects on
floating offshore wind, a niche development that has seems promising especially
for deeper waters, such as the Norwegian part of the North Sea. Statnett’s
betweenness centrality is behind that of Amprion, National Grid and Tennet,
which might be correlated with its more remote position and relatively new
focus on offshore wind. However, in terms of absolute connections, it is only
behind Orsted, enabling it to possibly leverage its many connections to close
the gap relatively fast.

Energinet and National Grid are part of the Global Power System Transfor-
mation Consortium, which is bringing together global stakeholders to share
learnings on a clean energy transition. The stakeholders include the World
Bank, Imperial College London or Fraunhofer Cluster. this is an incubation
room for ideas, knowledge sharing on technology adoption, workforce devel-
opments or open data tools, bearing significant potential for niche learning
processes. Furthermore, it gives National Grid and Energinet direct access to
potentially disruptive business idea and technological innovations, also from
other parts of the world, before they reach the niche level.

Amprion is relatively new to offshore operations, as can be clearly seen from its
network (Figure 27). The connections mainly result from two large coalitions it
is part of, Eurobar and the Offshore Coalition for Energy and Nature. However,
due to these two coalitions, its betweenness centrality is higher than Energinet’s,
which is operating offshore a lot longer and appears to be well connected. Also
Amprion’s closeness centrality is relatively high. This places Amprion in a
position, where it can spread information quickly and can receive information
about new developments quickly, potentially enabling a fast growth. One niche
topic that Amprion experimenting with is a grid stabilisation pilot.

Elia Group is also part of the Offshore Coalition for Energy and Nature (Fig-
ure 28). Moreover, it is driving the developments of a Belgian energy island,
that should eventually function as an interconnector between Belgium and
Denmark. Other niche topics Elia Group is testing in projects are maintenance
robots and AI for demand flexibility. It has a relatively low betwenness central-
ity compared to the other TSOs.

Among the TSOs, TenneT has the highest betweenness centrality, establishing
its strong position in the network. Interestingly, TenneT’s public network con-
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sists of many suppliers, most of them from the 2GW program. This is a niche
attempt to standardise the offshore connections towards a meshed offshore grid
with an open source approach, facilitating cooperation with suppliers Figure 29.
Apart from that, TenneT is working on an energy hub and experimenting with
underwater cable robots to automate operations.

The Offshore Coalition for Energy and Nature is providing a discussion forum
for European NGOs, members of the wind industry and TSOs to come together
and combine nature inclusion measures into the renewable offshore energy
development in the North Sea. This provides network building opportunities for
relevant actors, niche learning and can be seen as a first step towards integrated
solutions, combining the interests of multiple stakeholders to prevent conflicts
after decisions are made. Key players in this coalition are TenneT, Elia group,
Amprion, and Orsted.

Another niche development that deserves particular attention is the application
of AI and the learnings by actors that take place in experimenting in different
projects on how to most succesfully integrate it into offshore operations. Stat-
nett for instance conducted a pilot project with GE and IBM, among others on
how to use AI for predictive maintenance on its assets, potentially reducing
labour needs and optimising operations. National Grid is using AI not only for
real time monitoring of sensors that give live data and analysis of operations
but also has a project together with the ESA, which is called ’Eye in the Sky
Intitiative’. The aim of this project is to use satellite imagery and image recog-
nition software for remote monitoring of the grid and predict and prevent spark
disruptions or fires on voltage lines or assets. Especially in the rough conditions
of offshore operations, with high operation costs, this has disruptive potential.

Table 4: Niches identified by the SNA

Niche development Category
Demand flexibility AI
Predictive maintenance AI
Real-time asset monitoring AI
Gaming technology for
Health, Safety and Environment (HSE) training AI
Satellite imagery for grid monitoring AI
Grid stabilisation AI
Birdlife data AI
Cargo drones Automation
Maintenance robots Automation
Virtual power plant Automation
Energy islands Infrastructure
Floating offshore wind Technology
Hydrogen Technology
E-fuels for vessels Technology

4.3.3 GFO-O as problem owner

Based on the SNA resource analysis, it can be seen that TenneT is one of the
most powerful and important actors in the North Sea offshore energy system.
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TenneT has operations as an electricity TSO in Germany and the Netherlands.
Within these two countries, TenneT operates more than 25,000km of high
voltage connections. With these, TenneT provides elcectricity on a yearly basis
to roughly 45 million households. Its core tasks are are the transmission of
electricity, market facilitation and providing system balancing services. The
transmission business extends across the Netherlands and Germany onshore
and offshore into these two countries’ exclusive economic zones in the North
Sea.

As a vision, TenneT aims to ’Connect everyone with a brighter energy future’.
This should be achieved by securing energy supply now and in the future. An-
other important pillar to achieve this is to safeguard the financial health. Lastly,
ensuring a secure, reliable and zero-carbon energy system should contribute to
TenneT’s vision.

Within TenneT, the cross-border department GFO-O is responsible for operation
and maintenance of the transmission grid in the North Sea in the German as
well as the Dutch part. GFO-O’s vision is to be the leading offshore grid opera-
tor in Europe. For the operation and maintenance of the converter platforms,
technicians need to be sent offshore to ensure the functionality of the platform.
The technicians also check the equipment to detect early signals of ageing
or material failure and corrosion due to the harsh environmental conditions
in the North Sea. The mode of transport for the technicians are helicopters,
which can be limited due to storms, requiring a system that is able to operate
autonomously most of the time. Ideally, the number of days that technicians
need to be physically present on the platform should be reduced to an absolute
minimum, as it entails high costs and there is always a safety risk for human life.

Therefore, it is important for to understand the factors that impact the North
Sea offshore energy system for GFO-O as a critical actor to successfully operate
and maintain the transmission grid.

4.4 PESTLE analysis
The literature search was started by testing keyword combinations such as ‘off-
shore’, ‘offshore wind’, ‘pestle’, ‘renewable’, ‘scenario’, ‘analysis’, ‘energy’, ‘North
Sea’ in various combinations. The constant terms where ’offshore’ or ’North Sea’
and ’energy’. The scenario component was integrated as it was assumed that
literature on scenarios is building upon factors that are impacting the system for
the foreseeable future. Furthermore, it was hoped to gain insights for this the-
sis’s scenarios. The starting database was Google Scholar but due to the mixed
results, Web of Science and Scorpus were were incorporated as well. Based
on trial and error (either too many or too few search results), the following
prompts proved to be the most fruitful initial keyword combinations. ’PESTLE
AND renewable AND energy OR scenario AND analysis’, ’External factor AND
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offshore energy AND offshore wind’. The latter was either combined with ’AND
North Sea’ or the search results were scanned on whether they had a connection
to the North Sea offshore system. In case factors were found that had relevance
in other offshore systems, for example in Irelands or Korea, the factors were
searched in combination with ’North Sea’ and ’energy’ to ensure the applica-
bility to this research. Because of the multidisciplinary nature of a PESTLE
analysis, utilising all three databases made sense. Resulting was a combination
of specialised scientific journals (Scopus and Web of Science) as well as broader
literature including reports from Google Scholar. The most effective method
however was to snowball based on the literature found in those three databases.
Starting with a few insightful papers, the references were used to find new
literature. Moreover, backward and forward citation was successfully applied.
Due to scoping reasons, for forward citation it was only looked at the first 15
citations for each paper as they are deemed the most relevant in Google Scholar.

The following factors impacting the North Sea offshore energy system resulted
from an extensive literature search, structured based on the PESTLE dimensions
(Political, economic, social, technical, legal, environmental), see Figure 21 as
an overview:

Figure 21: External factors resulting from literature review. Source: own elaboration
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4.4.1 Political

Market design:
The role of the factor market design the energy transition is discussed exten-
sively in the literature (Lindberg, 2022; Jehling et al., 2019; Scholten and
Künneke, 2016). Even though there is an overarching tendency on how to
structure electricity markets that applies to all European countries due to reg-
ulation, the individual electricity markets vary strongly in design by country.
Different degrees of liberalisation result in different roles of TSO’s and more or
less private actors. Another distinction can be made between state-driven or
market-driven design, the degree of interconnections to neighbouring countries
and, hence, the possible dependence on other countries. In a state-driven
design, there exist strong ’national champions’ in some European countries,
which are state-backed and dominant players in the electricity market. The
pricing can vary between one pricing zone, meaning all consumers pay the
same electricity price, as is the case in Germany, or different pricing zones with
different electricity prices in one country, dependent on geographical location
of demand and supply. The configuration of these pricing zones can be seen in
Figure 22.

Figure 22: Pricing zones in Europe. Source: modified after Nouicer and Meeus, 2019

With a focus on offshore energy in the North Sea, the discussions regarding
zonal or nodal pricing are of particular relevance for this thesis. The prevailing
model in Europe is zonal pricing, where the electricity price is the same within
one zone. Some countries are consisting of one pricing zone, such as Germany,
while other countries comprise of multiple zones (Sweden) with different elec-
tricity prices for each zone (Eicke & Schittekatte, 2022). Within each zone, the
costs for balancing supply and demand are paid by all consumers in the zone
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(Borowski, 2020). Nodal pricing can be considered as local pricing reflecting
the actual costs of electricity production at that specific node (Borowski, 2020;
Eicke and Schittekatte, 2022). Also called ’locational marginal pricing’, nodal
pricing gives accurate market signals in case of congestion or demand and sup-
ply mismatch due to its granularity (Hardy et al., 2023; Eicke and Schittekatte,
2022).

Considering the rapid growth of offshore electricity production with potential
addition of energy islands, two different concepts for the offshore system can
be considered. Home bidding zones connect the offshore electricity production
to the country of its owner (Eicke and Schittekatte, 2022; Lüth, 2022). The
onshore zone and, hence, the electricity price in this zone would extend to the
offshore assets. This might be sufficiently reflective of the costs for the electricity
produced offshore (Lüth, 2022). Another option is the offshore bidding zone,
contradictory to the name, more in the direction of a nodal design (Eicke &
Schittekatte, 2022). With several different nodes offshore, local pricing can
reflect actual costs, lead to lower prices and give valuable market signals (Eicke
and Schittekatte, 2022; Hardy et al., 2023; Lüth, 2022). It should be noted,
that critics stress the complexity and computational expenses of nodal pricing
compared to zonal pricing (Weibelzahl, 2017).

Market design is considered a key factor for the North Sea offshore energy
system by 10 experts. Decisions on the design of offshore bidding zones need
to be taken.

Nationalism:
A presence of nationalism in terms of energy means a focus on national interests
and national energy security for the country. A rise of nationalistic tendencies
could be observed in the wake of the war on Ukraine and the resulting energy
blackmailing of Europe by Russia (Żuk & Żuk, 2022). And example of the result
of such protectionist tendencies can be the focus on storage solutions within
the country to avoid dependence on other countries (Antenucci et al., 2019).
In times of a crisis, as recently witnessed, the priority of politicians is to keep
energy in their own country and potentially store excess energy for its own
citizens instead of distributing it to neighbouring countries in need (Żuk &
Żuk, 2022). Here exists a relevant overlap with the factor market design, as
can result in the preference of more domestic control of energy supply by the
state (Antenucci et al., 2019; Żuk and Żuk, 2022). Especially for renewable
energy sources and the current lack of storage capacities, nationalism poses a
significant challenge for a European energy transition.

6 interviewees see the risk of rising nationalistic tendencies from a political per-
spective, leading to the prioritisation of national security of energy supply. One
interviewee points out the potential development of a national demand to move
back from wind energy to less fluctuating energy sources such as nuclear energy
in the interest of national energy security. This is fuelled by the Russian war
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on Ukraine and current nationalistic movements in multiple European countries.

Europeanisation:
The factor Europeanisation, mentioned among others by Kern and Smith (2008),
is closely tied to market design and nationalism. It describes a European mar-
ket with strong interconnections between countries, enabling energy flows
from supply to demand across Europe. A trans-national market design, with
grids expanding over national borders would have implications for the offshore
grid in the North Sea, as discussed under the factor market design (Hancher
et al., 2022). Europeanisation encompasses politicians and energy companies
working together to find Europe-wide solutions to questions such as hydrogen,
natural gas or storage and source funding to find the best solutions for Europe
as a whole (Hancher et al., 2022). In times of crises, political leaders think
’Europe-first’ by smartly distributing energy where it is needed the most in
Europe. National voices matter, but only to a certain degree and if a country
produces excess electricity, this is distributed to other countries instead of being
stored for a potential crisis.

The rise of nationalistic tendencies stands in direct contrast to the increasing
interconnection between energy markets and trend toward a more European
approach, observed by 11 interview partners. They stress the need for inter-
connection across borders and a European approach in terms of policy and
regulation for a successful transition.

National energy policy:
Policy options from a national perspective are feed-in tariffs or feed-in premi-
ums. Subsidies in general, such as Contracts for Difference (CfD) or a preference
towards a particular energy source, such as it is the case for wind in Denmark.
This can result in a potential technological lock-in (or lock-out as was the case
with solar in Germany). Carbon taxation is another example of national energy
policy affecting the energy system in a country. Another dimension of national
energy policy are the ambitions set by governments in cooperation with the
industry. The most recent example is the North Sea Summit declaration, jointly
published by all head of states neighbouring the North Sea (De Croo et al.,
2023). Considering the North Sea as Europe’s ’Green Power Plant’, the aim
stated in this declaration is to achieve 120 GW offshore wind capacity by 2030
(De Croo et al., 2023). These ambitions set high targets for the industry in
terms of timeline and capacity produced to ensure a successful energy transition
towards a carbon-neutral Europe. Moreover, an increased Europeanisation of
the supply chain as well as cooperation with the NATO and EU to protect critical
energy infrastructure in the North was emphasised. Notably, hydrogen scale-up
as well as hydrogen interconnectors were part of the declaration. Additionally,
the relevance of considering the environment was reiterated and the need to
speed up the permitting process stated (De Croo et al., 2023).

In the Dutch ’Offshore Wind Energy Roadmap 2030’, the multi-use of the North
Sea and prioritisation among different interest groups was mentioned as a chal-
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lenge, with the importance of prioritisation (Wiebes, 2020). The role of this
prioritisation lies with the Dutch government, as discussed below with the factor
area competition. The ambitious goals for renewable energy capacity form the
North Sea were considered in the light of electricity currently accounting for
20% of the Dutch energy mix (Wiebes, 2020). Thus, the ambitious targets
were deemed to be only realistic if not only electricity generation by offshore
wind farms but also generation of renewable fuels or energy carriers for heating
through hydrogen or ammonia was considered. Nevertheless, the essential
role of the North Sea for the renewable energy supply of the Netherlands was
emphasised (Wiebes, 2020).

9 interviewees see governmental policies and ambitions as a key driver of devel-
opments in the North Sea offshore energy system. Particularly governmental
road maps are considered to play a significant role in providing clear directions,
benefiting investment and facilitating area competition. In the Netherlands,
a prioritisation by the government for offshore wind is perceived. However,
experts criticise political deal-making that is not benefiting the energy transition,
for instance with decisions benefiting the oil and gas sector or the Groningen
area due to past issues, instead of long-term visions as negative aspect of govern-
mental policies. Further not helping long-term development is the division of
responsibility for the North Sea in many different ministries, which one expert
mentioned as a problem in the Netherlands.

Resource dependence:
Due to the geographical location of resources, critical raw materials and critical
metals are not abundant in Europe (Scholten, 2018). Europe imports most of
the required critical metals and is therefore dependent on countries such as
China for a reliable supply and stable prices (Hafner and Tagliapietra, 2020;
Rabe et al., 2017). These critical metals are essential for the electronics industry
as well as wind turbines, components of the European energy transition (Hafner
& Tagliapietra, 2020). Moreover, there are few suitable substitutes, exacer-
bating the dependence on China (Hafner & Tagliapietra, 2020). China has a
near monopoly on critical rare earths that are essential for wind turbines. The
supply in the hand of a few countries, mostly China, contrasting the demand
by the entire energy industry in Europe is creating the potential for geopolitical
tensions, as China can leverage its resources strategically. Hence, there exists a
European resource dependence on materials to enable the energy transition
that cannot be solved only domestically.

Conflict between government and municipalities:
One expert mentions the conflict between government and municipalities as a
factor. Energy infrastructure is constructed at municipalities but decisions are
driven by the government, leading to interest conflicts.

One interviewee views the example of Finland as a learning opportunity on how
to integrate municipalities in the energy transition. Different incentives ranging
beyond electricity connections but rather touch upon social topics such as roads
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or services are viewed to potentially enable leapfrogging prolonged permitting
and legal processes by bringing municipalities on board of the energy transition.
This can be backed by literature (European Commission, 2020). However,
it was also observed that the applicability of these incentives varies based on
countries as they might be viewed to border on corruption based on national law.

Permitting:
Governmental permits for areas in which wind farms can be operated, are
considered significant by 4 experts as barriers. Policies changed to almost
double the length of permits, which goes in hand with more complicated and
prolonged applications as more factors need to be taken into account by the
wind farm operators. Circularity and ecology are the main themes that need
to be considered, in addition to system integration. This is seen to increase
pressure on the supply chain. In contrast to the more complicated permits for
offshore wind farms, the relatively simple process of acquiring permits for oil
and gas fields, given the right technical specifications, compromises the speed
of the energy transition.

The requirement for faster permitting procedures is also voiced by De Croo
et al. (2023). One interviewee brought up the issue of consequences of current
policy decisions that can have a system-level impact in the long-term with
a current lack of system-oriented planning. At least in the Netherlands, the
Offshore Wind Energy Road Map aims to mitigate this issue, on the German
side the ’Netzentwicklungsplan’ is tasked with a system perspective (Wiebes,
2020; Übertragungsnetzbetreiber, 2023)

4.4.2 Economic

Investment and funding:
Energy infrastructure requires long-term investment to build and maintain
the assets (Hafner & Tagliapietra, 2020). Investment and funds can come
from different sources, such as the government, private investors or corporate
bonds (Hafner & Tagliapietra, 2020). Investment inherently bears risk due
to the uncertainty of the future (Edomah et al., 2017). This risk can either
only be perceived by investors or it can be an actual risk. However, energy
infrastructure depends on funding and, hence, the willingness to take risks
by investors (Jehling et al., 2019; Hafner and Tagliapietra, 2020). A lack
of funding can significantly impact ambitions due to the long-term horizon
and high up-front costs of energy infrastructure (Edomah et al., 2017). Thus,
short-term unwillingness to invest due to external events will have long-term
consequences for the European energy transition.

Economics of offshore energy:
3 experts point to the economics of bringing more energy production offshore,
which they relate to higher costs compared to onshore production due to dis-
tance. Thereby, operation and maintenance becomes more challenging.
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Area competition:
The North Sea is a system constrained by natural boundaries and therefore
limited in size. This lead to competition among different actors within the
energy sector but also between different sectors such as the shipping industry,
fishing industry or the military (Nilsson et al., 2018; Kafas et al., 2018). All of
these actors require space for their operations in the North Sea, which leads to
potential conflicts (Gusatu et al., 2020). Within the energy sector, wind park
operators, oil and gas companies, TSOs with offshore business and converter
platforms are each making term claim for space which needs to be considered
and coordinated (Kafas et al., 2018; Wiebes, 2020). This planning is done
by national governments by so-called marine spatial planning, which is based
on the exclusive economic zones of respective countries (García et al., 2021).
Another level of difficulty is not only whom to designate space but also which
actor to prioritise for which ares, bearing the potential for interest conflicts and
political games due to the high stakes.

From a Dutch perspective, the main stakeholders on the North Sea encompass
the fishing industry, shipping industry,nature conversation, environmental or-
ganisations, oil and gas companies, wind energy, coastal municipalities and
the recreational sector (Wiebes, 2020). Their varying interests are taken into
account in the permitting process for new wind farm zones. The Dutch Ministry
of Economic Affairs and Climate Policy proposed a combined use of wind farms
with the fishing industry by utilising stationary fishing gear instead of trawlers
close to wind farms and developing aquaculture farms in the same areas of
wind farms (Wiebes, 2020). Similarly, a combined use between nature conser-
vation and wind farms can take the shape of fish hotels, pawning areas for fish
protected by the energy infrastructure (Degraer et al., 2020; Wiebes, 2020). As
a safe distance to shipping lanes is already integrated in the permitting process
before an area is designated for a wind farm, the biggest conflicts are currently
observed with the fishing industry and nature conservation (Wiebes, 2020).

Area competition is viewed by 8 interviewees as a potential source of conflict
moving forward. Cooperation instead of competition is deemed to be key for
achieving the ambitious capacity targets.6 interviewees mention spatial chal-
lenges of offshore energy infrastructure with the shipping industry, however,
this is viewed as rather solvable in contrast to spatial competition with the
fishing industry or nature. Mostly, the issue is more of regulatory nature, with
national polices being tasked to provide the right prioritisation in an inclusive
way that incorporates all stakeholders.

A proposed solution for the increasing area competition is multi-use of spaces.
Conflict with shipping lanes is seen as somewhat less of an issue, as they are
accounted for in offshore wind farm permits. In contrast, the fishing industry,
ecology and the military are main sources of conflict for the offshore energy
sector. One expert points out potential benefits of offshore energy such as
offshore loading of ships, which would result in win for fishers as well as off-
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shore wind industry. Multiple interviewees expect multi-use especially between
military and offshore wind to be a possibility, even though there currently
persist conflicting interests. Especially given the observed increasing presence
of the military in the North Sea as a result of Russia’s war on Ukraine, a need
to integrate the military in spatial plans is emphasised. This bears also an
opportunity to tackle security, another problem, that is increasing in relevance
for energy infrastructure in the North Sea.

Multi-use has been proposed for example in the Dutch Offshore Wind Energy
Roadmap 2030 as a solution to area competition (Wiebes, 2020). Schupp et al.
(2021) propose the idea of charging fishing vessels from offshore wind elec-
tricity. However, one point that goes beyond what was found in the literature
for the PESTLE analysis, is the relevance of multi-use, particularly between the
military and offshore wind. With the recent tensions with Russia, this is highly
relevant due to an increasing presence of military in the North Sea. A very
recent line of research by the submariner network, the Multi-Frame project,
conducted case studies in multiple areas world-wide on multi-use of ocean
space (Lukic et al., 2023). An applicable example for this thesis is primarily the
Dutch case study, but the entire topic should be integrated into further studies
on offshore energy systems to apply lessons learned on how to effectively apply
multi-use.

Resource constraints:
A slight overlap exists between resource constraints and resource dependence.
However, this factor focuses less on the geopolitical tension between different
world regions based on supply and demand of critical raw materials. Resource
constraints adresses the concept of multiple actors competing for a limited pool
of resources (Ploeg et al., 2021). Applied to the North Sea offshore system, this
entails the competition for materials, oil and gas rigs, converter platforms, sub-
sea cables and wind parks. Unless the pool of resources significantly expands,
this factor has a significant impact on supply chains and long-term ambitions
of several actors within the offshore energy system. Ploeg et al. (2021) argues,
that resource constrains can stimulate more efficient use of resources, improve
business practices as a result and can even be considered a driver for innovation.

Supply chain:
Next to resource constraints, actors in the system face a dependence on suppli-
ers to not only deliver projects but also intermediate goods (Scholten, 2012).
Weak suppliers or supplier monopolies have significant impacts on the prices,
quality and delivery of intermediate goods and thereby also on the final prod-
ucts (Hafner and Tagliapietra, 2020; Gamarra et al., 2023; Kurbel, 2013). The
global supply chain dependencies and recent supply chain struggles make com-
panies within the offshore energy system facing the choice between outsourcing
production steps and thereby continuing to rely on the supply chain or to man-
ufacture more in-house. This is associated with higher resource requirements
(primarily financial resources and labour, which affects the factor workforce)
(Kurbel, 2013). The vulnerability of global supply chains is an issue that leads
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to delays of energy projects (Rippel et al., 2019). Furthermore, global linkages
are also affected by EU policy, regulating parts of the supply chains and requir-
ing more European production which comes with challenges of its own (Rabe
et al., 2017). The ambitions of moving towards a more Europe-focused supply
chain were reiterated by the North Sea nations in their North Sea Summit
declaration (De Croo et al., 2023). One example of the challenges for more
European parts in the supply chain are higher wages, resulting in higher costs
for the manufacturers (Rabe et al., 2017).

8 experts stress the critical role of the supply chain for the North Sea offshore
energy system. The supply of skilled workers is currently lacking behind the
demand, the available workforce is not sufficient. One interviewee pointed out
that training existing workers should be preferred to acquiring and teaching
new people as a result of the special demand of offshore work. On the materi-
als side, the supply of special vessels such as jack-up barges for the offshore
installations of wind farms and converter platforms is not up to the demand. A
potential solution, presented by one expert, is more cooperation and sharing
of such vessels instead of the perceived outdated tendering process that does
not reflect the current situation with a strong need from multiple parties. Not
enough material is available for wind turbine manufacturing, but also the sup-
ply chain for cables and steel needs improvement. The onshore supply chain is
seen as part of the issue, due to the fact that it is almost impossible to keep it
within one country, thereby introducing dependencies and uncertainties. Pro-
duction facilities and ports are viewed as another aspect that require upgrades
to improve the supply chain situation.

International supply chains are overly viewed by experts as vulnerable, not
up to the demand and potential sources of conflict in the light of China-US
tensions. With China’s dominant position in raw materials and microchips, one
interviewee views the supply chain as a potential make-or break point for the
European energy transition. The EU’s Critical Materials Act is viewed as a step
in the right direction. Furthermore, one expert brought up the possibility of
bringing mining activities for raw material to Europe in order to reduce supply
chain vulnerability and dependence on China. To a certain extend that can
certainly be done (Pavolová et al., 2022). However, public resistance is a major
barrier and should be expected to be intense (Kivinen et al., 2020). Therefore,
this should rather not be seen as a short-term solution to supply chain issues and
is rather unlikely to happen in Europe, barring enormous geopolitical changes.
3 experts are optimistic about the development of the supply chain to meet
demands for the rapid scaling of offshore energy technology. One interviewee
also sees the need for a reliable international supply chain for a successful
integration of hydrogen in the European energy system.

Workforce:
The energy transition in Europe is leading to a significant creation of jobs, with
the Wind sector alone estimated to create roughly 400.000 jobs by 2025 (with
the starting year of 2020) (Ram et al., 2020). However, there scarcity of skilled
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workers that are able to work on the energy transition and, hence, create a gap
in job demand and supply of skilled workers (Arcelay et al., 2021; Blanco and
Rodrigues, 2009). Particular demand exists for the wind energy and offshore
sector in the Nort Sea (Czako, 2020). Even though some of the skills from
the oil and gas sector can be transferred, there exists a significant skill gap
(Ibrion and Nejad, 2023; Brannstrom et al., 2022). This leads to a war for
talent by the actors in the North Sea. Strategies to acquire skilled talent can
range from campus recruiting to extensive external and internal training and
education of existing workers. Nevertheless, there is a significant shortage of
skilled workers already which is only expected to grow in the future (Ram et al.,
2020). Moreover, new professions require new education and there might be
positions where the skills are not even present yet.

6 experts mentioned the current lack of skilled workers as a relevant factor
potentially constraining the energy transition. The gap between the pace
of technological development and the available, sufficiently skilled people is
viewed critical.

4.4.3 Social

Public acceptability:
The impact of narratives, primarily shaped by the media can lead to a public
perspective that differs from reality. An example is the perception of solar
energy as clean, fair and desirable energy (Demski et al., 2015; Palomo-Vélez
et al., 2021). Consequently, the mining of raw materials in disputed regions
under inhumane conditions appears to not be prevalent in the public perception
of solar energy (Hafner & Tagliapietra, 2020). These narratives can be tapped
into to shape public opinion and create a shift in public values that benefit
the interests of certain groups. Another example is the split public opinion on
nuclear energy based on different framings either as a clean and reliable source
of ’clean’, cabon-neutral energy or as a risky technology that endangers entire
populations and should be banned entirely (Demski et al., 2015; Kiser and
Otero, 2023). The power of public narratives and thereby public acceptability
of energy sources can have an impact on the choice of national energy sources.

5 interview partners mention public acceptance as an important factor for driv-
ing the energy transition. So far, renewable energy is perceived as desireable.
However, this is deemed to change quickly, if the citizens are affected by higher
prices or losing money because of energy infrastructure lowering their real
estate values.

Demand for sustainability:
Another interviewee sees a development towards a sustainability-focused so-
ciety, reflected in the standards of living. Thereby, a demand for sustainable
energy solution is created, stimulating the renewable energy developments in
the North Sea while demanding sustainability along the value chain to reach
the climate targets. This aligns partly with the findings on public acceptance,
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which is relatively high for renewable energy (Demski et al., 2015). However,
the point goes beyond mere demand for renewable energy but focuses on a sus-
tainable value chain, which at this point is not achieved due the environmental
impact of raw material mining (Hafner & Tagliapietra, 2020).

Social acceptability:
Different types of energy production have varying degrees of impact on the
environment. This impact on the environment, combined for instance with an
impact on the livelihoods of residents affects the social acceptability, which is
based on societal values (Künneke et al., 2015). Examples are protests against
wind farms on land with, or high-voltage power lines that can be summarised
by the ‘not in my backyard’-mentality (Cohen et al., 2014; Künneke et al.,
2015). These protests can constrain the energy system of the future from a
societal level if not engaged with.

Energy demand:
Historic trajectories of energy demand are showing an increase in energy de-
mand, stimulated by an electrification of the heating and transport sector (Díaz
and Guedes Soares, 2020; Fahy et al., 2019; Swain and Karimu, 2020). Energy
demand is a main driver for offshore wind developments (Díaz & Guedes Soares,
2020). The question is, whether energy demand will continue to rise or whether
calls for de-growth are substantial and lead to a decrease in energy demand,
facilitated by increasing energy efficiency (Hickel, 2019; Fahy et al., 2019).
However, Fahy et al. (2019) note, that increased energy efficiency is mostly
rendered ineffective as consumption increases as a result. Currently, there is not
much flexibility in demand, energy consumption happens when required and
is not determined or largely affected by energy supply (Gea-Bermúdez et al.,
2021). The on-demand society considers energy as a basic necessity such as
water, which is available at all times in the same quantities. Particularly with an
increasing electrification and an increasing share of variable renewable energy
sources such as solar and wind, demand flexibility would reduce the burden on
storage solutions (Fahy et al., 2019). In times of high production of electricity,
informed consumers could be incentivised to increase their demand, meaning
to turn on the washing machine when there is a lot of wind energy available
instead of at times, dictated by habits. One incentive for such demand side
response are capacity subscriptions (Hennig et al., 2020). Public awareness
of the energy footprint is slowly increasing and can also lead to a change in
energy demand (Fahy et al., 2019).

On a European level, the development of energy demand is seen as a critical
factor that determines the future of the North Sea offshore energy system by 6
experts. The location of the demand is highly relevant, especially the onshore
location of industry that depends on electricity or will depend on hydrogen in
the future to operate.5 experts mention high industry demand for energy as
a critical factor that is driving offshore developments. Two experts see uncer-
tainty in the demand development. It is considered to be dependent on the
location within a country. Whether high demand is located close to the coast
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or further inland is perceived to have a huge impact on the energy transport
and therefore the offshore energy system design.

Moreover, the varying demand between countries, especially in regards to time
of the day was considered an uncertain development. In case of a disconnect be-
tween supply and industry demand, one expert voices concerns about industries
moving out of Europe towards more reliable locations of energy production.
The energy transition in sectors like heating, moving away from gas-based
heating towards more electrified systems, is viewed to increase the demand for
electricity production in the North Sea. This development can be found in the
literature as well (Fahy et al., 2019). Onshore demand developments create a
significant pressure on the offshore system to deliver the required amounts of
energy, as Díaz and Guedes Soares (2020) point out.

Public participation:
The involvement of the public in decision processes within the energy transi-
tion directly correlates with a higher public acceptability (Cohen et al., 2014;
Nielsen et al., 2019). If left out of the decision-making process, public accept-
ability can take a hit and lead to active resistance, mostly on a local level,
against energy transition measures (Cohen et al., 2014).

Population dynamics:
The population in Europe is ageing (Balachandran et al., 2020). An ageing
population across Europe could result in resistance against change of the energy
system as can be perceived to endanger the affluence of people that benefited
from the oil and gas age (Edomah et al., 2017; Biresselioglu et al., 2020). More-
over, the lack of young people in Europe reduces the pool of skilled workers
available to drive the energy transition (Cristea et al., 2020). Another dynamic
is migration, which can increase the pool of skilled workers but can also re-
quire extensive training (Marois et al., 2020). Population dynamics further
add pressure on the workforce, necessitating migration policies to increase the
supply of skilled workers for the North Sea offshore energy system.

4.4.4 Technological

Energy islands:
Artificial islands offshore that produce electricity from wind energy are so-called
energy islands (Lüth, 2022). Multiple countries published concepts which are
in varying levels of development (Lüth, 2022). Plans envision energy islands to
function as interconnectors between different countries, with excess energy be-
ing sent to where it is demanded (Jansen et al., 2022). Thus, a European energy
distribution and a more closer alignments of European markets can be reached.
Another possibility is to have storage capabilities directly on the islands and
potentially also conduct the conversion from electricity to gas or liquid on the
island (Koelewijn et al., 2020; Kristiansen et al., 2018; Lüth, 2022). This stored
energy could then be transported to shore via ship or pipeline (Quirk et al.,
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2021).

5 experts note that a meshed DC offshore grid poses technological challenges,
creating uncertainty. One such challeng is the maintenance of the large amount
of subsea cables, that are needed to be laid for such a grid. Technological
standards also play a huge role in such a grid. Additionally, one interviewee
raised questions about the impact of electricity lines on gas pipelines that are
placed close together at the seabed.

Floating offshore wind:
Water levels deeper than 60 meters are reaching the physical limitations of con-
ventional bottom-fixed wind turbines (Bilgili and Alphan, 2022; Martinez and
Iglesias, 2022). A potential solution is floating wind turbines, that are mounted
onto a floating structured and attached to the seabed by use of cables (Piscopo
& Scamardella, 2021). Thus, floating offshore wind enables installations in
deeper water with more distance to shore, where wind speed are higher in gen-
eral (Bilgili et al., 2011). These areas are currently also less crowded, promising
mitigation to the area competition challenge in the North Sea (Gusatu et al.,
2020). Pilot projects have been successful but the technology yet has to prove
its scalability and maturity, especially with the supply chain lacking behind
due to the novelty of this technology (Dahl et al., 2022). Moreover, costs for
deployment and maintenance are increasing with distance from shore (Dahl
et al., 2022).

Grid congestion:
The connection between the onshore grid and offshore production is another
necessary element with various potential outcomes in the near future. If the
current congestion in the onshore grid, observed in the Netherlands, Belgium,
and Germany, continues in the medium-term future, this is forecasted to lead
to increasing redispatch, in the worst case stopping the offshore development.
Grid congestion is a factor, that adds to the findings of the PESTLE analysis and
can be confirmed by various authors (Staudt et al., 2019; Corona et al., 2022;
Attar et al., 2022).

2 experts mentioned the creation of energy corridors encompassing large direct
current (DC) connections over long distances to facilitate the tying-in off the
offshore grid. This was also proposed in the German grid development plan
(Übertragungsnetzbetreiber, 2023). However, these corridors are anticipated
to potentially be severely impacted by delays in permitting and changing regu-
lations, especially when they stretch across country borders.

Energy communities:
On a local scale, neighbourhoods are increasingly becoming self-sustaining
in terms of energy by collectively signing power purchasing agreements with
nearby wind or solar projects (Reis et al., 2021). By combining multiple house-
holds to a community, a higher purchasing power is achieved and knowledge
on smart energy solutions can be shared (Lowitzsch, 2019). In case of complete
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energy autonomy, these energy communities won’t need a grid connection
anymore, and might even develop so-called microgrids (Edomah et al., 2017;
Reis et al., 2021). This development is supported by EU policy, with the ’Clean
Energy for All Europeans’ package empowering consumers and providing incen-
tives for consumer investment (European Commission, 2019). For the North
Sea offshore energy system, this could result in less capacity required to be
transmitted form offshore to shore. It could have potential impacts on the
offshore electricity production targets in the long term.

Wind park developments:
Recent developments in wind parks show a trend towards higher turbine sizes,
deeper waters and therefore larger distances to shore due to higher and more
constant wind speeds at these areas (Díaz & Guedes Soares, 2020). Further-
more, the capacity produced per turbine is scaling up (Fernández-Guillamón
et al., 2019). These trends imply challenges in the connection from the wind
parks to the shore via converter platforms. For example, longer subsea cables
will be required. Longer distances from shore to the wind parks and converter
platforms also pose challenges adn higher costs for maintenance (Fernández-
Guillamón et al., 2019). Additionally, there exists an oligopoly in wind turbine
manufacturing, with over 70% of offshore wind turbines globally manufactured
by seven European companies (Díaz & Guedes Soares, 2020). This concentrates
significant power in the hands of a few and also opens up potential supply chain
vulnerabilities. Moreover, China is pushing into the European wind turbine
manufacturing market as well, even though currently European manufactur-
ers are still dominating, especially in offshore wind turbines with its higher
complexities (Lacal-Arántegui, 2019; Zhang et al., 2020; Fernández-Guillamón
et al., 2019).

Hydrogen:
Hydrogen produced by electrolysis either offshore or onshore can have a signifi-
cant impact on the offshore energy system (Singlitico et al., 2021). As a carrier
of energy that can be stored for longer periods of time, it can contribute to
solve the storage problem of the current European energy system (Kovač et al.,
2021). Especially for hard-to-abate sectors such as heavy industry, long distance
road transport or shipping, hydrogen seems to be a more efficient solution than
electrification (Singlitico et al., 2021; Osman et al., 2022). Furthermore, there
are discussions about connecting the existing gas network for example in the
Netherlands and Germany with the electricity grid (Gils et al., 2021; Koirala
et al., 2021). This could change the core transmission business of TSOs and
expand their role of previously electricity-focused transmission towards a sector-
coupled, system perspective including gas (hydrogen) transmission. A matter
of debate is where hydrogen is optimally produced, either directly offshore at
the sources of electricity production or whether it should be produced after the
electricity is transported onshore (Singlitico et al., 2021; Calado and Castro,
2021). In case of offshore production, a potential business model changing the
core business of TSO’s would be electrolysers on converter platforms, resulting
in dual use. However, this would pose additional requirements to the workforce,
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with the need for additional skills. It should be noted at this point in time that
hydrogen is not a mature technology yet and its share in the energy mix is
around 2% (European Commission, 2023b). Thus, it needs to be seen whether
it can hold its promises of being a significant factor in the energy transition.

9 experts expect hydrogen to be a significant factor in the future energy system
of the North Sea. Offshore hydrogen production is viewed as a likely technology,
that however still needs to prove itself economically. In countries like Sweden,
the role of hydrogen for industries such as steel manufacturing is essential
for the energy transition. Furthermore, hydrogen is anticipated to mitigate
storage issues and buffer the impact of times with low wind and solar energy.
One expert sees blue hydrogen as a intermediate solution on the way to green
hydrogen. Other experts point out that more hydrogen-based industry will lead
to increased electricity demand.

Power-to-X:
Additional to conversion of electricity into hydrogen, other potential business
models can incorporate the conversion of power to gas or to liquid (Singlitico
et al., 2021; Crivellari and Cozzani, 2020). This so-called power-to-X, with
X standing as a variable for different gases, such as ammonia or for liquid
fuels (Singlitico et al., 2021). A potential production offshore could also add
to the core business of TSO’s, depending on whether it can be produced on
converter platforms, energy islands or close to the wind turbines at additional
infrastructure.

Cybersecurity:
With the current Russian invasion of Ukraine, Europe has experienced the use
of energy as a weapon. Threats of blackouts are used for blackmailing, the
reduced flow from gas pipelines or the complete shutdown can have signifi-
cant impacts on the energy security of entire countries (Liuhto, 2021; Knodt
and Kemmerzell, 2022). With potential aggressor lurking in the geopolitical
sphere and current trends towards a smart grid with many digitally connected
devices Diahovchenko et al. (2020), cybersecurity is a factor that dramatically
increased in relevance (Dighe et al., 2022). Due to their distributed nature and
many devices, smart grids are vulnerable to cyber attacks (Barichella, 2018;
Hawk and Kaushiva, 2014). Similarly, the North Sea offshore system is highly
dependent on continuous digitalisation and software solutions for optimisation
of critical infrastructure (Dighe et al., 2022). This increases the potential fallout
in case of targeted cyberattacks on vulnerable parts of the infrastructure. In
the midst of a transition and scrambling to meet ever more ambitious targets
by national governments, TSOs often still operate in old-fashioned ways before
rapid digitalisation. Therefore, as TSOs are not software companies yet, they
are vulnerable with potential implications for the security of energy supply of
entire regions.

With growing amounts of critical energy infrastructure in the North Sea, threats
of physical attacks or cyber-attacks were mentioned as a major concern in the
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medium-term future by 3 experts.

Small nuclear reactors:
3 interviewees expect nuclear to be at least part of the discussion for alternative
energy sources, with small nuclear reactors being a promising technology that
could develop in the right circumstances. The mentioned benefits of such tech-
nology are flexible energy generation that can be used for heating or hydrogen
production as well as its carbon neutrality. However, public acceptance remains
a main issue. This can be confirmed by literature (Office of Nuclear Energy,
2023). Moreover, the European Commission is supporting the research on small
nuclear reactors (European Commission, 2023a).

Local prosumers:
Related to energy communities, local prosumers describes local, small-scale
production of energy by consumers with the desire to feed excess energy into
the grid and get a compensation in return (Lowitzsch, 2019; Campos and
Marín-González, 2020). This can lead to grid overload due to already existing
congestion issues (Piao et al., 2021). This might result in discontent, when
excess energy from these local prosumers is not accepted by the respective TSO.

4.4.5 Legal

National Regulation:
6 experts are of the opinion that current regulation is holding back develop-
ments, mentioned topics are grid feed-in, lacking connection codes or restricting
regulations regarding ecology. There exists an mismatch between European
and national law, observed by 2 experts, particularly for ecology, where the
Dutch law is perceived as too strict. Moreover, another expert added that there
are currently temporary ecosystems developed in the North Sea with nature in-
clusive measurements at wind parks, resulting in temporarily increased wildlife
at these areas, which will be destroyed once the wind park has to be removed.
Regulations to prevent this are perceived to not be up to date.

Standardisation:
Standards for grid connections, such as high-voltage direct current can be a
result of top-down policies (Parol et al., 2015). It can also originate in con-
sortiums such as Eurobar and make its way up to the regime and eventual
landscape level, resulting in pressure on the current regime to follow suit (Am-
prion GmbH, 2021). One such standard was set by the 2-GW program under
the lead of TenneT, with the concept of open source technology, multi-terminal
and multi-vendor readiness, providing a clear framework to work with for
suppliers and project partners (TenneT TSO GmbH, 2023).

Page 64 of 180



Policy Analysis for the North Sea offshore energy system

4.4.6 Environmental

Climate change:
The implications of climate change are manifold. For instance, extreme weather
events can have pose structural damage to offshore materials and platform, as
evidenced by recorded impacts on oil and gas platforms (Kaiser, 2009; Dong
et al., 2022). Additionally, extreme wind gusts can restrict maintenance flights
of helicopters (Kettle, 2016). Moreover, climate migration is having and will
have a significant impact on the workforce (Vasić et al., 2022; Byravan and
Rajan, 2017). Further implications can affect the supply chain, for instance if
the Northern Sea Route becomes navigable by cargo ships all year round due
to ice-freedom, this will reduce transfer times for intermediate goods (Keupp,
2015). On the other hand, local extreme weather events might endanger the
transport or manufacturing of these intermediate goods.

National resources:
The presence of national resources affecting the energy transition vary from
country to country. Norway for example is blessed by its abundance of hy-
dropower, while the Netherlands possess a network of gas caverns which could
play a role in hydrogen storage (Egging and Tomasgard, 2018; van Renssen,
2020).

Based on the actor analysis, the empirical PESTLE analysis and the results of
the expert interviews regarding factors, the relevant factors are listed in Table 5
and categorised using MLP.

Table 5: External factors categorised using MLP framework. Source: own elaboration1

Landscape Regime Niche
Market design National

energy policy Energy islands

Nationalism National
Resources

Floating
offshore wind

Europeanisation Permitting Energy
communities

Investment &
funding Area competition Hydrogen
Economics of
offshore energy Resource constraints Power-to-X

Supply chain Public
acceptability Cybersecurity

Workforce Social
acceptability Small nuclear reactors

Demand for
sustainability Public participation Local prosumers

Energy demand Grid
congestion Standardisation

Population
dynamics National regulation Demand flexibility
Resource
dependence

Wind park
developments Automation

AI developments Robotics
Climate change

1These identified factors are the basis for constructing the scenarios and used in Table 6, combined with the results of the procedure
outlined in subsection B.3.
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4.5 Interim Summary
The North Sea offshore energy system can be divided into seven socio-technical
subsystems. These are ’Regulation’, ’Technology’, ’User practices and markets’,
’Cultural meaning’, ’Infrastructure’, ’Maintenance networks’, and ’Supply net-
works’. All TSOs with offshore business in the North Sea and Orsted result
as key players from the actor analysis. Relevant context setters are investors,
national governments, EU regulators, and the military. The SNA shows that
Orsted has the strongest position in the network and can control the flow of
information, while TenneT has the strongest position among TSOs. Among
the landscape factors are market design, nationalism, Europeanisation, supply
chain, workforce and AI developments. On the regime level, national energy
policy, grid congestion, wind park developments and area competition are criti-
cal factors. On the niche level, technological innovations encompass hydrogen,
energy island and small nuclear reactors, while standardisation, automation
and demand flexibility play a relevant role as well.
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5 Scenario Analysis and Discussion
In this chapter we will use the outcomes of the expert interviews to build and
explore future scenarios for the North Sea offshore energy system. Within the
scenarios, the implications for GFO-O are discussed. Furthermore, implications
for the North Sea offshore system are drawn. Sub-question 4 is addressed by
creating socio-technical scenarios. Sub-question 5 is addressed by assessing
the impact of each scenario on GFO-O and discussing the results and their
implications for GFO-O.

5.1 MLP Analysis of Future System
In the following section, the results of the expert interviews regarding the future
offshore energy system are presented. This presentation is structured into MLP,
using the codebook (Figure 11) to ensure that developments in all three MLP
levels are part of the scenario building. Resulting are socio-technical scenarios
grounded in MLP, making the development more natural and informed by
theory, without losing out on expert insights going beyond what is currently
available in the literature.

5.1.1 Landscape

The landscape is split into two different time horizons. The long-term develop-
ments, encompassing everything beyond the next 15 years and medium-term
developments over the next 5 - 15 years. Moreover, these developments reach
across borders and go beyond a national focus, which is where the regime and
niche levels are located.

Long-term developments
2 interviewees were pointing out the time pressure due to long-term climate
neutrality targets and ambitious capacity targets for 2050 at a European level,
resulting in strong pressure on the regime level. Adding to the pressure from ca-
pacity targets, leading to wind farm constructions, is the increasingly crowded
North Sea, reducing space for ecology, according to one interview partner. This
is seen to possibly compromise the European climate targets.

Regulations and policy at the European level are deemed to change only slowly,
not keeping up with the rapid developments in the North Sea offshore energy
system. Hence, there is the perceived potential for slowing down necessary
developments or not reacting fast enough to recent developments, where Euro-
pean steering would be required. This is already visible with permitting issues
for wind parks or policy misalignment between the national and European
level concerning ecology.

Medium-term developments
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Undisputed by the interviewees is the need for the energy transition in order
to mitigate the effects of climate change. One expert brought up changing
weather due to climate change as a factor that can have a severe impact on
offshore energy assets but requires further studies. Another impact of climate
change is migration, which can increase the talent pool available for training
to improve the skilled workforce. One expert pointed out the dilemma when it
comes to sustainability. On the one hand, the energy transition is needed to
achieve a sustainable world but on the other hand, in the wake of wind park
developments, biodiversity is considered secondary. However, this has been
different in the past and could change again, if there is a societal movement to
protect for example rare bird species that are breeding in areas where energy
infrastructure is supposed to be developed. Moreover, circularity is another
factor that is viewed by one expert as a critical driver of future developments.
Circularity not only for the design of wind turbine rotor blades but also in
respect to area competition. Current legislation states that wind parks need to
be fully decommissioned after the end of their life-time, for which one expert
raised the question, what happens with these then deserted areas.

Interconnection of national energy systems is viewed by 12 experts as a devel-
opment that will shape the future and is necessary for the North Sea offshore
energy system. Interconnectors between countries to deal with the variability of
wind energy and meshed DC-systems are developments that are foreseen. This
means moving away from the current point-to-point connections of offshore
wind farms to the onshore grid. It is mentioned that the offshore energy infras-
tructure needs to be inter-operable, allowing efficient construction, operation
and maintenance by multiple suppliers and manufacturers. Adding to that is
the expected standardisation of turbines emphasised by 2 experts, enabling
faster growth and more efficient operations and maintenance. Furthermore,
HVDC networks to bridge longer distances from sea to shore and enable energy
corridors are viewed as key for a future European energy system.

8 interviewees expect an increasing build-out of offshore wind in the North
Sea. This is driven by ambitious governmental policies on a national but also
EU-level. This political push for offshore wind is predicted to continue even
though two experts have warned against political shifts, which can potentially
compromise these ambitions. Energy system thinking was mentioned by one
expert as a prerequisite for a successful integration of different renewable en-
ergy sources and carriers such as hydrogen into the European energy system.
With a significant increase of wind farms in the North Sea, the wake effect from
one wind farm can have detrimental effects on other wind farms in a strongly
crowded North Sea, as one expert points out. Moreover, 2 experts raise the
question of commercial viability of these ambitious targets, stating that political
ambitions can only drive the transition to a certain extend, from where an
economic business model needs to step in and further drive the developments,
which is at least questionable moving forward.
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5.1.2 Regime

Incumbent actors
9 experts assign a relevant role to the oil and gas industry in the North Sea.
Next to their spatial impact due to existing offshore mining platforms, they
also play a role in driving or slowing down the energy transition. Particularly
their interest in extending the lifespan of their platform as as long as possible
is conflicting with the proposed policies to accelerate the energy transition to
renewable energy sources. On the other hand, it was stressed by the experts
that especially gas is needed in the transition to buffer the variability of wind
and solar energy. Moreover, to extend their business model and remain relevant
in the North Sea, the oil and gas sector is actively pushing the hydrogen agenda
as it could mean a prolonged usage of their infrastructure. One experts sees a
role for oil and gas in floating offshore wind and accelerating offshore wind
developments in the North Sea by means of reinvesting parts of their enormous
profits in renewable energy. Furthermore, the relationship being oil and gas and
the renewable energy sector are viewed to have improved due to all stakeholder
sitting on one table for years. This is seen as a positive note, able to facilitate
future cooperation.

Policy regime
A question that is left for policies to answer is the governance of a future offshore
grid, which is a big uncertainty as of now. The developments of offshore hubs
and increased volumes of electricity production offshore require a new vision
on how these are integrated in the current market design. National regulations
and policies are not yet in place to enable cross-country agreements, instance
between the UK and Northern Europe, that govern cooperation beyond the
national exclusive economic zones.

Science regime
One expert pointed to an ongoing investigation about ecological impacts in the
Netherlands. The studies’ subject is the impact of wind turbines on birds. If the
results confirm recent assumptions that birds are avoiding the wind turbines,
this is seen to have implications on the role ecological factors play in the North
Sea.

Socio-cultural regime
The experts currently perceive a backing from society for renewable offshore
energy from the North Sea. This can be deceptive if unrealistic political targets
lead to high costs and delays in the build out of energy infrastructure in the
North Sea. Moreover, policy measures such as potential emission restrictions
are viewed to contribute in a switch of public acceptance. Nature protection is
also mentioned by 2 experts as relevant for public acceptance.

User and market regime
One expert points out the danger of a short-term decrease in demand, which
could hold investments into the offshore system and therefore have drastic
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consequences in the long run. A match between supply and demand is there-
fore seen as desirable, with relatively more demand to function as a driver for
investment.

One expert voiced concern about the prioritisation of offshore bidding zones
when they stretch beyond one country. Part of the concern is the allocation of
electricity if multiple countries have similar demand and the supply of electric-
ity is not enough to meet all the demands. The current national focus of market
design is not able to solve this problem. The distribution of energy in times of
less production from baseload technologies with a lot of input from offshore
wind needs to be decided on in a fair way. Moreover, for back-up capacity, the
prices are highly variable depending on the amount of electricity generation
from renewable energy sources. High renewable generation means low prices
and low renewable generation implies high prices. Adding to that, it needs
to be determined, when energy will be imported in such cases and in what
volumes.

Current market design doesn’t incentivise energy autarky developments of
countries, this is economically not efficient even though there is a perceived
development toward national autarky, as seen in the landscape pressure to-
wards national security of supply. The flexibility market is another aspect that
is essential for a North Sea offshore energy system with a lot of capacity from
renewable energy sources.

Use of power
4 interviewees see the use of lobbying power of the oil and gas industry as a se-
rious threat to the energy transition efforts. Due to their position as incumbent
actors, they are actively lobbying to continue their operations and influence gov-
ernmental road maps in their favour, thereby prolonging the energy transition
and taking away space needed for renewable energy infrastructure. Additionally,
they launch PR campaigns that depict them as drivers of the energy transition,
which is acknowledged by one expert as they invest part of their profits in
renewable energy. However, another expert criticises the negligible sum of
investment in renewables in comparison to the profits made of fossil fuels from
oil and gas companies, holding back the energy transition.

3 experts criticise the use of power by the government. On the one hand,
governments are seen to raise unrealistic national capacity targets for the North
Sea that are increased frequently and deemed overly ambitious. Another per-
ceived issue is a potential political shift, for example towards nuclear power,
in the light of required long-term planning horizons of national TSOs. If the
government decides to change the direction in such a way, this would pose
significant issues for long-term infrastructure developments such as grids. In
the worst case, this is perceived to lose the industry and public backing of such
targets. Moreover, to achieve these ambitious targets, the national government
for example in Sweden is feared to potentially overwrite municipality interests,
which could endanger the democratic foundation of the energy transition.
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5.1.3 Niche

Expectations
2 experts expect carbon capture and storage to play a central future role in the
North Sea, driven mainly by the oil and gas industry.

Energy islands or energy hubs are expected by 5 experts. They are part of a
foreseen system integration, with hub-based power-to-X generation in an inte-
grated offshore system. A landscape driver for these developments is increasing
interconnection. The connection with the onshore grid is a main concern,
where one expert anticipates offshore ports in combination with decentralised
infrastructure as an alternative to the central offshore-onshore grid connection.

4 interviewees expect floating offshore solar to be part of the future energy mix
in the North Sea, with one expert pointing out the recent tender of Hollandse
Kust West, where solar was part of RWE’s bid. Other sources of energy such as
tidal or wave energy are seen by 2 experts as potentially having a moderate
impact on the system. In the northern part of the North Sea, one expert expects
floating offshore wind to develop.

Learning
6 experts view hydrogen as a technology, where a lot of niche learning is still
required. Examples are the economically efficient mode of transport, whether
by ship or pipeline, decisions about import or local production, offshore pilots
and the size of hydrogen infrastructure, small-scale in a decentralised way or
large-scale. Furthermore, the international supply chain for hydrogen is viewed
by one expert as rather uncertain.

Furthermore, 2 experts emphasise the comparable novelty of renewable energy
infrastructure, which leaves a lot of room for learning. Such learnings are
predicted to take place in niches. Examples are, when to move energy infras-
tructure offshore, how to economically operate it and where digitalisation is
most useful for the system to reduce costs and optimise operations. An example
of a potential learning stated by one expert is the use of sensors for predictive
maintenance to reduce the need to go offshore with people too frequently,
which is associated with high costs and safety risks.

International connections of energy infrastructure in the North Sea is another
field, where niche learnings are anticipated to be key by 2 experts. Pilot projects
are considered to be the 2 GW programme by Tennet, with multi-vendor capac-
ity and connection standards between platforms.

How to integrate nature in an inclusive way into the North Sea offshore en-
ergy system is a learning process, as 5 experts state. Potential niche-learnings
mentioned by the experts are bird protection measures by wind farms, more
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accurate and real time data about environmental impacts, or the impact of
magnetic fields on different species.

One expert expresses the hope of learning from past crises such as the Russian
war on Ukraine and applying these to the energy transition in the North Sea.
The given example was the rapid construction of a floating liquid gas termi-
nal, which could serve as a blueprint to accelerate the build-out of required
infrastructure. Another type of infrastructure where learnings can be made in
niches are ports. 2 experts see the potential for a port being turned into an
assembly location for offshore wind turbines that could be the signal for more
such developments, with particular relevance for floating offshore wind.

One expert views small scale nuclear reactors, using nuclear waste as a possible
alternative energy source in the future. For as successful integration in the
energy system, public acceptance needs to be considered. By learnings from
pilot projects in countries, where the implementation was conducted in an
inclusive way, the usage could be expanded to other countries with stronger
resistance to the notion of nuclear energy.

Another expert sees the demand shift from consumers towards flexibility as a
potential learning. More flexibility in the peak demand hours, incentivised by
price reductions could potentially shift the energy demand away from one that
is based on a fossil-fuel reliant energy system towards one based on production
patterns with high volumes of variable offshore wind energy.

Network building
In the Netherlands, there is a North Sea meeting (The North Sea Consultation,
see Noordzeeloket (2021)), bringing together all the relevant stakeholders
in the system, as one expert mentioned. NGOs, government and industry are
sitting at one table and share lessons learned and updating each other on
developments.

5.2 Scenario Analysis

5.2.1 Scenario building

From the expert interviews and PESTLE analysis (Table 5) the following ranking
of factors result (see Table 6). The process of evaluating them based on impact
and uncertainty is outlined in subsection B.3.
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Table 6: Factor ranking based on impact and uncertainty2

Factor Uncertainty Impact
Government policies 5 12

Energy demand 4 11
Supply chain 4 10

Spatial planning 2 2
Market Design 2 4

Ecological impact 3 8

The most impactful and most uncertain factor is government policies. Next,
energy demand and supply chain are considered similar in terms of uncertainty,
but energy demand is viewed by the experts to have a greater impact on the
North Sea offshore energy system. Thus, it is decided to use government polices
and energy demand as the two driving forces for the scenario building (see
Table 6).

At this point, the factor energy demand needs to be discussed. The feedback
from experts for the scenarios mainly entailed the relevance to distinguish
energy demand and electricity demand for the North Sea offshore energy sys-
tem. While energy demand can certainly be of value, also on the literature this
distinction is emphasised as relevant (Ahmad and Zhang, 2020; Ritchie et al.,
2022). Electricity demand is only a percentage of energy demand, roughly
20%, varying based on country, the rest is based on fuels (Ritchie et al., 2022).
This means that if energy demand goes up, this can be a result of more demand
for fuels or electricity or both. As a result, the factor energy demand only does
not give an identification, whether the demand for renewable energy from
the North Sea, which at the moment is solely electricity, mainly produced by
offshore wind, goes up or down. As we are considering this particular system,
it was decided to use electricity demand as a driving force for the scenarios
instead of energy demand to prevent ambiguous interpretations. With the driv-
ing forces government policies and electricity demand, the following scenario
cross results (Figure 23).

2In the expert interviews, it was ask to provide a ranking of the factors based on impact on the North Sea offshore energy system. For the
first factor, three points were given, for the second factor, two points and so on. The numbers for the impact of each factor are calculated
accordingly, the procedure is elaborated on in subsection B.3. For uncertainty, each mention of a factor as an uncertainty was given one point,
as it was asked for a ranking. Thus, the factor government policies was mentioned five times as uncertain by the experts, and so on. The data
can also be found in subsection B.3.
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Figure 23: Scenario cross. Source: own elaboration

Following the method of socio-technical scenarios, outlined in the method
section, the scenarios are started with a shared pre-future, projecting current
trends and developments into the future.

Pre-future:
The Russian war on Ukraine, in combination with a rise of right-wing political
parties in multiple European countries, has led to an increased relevance of na-
tional energy security. The rapid development of AI sped up digitalisation of the
energy sector in general and fuelled trends towards more consumer awareness
of electricity use and created a movement of companies that provided tools
to enable a more flexible energy demand on a household level, corresponding
to an increasing share of renewables in the energy mix. Supported is this
development by the continuous cost reduction of solar panels. A downside of
the AI developments is the increased energy demand due to the required data
centers. Moreover, the consequences of climate change have reached Europe in
form of unprecedented extreme weather, record temperatures on land and in
the oceans. The necessity of the energy transition towards renewable energy
sources became accepted by the overwhelming majority. In the midst of these
development is the North Sea offshore energy system, with capacity targets
of 120 GW renewable energy, mostly from offshore wind, in 2030 and 300
GW by 2050, agreed on by all neighbouring states. TSOs and offshore wind
developer alike are scrambling to produce enough electricity and transmit it to
the onshore grid to meet these ambitious targets.

Due to the young renewable energy regime in the North Sea, cracks and tension
started to appear, with supply chain challenges for materials and special pur-
poses vessels as well as an increasing gap of skilled workers. Multiple countries
plan energy hubs, develop interconnectors and offshore wind turbine sizes
as well as distances to shore increase. Hydrogen production is touted as the
solution to all variability issues of offshore wind, where exactly this hydrogen
is produced and by whom is, however, the topic of heated discussions at confer-
ences and congresses.
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Another unresolved question is the role of ecology, how much wildlife is im-
pacted by the strong increase in offshore infrastructure and how fishers can
continue to earn a living amid increasingly limited space. The market design
of a potentially interconnected offshore grid is another challenge that creates
uncertainty for the regime. Even though government policies stated clear ca-
pacity targets for the moment, these have almost doubled each year, creating
pressure for the industry to deliver, and leaving uncertainty, whether they will
be consistent in the future. Or whether there could be a future switch towards
less focus on the North Sea energy system as the green factory for Europe, more
towards onshore developments.

Additionally, the current demand flexibility developments are creating uncer-
tainty as well. Debate still goes on, whether this will require an increased
electricity demand, also driven by electrification of industry or whether de-
mand will actually decrease, as a result of increased energy efficiency and local
grid solutions. Thus, government policies and electricity demand are the two
main driving forces, that determine the development and future of the North
Sea offshore energy system.

5.2.2 Scenario 1

Higher electricity demand & inconsistent government policies with re-
duced focus on renewable North Sea energy

5 years:

Electrification of industry continued, combined with the heating transition in
Europe toward heat pumps and away from gas-based heating, speeding up.
This led to an increasing demand for electrification. Part of this development
was due to the reduced role of Carbon Capture and Storage, which could not
move beyond the niche innovation, as it was mainly driven by the oil and gas
sector and could not develop into a viable business model because expected
technological leaps did not happen. The import of blue hydrogen from Norway
took on a large role in the transition of the heavy industry toward hydrogen,
due to its abundant supply.

Europe-wide progress in the development of AI stimulated a rise in cyber-
attacks on critical infrastructure. With AI tools widely available and regulations
strongly lacking behind, access to more impactful technology shifted power
into the hands of highly skilled individuals. Specialised hacker groups formed
that offered their services to the highest bidder.

Moreover, the availability of AI tools sparked a rush for companies to provide
smart solutions for demand flexibility on an aggregated neighborhood level.
Helped by increasing numbers of prosumers and energy communities, these
companies provided energy management services, controlling the electricity
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usage of heat pumps, EVs, solar panels, and smart home systems by aligning
demand with the fluctuating supply from renewable energy sources. Thus, elec-
tricity became cheaper for consumers, and a trend toward more decentralized
grid solutions started.

Meanwhile, small nuclear reactors, fueled by nuclear waste, developed from a
niche innovation into a mature technology. They enabled reliable electricity
supply on a local scale. The higher focus on national energy security led to
multiple governments across Europe supporting this development. Especially
governments with no access to the North Sea offshore energy system funded the
development to become independent from Russian gas and electricity imports.
The increased awareness of the public for the relevance of national energy secu-
rity and the cheap and reliable electricity supply, combined with the perceived
safety of these reactors due to their small size and hence, assumed lower risk,
led to growing public acceptance in multiple countries.

International supply chains were affected by geopolitical tensions between the
US and China. Attempts to bring raw material mining, required for the energy
transition, to Europe failed due to enormous public resistance. Therefore, min-
ing sites were developed in Australia and South America, but the transition of
the supply chains for raw materials to these areas slowed down the offshore
build-out in the North Sea, as critical magnets for the wind turbines became rare.

Local protests against the offshore-onshore connections on municipality ground
becamemore severe in the Netherlands and Germany. Citizens started to protest
the top-down approach, building electricity infrastructure in their backyards
without benefits for the communities. These protests gained support from envi-
ronmental NGOs who voiced their opposition against electricity cables crossing
the Wadden Sea. The public acceptance started to decrease, as also farmers
joined the protests, not understanding why they had to adhere to strict nitrogen
regulations if the offshore energy industry was allowed to cross the protected
Wadden Sea. As a result, government policies diverted their focus away from the
unconditional support of offshore wind build-out as new governments started
backing funding the development of small nuclear reactors and prioritised
the import of Norwegian blue hydrogen to meet industry demand. This was
cheaper than green hydrogen imports from Spain, Portugal and Northern Africa.

10 years:

The Eurobar initiative and the 2GW-program by TenneT in the North Sea
developed into two competing concepts on how to design a standardized,
interconnected offshore grid. Radial offshore connections became obsolete,
and a meshed grid became the new standard. This standardization enabled
more long-term planning for suppliers as well as TSOs and reduced pressure
on the supply chain, as the variety of required materials and special vessels
was reduced. However, it also increased the vulnerability to cyber-attacks due
to the open-source design and standardized digital components. Successful
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cyber-attacks on the interconnected infrastructure further raised public con-
cerns about the viability of the North Sea as the Green Powerplant of Europe.
Cybersecurity developments by TSOs were too slow to keep pace with the
rapidly increasing capacities of specialised hacker groups.

The transition of the heavy industry toward blue hydrogen stimulated invest-
ment in green hydrogen, asmany investors realised its potential and the business
model for green hydrogen. Successful experiments with onshore production of
green hydrogen, combined with the available funding, sped up its development.
Storage in old gas fields and salt caverns especially in the Netherlands fueled
this development. An important role was played by the maturation and spread
of small nuclear reactors, able to produce hydrogen onsite, also in the industrial
areas in the Hinterland, therefore reducing the need to transport it over long
distances and reducing the required investments into pipeline infrastructure.
This, in turn, further fueled investments into small nuclear reactors, increasing
their role in the European energy mix significantly.

As a consequence of these onshore developments, the need for electricity from
the North Sea was reduced. The combination of small nuclear reactors, enabling
more decentralized solutions for the industry, blue and green hydrogen, and in-
creased storage capacities, made onshore energy developments more attractive.
Additionally, the decentralization of onshore energy infrastructure gained public
support and acceptance due to the not-in-my-backyard mentality of coastal
municipalities that were opposing onshore-offshore connections, given the avail-
ability of microgrids. Energy efficiency became an afterthought, as consumers
mostly covered their own demand, and industry could rely on the abundant
energy production from small nuclear reactions and the availability of hydrogen.

The uncertainty regarding offshore energy due to reduced backing by govern-
ment policies disincentivized offshore investment and further slowed down
the build-out of offshore wind. Consumers organized themselves in groups,
with increasing mistrust of the government, becoming prosumers, and micro-
grids were spawning like mushrooms all over Europe. Small-scale nuclear
reactors supported this development. Storage was invested in by government
and industry alike as the distributed North Sea offshore system was seen as too
vulnerable to cyber-attacks. Countries like Spain and Portugal specialized in the
training of refugees as technicians for small-scale renewable energy solutions.
This benefited local prosumers, as these technicians were demanded in Europe
to build and install local solar panels and construct microgrids. Training for
offshore qualifications was considered too time-consuming and complex to be
attractive for these upskilling programs due to the rough conditions and many
safety requirements offshore.

15 years:

The supply chain in Australia and South America had matured, and offshore
wind production was slowly picking up speed again, but not as fast as 15 years

Page 77 of 180



Scenario Analysis and Discussion

ago. Offshore renewable energy played less of a critical role for the European
energy transition as initially expected. An interconnected grid was available,
but TSOs were still struggling with cybersecurity, and times of unavailability
did not contribute to investment and government backing. The capacity targets
for 2050 had been reduced to 180 GW. Some offshore energy developers left
Europe for the United States as government policies and financial incentives
were more advantageous there.

Risks and opportunities for GFO-O:
In this scenario, GFO-O is operating and maintaining a meshed, interconnected
grid. Hydrogen plays no role in its business and the reduced development
speed of offshore wind energy enabled it to bridge the skilled worker gap by
upskilling existing workers at a moderate pace. Initial workforce struggles
were eventually mitigated. Ongoing problems are cybersecurity and occasional
outages as a result.

5.2.3 Scenario 2

Higher electricity demand & consistent government policies drive renew-
able energy development in the North Sea

5 years:

Europe came closer together to tackle climate change. Alarming trends such
as the unprecedented ocean temperatures increased the willingness to cooper-
ate. Despite the cooperation, national governments drove investments in their
exclusive economic zones, supporting floating solar, wave, and tidal energy
in a race to be the most attractive country for developers to invest in. This
profited the European energy transition and particularly the North Sea offshore
energy system. The onshore grid, however, lagged behind the increasing supply,
resulting in times of high grid congestion.

More interconnectors were constructed in the North Sea, and the first energy
hubs were successfully operated as part of the meshed North Sea offshore en-
ergy grid. Rapid offshore developments resulted in pressure on the supply chain
to deliver materials and vessels. So far, the supply chain was able to deliver,
but only because the suppliers cut corners in terms of quality. Furthermore,
the gap of skilled workers qualified for offshore work widened, increasing the
pressure on the offshore energy system.

Ongoing communications in forums such as the North Sea agreement in the
Netherlands brought all stakeholders in the North Sea together at a table and
enabled the multi-use of multiple areas in the North Sea, with ecology, fishers,
and offshore wind farms benefiting from each other. Fishers could fuel their
boats offshore close to wind farms and were allowed to fish in more areas, while
there was increased nature protection in other locations, with the combined
use of wind farms as spawning grounds for fish and artificial reefs. These
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forums provided direct lines of communication and enabled cooperation due to
constant conversations.

The oil and gas sector was the odd one out in the beginning, with public back-
lashes and protests against Shell and BP erupting in multiple countries. PR
campaigns were publicly dismissed as greenwashing. The public opposition to
oil and gas, combined with the rediscovered urgency of climate targets, led
to governments forcing oil and gas companies to decommission faster. Many
lawsuits and attempted settlement agreements resulted.

A high level of public acceptance could be reached by applying the lessons
learned from Finland in integrating municipalities into the energy transition.
Incentives for cooperation such as energy discounts or provision of public ser-
vices were increasingly seen in municipalities all over Europe. The development
of small nuclear reactors was strongly opposed due to the public acceptance
of offshore wind developments and anti-nuclear sentiments, connected to the
already worsening impacts of climate change on the planet.

10 years:

Communication efforts by the governments on multiple levels, combined with
the urgency of increasingly felt climate change impacts due to extreme weather
events and longer droughts, also in Northern Europe, resulted in high public
acceptance and support for offshore renewable energy, particularly offshore
wind.

The result of high public acceptance and integration of municipalities in solu-
tions were leapfrogging on permitting issues, preventing previous delays due
to long permitting processes. The public acceptance, combined with long-term
investment security due to government policies which, together with micro-
grids in certain areas due to increased focus on providing energy security to
energy communities, contributed to overcoming initial grid congestion issues
due to a strongly accelerating offshore capacity build-out. Overall, a system
perspective was gained due to communication between governments, industry,
municipalities, and environmental NGOs constantly meeting in different discus-
sion platforms, sharing learnings, and updating each other on their different
perspectives for future developments.

The capacity targets from 2023 of 120 GW in the North Sea were even exceeded
with 150 GW capacity produced from renewable energy in 2030. Hence, the
targets for 2050 were increased to 310 GW to keep up with the developments.
These targets provided investment signals to the industry and reduced invest-
ment risks, further stimulating investment and driving the build-out of offshore
energy in the North Sea.

Supply chain quality issues led to aging of materials and platforms, exacerbated
by the impact of extreme weather events. Therefore, material failure started to
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become an issue. The growing labor shortage became a major constraint for
offshore developments until the oil and gas sector established its new business
idea of shared offshore workers. This project, first tested among oil and gas
companies, grew into a platform where skilled workers with offshore qualifica-
tions could be shared among companies working in the North Sea, depending
on demand.

Facing pressure from the public and government regulations, the oil and gas
sector exponentially increased its investment in renewable energy, particularly
floating offshore wind near Norway or in the North of the UK. This process
was accelerated by stronger carbon regulations of the industry from the EU.
Experimentations with extending onshore bidding zones to the offshore grid as
home bidding zones proved unsuccessful because of the lacking representation
of local production prices. Thus, the market design was switched to more nodal,
offshore bidding zones. A development that was enabled by landscape progress
in AI, enabling Europe-level real-time electricity market simulations.

15 years:

The once-promising development of hydrogen was mainly driven by the inter-
ests of oil and gas, as well as demand flexibility issues. Due to public awareness
campaigns by national governments and the role of prosumers in educating
other consumers in their communities, combined with public awareness of the
necessity to reach the climate targets, demand flexibility on a consumer level
was achieved faster than expected.

Supply chain issues, especially on the quality side due to the ongoing accelera-
tion of the offshore energy build-out, slowed down the development of storage
capabilities in Europe, but reshoring some parts of the supply chain as well as
the demand flexibility on a consumer level, reduced the amount of funding for
hydrogen.

Moreover, without large-scale government funding in the early development
stages, hydrogen proved to be not economically feasible for large-scale applica-
tions and remained a niche technology. Storing issues due to disputes about
whether old gas field should be used for storage or not contributed to this. In
the short term, the supply chain issues posed a problem for the offshore energy
sector, but political backing by governments and public acceptance for reshoring
to Europe (A result of grassroots organisations and government programs that
helped the public understand the consequences of keeping large parts of the
supply chain out of Europe) prevented a significant dip in investment and
offshore production. Nevertheless, some critical industries left Europe for the
Middle East and other regions with fewer regulations or more hydrogen pro-
duction.

Implications for GFO-O:
In this scenario, communication is key for GFO-O. The tole of communication
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forums with other stakeholders improves its operations. Even though it might
mean sharing some insights with competitors, the benefits for the North Sea
offshore energy system and finally for GFO-O outweigh the potential downsides
in the long-run. A fitting term would be ’competitive cooperation’, which bene-
fits everyone. Additionally, the education and communication with the public
has a high relevance and needs to be integrated into GFOs tasks, a prerequisite
for this is more public visibility.

Real-time electricity market simulations provide insights into consumption and
demand patterns. This enables GFO-O to adopt the transmission of electricity
accordingly. However, it requires more real-time operations, thereby reduc-
ing the room for errors, which can be costly in the harsh offshore conditions.
Efficient, digitalised operations require a transition towards a more software
focused approach, necessitating more software skills in the workforce. Draw-
ing on the already present electricity market generations, digital twins of the
converter platforms can improve offshore operations and maintenance while
reducing the risks to human life.

The development of shared offshore workers can alleviate part of the workforce
pressures GFO-O is facing. Although this new approach to safety and security,
moving these skills from in-house to external, requires a mindset switch re-
quired. GFO-O is not alone anymore in taking care of its critical infrastructure,
cooperation is key to ensure safety and security standards despite reduced
control over the workers and their training.

The supply chain issues are particularly impactful on GFO-O, as specific spare
parts are needed for maintenance work. If that is missing, either high prices
or interrupted operations can be the consequence. Moreover, the increased
material failure and weather impacts exert more pressure on GFO-O’s opera-
tions and its ability to quickly adapt. It raises the question how to optimally
maintain the platforms, what to repair and when to replace parts already in
advance. No hydrogen operations are required, therefore gas-related skills are
not needed within GFO-O.

Following the build-out of other renewable offshore energy sources, new players
mean new connections need to be made for GFO-O. As a consequence, this can
potentially impact operations in the beginning until a certain standardisation
of connections is reached.
Increased multi-use of space implies more inclusion of nature in GFO-O’s oper-
ation and maintenance plans and being more environmentally conscious to not
lose public backing.

Rapidly developing production capacity in the North Sea is applying pressure
on the workforce to operate the business. A meshed grid means new standards
where knowledge needs to be transferred within the organisation or acquired
externally. Moreover, energy hubs pose another technological challenge, where
learnings will be required.
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5.2.4 Scenario 3

Lower electricity demand & consistent government policies drive renew-
able energy development in North Sea

5 years:

The discovery of a European identity had led governments of different political
orientations to work closely together in the face of climate change. National
governments doubled down on sustainability, leading to stricter regulation
regarding carbon emissions for the industry in all of Europe. The North Sea
was seen as the green power hub of Europe, and the interconnection of the
national grids received widespread support. First energy hubs became opera-
tional, and TenneT’s 2GW program was being adopted by multiple countries as
the standard for open-source interconnection for a meshed offshore grid.

Environmental NGOs increased their support for renewable offshore energy
from the North Sea as they saw the benefit of Europe being a primary driver
of the energy transition, being able to export solutions worldwide to mitigate
the impact of climate change. For them, the benefits outweighed concerns
about ecology, partly as a result of ongoing cooperation and communication
in discussion forums. Part of these discussions also involved the shipping in-
dustry, fishers, the oil and gas sector, the offshore wind industry, as well as TSOs.

Demand flexibility, supported by the wide availability of AI tools, gained a
hold in the onshore energy system in multiple countries. Energy communities
and neighborhood initiatives profited from the improvements in smart systems,
cheap solar panels, and an energy efficiency focus, driven by EU regulation.
Overall electricity demand by consumers decreased. This led to demand being
more closely aligned with supply, as multiple companies, including big DSOs,
realised the business model behind smart energy management systems for
entire areas.

Available computing power through AI led to a change towards a more nodal
market design, better reflecting costs of production. The developments of
small nuclear reactors and storage technology provided alleviation of energy
issues in winter. AI developments enabled efficient offshore operations. Niche
breakthroughs in robotics and predictive maintenance reduced the need to
send people offshore, lowered the need for skilled workers, and accelerated
the development of the North Sea as Europe’s wind energy hub. Furthermore,
fewer humans in the offshore system led to a decrease in the safety zones
around wind farms and oil and gas rigs. AI helped the national governments
to optimally assign space to the different stakeholders, including the military
presence and integrated fishing areas into an offshore system heavily reliant on
the multi-use of space. The ability to go further offshore more cost-effectively
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due to automation benefited the business model of floating offshore wind, heav-
ily invested in by the oil and gas sector.

Stricter regulations from the national governments and the EU created invest-
ment incentives into Carbon Capture and Storage for oil and gas companies.
First pilots on platforms, originally planned to be decommissioned, looked
promising. Security of funding helped overcome initial technological chal-
lenges and economic inefficiency in the beginning. Seeing their old business
model becoming obsolete due to strict regulations, the oil and gas sector heavily
focused on CCS and offshore hydrogen development.

Different pilots for onshore hydrogen raised questions about which country
should produce it and therefore mainly benefit from it. The focus of the oil
and gas sector on offshore hydrogen resulted in more pressure for this niche
development, combined with storage debates. Moreover, Spain, Portugal and
Northern Africa were able to provide cheap green hydrogen.

Cyber-attacks on the increasingly interconnected and standardized offshore
infrastructure became an issue that led to outages in multiple areas bordering
the North Sea. Surprising for many TSOs, the public did not erupt in protests.
Due to demand flexibility and increased storage capacities, these outages al-
most went unnoticed in the beginning.

10 years:

Within the North Sea, a meshed offshore grid was operational, with multiple
energy hubs providing electricity to all neighboring countries of the North Sea.
The pressure on the onshore hydrogen niche was too large, and it couldn’t keep
up with the funding of oil and gas companies for offshore hydrogen. Therefore,
hydrogen production on energy hubs in the North Sea became the norm. More
demand flexibility and the maturation of carbon capture and storage, combined
with some industries being driven out of Europe by strict regulations, reduced
the onshore demand for North Sea electricity. Moreover, an initial experiment
by one TSO with rolling outages for planned maintenance and grid repair work
proved so successful that outages of 2 hours during the night took root all over
Europe, further reducing electricity demand. As a consequence, the European
offshore stakeholders came together, strongly supported by national govern-
ment policies with a focus on the North Sea offshore energy system and joined
forces to develop Europe into the world-leading offshore hydrogen producer
and exporter. The experience of the oil and gas sector, the shipping industry,
combined with knowledge from TSOs and the production from the offshore
wind industry, taking into account environmental interests from NGOs, led to
a push directly for green hydrogen, thereby leapfrogging the blue hydrogen
technology in use in other areas around the world. This leapfrogging was facili-
tated by the import of green hydrogen from Spain, Portugal and Northern Africa.

A result of this strong cooperation was not only shared space but also data
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sharing among all North Sea offshore stakeholders. Springing up from a suc-
cessful pilot project between Orsted and Equinor, the creation of a North Sea
data sharing platform optimized operations and led to further automation
of the offshore system, reducing the risks to humans, the environment, and
increasing profitability. It also laid the groundwork for founding the offshore
cybersecurity alliance, a platform to share lessons learned about cybersecurity,
decreasing the frequency and impact of cyber-attacks. The green hydrogen
development further fueled offshore wind developments and incentivized some
ports to become assembly yards for offshore wind turbines, speeding up the
build-out of floating offshore wind. It also limited small nuclear reactors to
a niche technology in the European energy mix, as the ’not in my backyard’
mentality of consumers and anti-nuclear sentiments by NGOs favoured green
offshore hydrogen over any nuclear energy sources closer to their homes.

The impact of supply chain issues due to original equipment manufacturers
experiencing challenges with the quality of their parts led to some cases of
material failure. However, the impact was rather small as CCS and demand
flexibility, combined with rolling outages, left enough room for repair works.
Especially the rapid production of hydrogen, providing storage capacities, made
these impacts less significant for the overall system.

15 years:
Europe had become the world leader in offshore energy production and its
leading exporter.

The public tolerated offshore energy as less affecting than onshore wind energy,
resulting from microgrid developments and a ’not-in-my-backyard mentality’.
The role of the transmission grid was consequently reduced mainly to the energy
corridors, and TSOs were shifting their operations to knowledge sharing and
sending technicians to help build microgrids and integrate green hydrogen into
the European energy mix.

Implications for GFO-O:
Just as in Scenario 2, the 2 GW program and development of energy hubs
requires additional skills in the workforce due to the technological novelty of
these niche evolutions. Hence, training of existing workers or acquisition of
new workers is required.

Increasing demand flexibility in this scenario can help GFO-O to receive more
data about consumption and electricity demand from the aggragated smart
energy management systems, facilitating its transmission operations. Poten-
tial data sharing fromGFO-O’s side can help in mitigating grid congestion issues.

The public acceptance of rolling outages gives GFO-O more time to do mainte-
nance and repair works. It can lead to a reconsideration of the requirement
to deliver electricity 24/7. Does the reliable supply of energy mean energy
provision at all times? Rolling outages also alleviate pressure on the workforce
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and, hence, GFO-O can keep up with offshore energy production developments.

Resulting from the combination of automation with AI developments and
robotics reduces the need to send people offshore in this scenario. Therefore,
less pressure applies on the workforce and more innovative solutions become
possible. For example digital twins of converter platforms, similar to virtual
power plants. Remote monitoring becomes possible, reducing the risk for hu-
mans the need for offshore training efforts. This can result in cost reductions
for GFO-O.

With the interconnected grid, data privacy and security are a challenge for
GFO-O. More digital skills are needed. When sharing the data with other off-
shore companies, decisions need to be made on what data needs to stay within
GFO-O and what can be shared. The upside of the data sharing is more efficient
operations and enhanced cybersecurity.

The maturation of offshore hydrogen raises the question, whether green hy-
drogen can be produced on GFO-O’s converter platforms. Another possibility
would be a joint pipeline operation in a partnership with a gas TSO. These
two potential results from the available offshore hydrogen technology can
potentially disrupt GFO-O’s business model of electricity transmission.
Optimised multi-use of space implies a closer cooperation with the military,
which can provide more physical security to GFO-O’s offshore assets.

5.2.5 Scenario 4

Lower electricity demand & inconsistent government policies with reduced
focus on renewable North Sea energy
5 years:
Government policies were increasingly divided by differing interests. Some
countries focused more on national energy security than others. As a result,
countries like Germany attempted to reshore their material supply chain and
reduce their industry’s linkage with and dependence on China. This created
short-term construction delays for offshore infrastructure in these countries and
slowed down the build-out of the transmission grid. Meanwhile, Denmark, the
UK, and the Netherlands worked closely together to increase interconnection
in the North Sea. They developed a standard for an offshore grid based on
TenneT’s 2 GW program, with strongly managed cybersecurity capabilities.
These three countries also made heavy investments in floating solar, which
started to take off on small energy hubs.

Refocusing on national energy security, Norway approved new gas fields in the
North Sea, which it produced to provide abundant and cheap blue hydrogen.
The EU became its main customer, and blue hydrogen flooded the market.
Green hydrogen imports from Spain, Portugal and Northern Africa were not
able to compete with the price of blue hydrogen. This development also reduced
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investment in other storage technologies.

The initially high-capacity targets for the North Sea faced an enormous chal-
lenge with severe supply chain issues, particularly the shortage of permanent
magnets for wind turbines, on which China had a near monopoly. Despite the
high costs associated with variable renewable supply and the insufficient supply
of battery storage, governments chose to stick to the high-capacity targets,
accepting higher electricity production costs. Floating solar development in
the North Sea matured faster than expected but could not solve the variability
issues.

Additionally, the scaling up of green hydrogen was disincentivized and delayed,
with only sporadic funding from some governments, due to the availability
of cheap Norwegian blue hydrogen. This resulted in periods of ’Dunkelflaute’
(low wind and solar generation) leading to high electricity prices, much to the
discontent of consumers. Opposition against wind energy began to develop and
put pressure on governments to take action. Given the global interconnected
nature of the supply chain issues, they were deemed unsolvable in the foresee-
able future. As a result, European governments shifted their focus toward more
gas imports and sought short-term solutions.

This process diverted attention away from the North Sea, with governments
operating in crisis mode, focusing resources on supply chain challenges, and
calming public opinion. In negotiation forums, the German industry and gov-
ernment lacked a clear direction as they dealt with other urgent matters. Con-
sequently, the overall direction for the North Sea offshore energy system and
the unity of stakeholders began to develop cracks and tensions. Opposition
between different actors, particularly between NGOs and the offshore wind
sector, started to emerge, causing the sector to lose some of its policy backing.

Moreover, some countries completed successful experiments with small nuclear
reactors that used nuclear waste as fuel. However, in other countries, this
technology remained banned due to public opposition. The oil and gas industry
strongly invested in carbon capture and storage as part of their lobbying efforts
for increased operations, showing promising initial results.

10 years:

Continuous lobbying efforts by the oil and gas sector paid off, and multiple
other countries adopted Norway’s example. This allowed oil and gas companies
to extend their operations in the North Sea to bridge the supply gap. New
platforms were built, compromising the climate targets and delaying the energy
transition in favor of short-term reliable energy supply. Carbon capture and
storage continued to mature, albeit not fast enough to offset the rapid increase
in carbon emissions from the North Sea offshore energy system. Governments
recognized the risk of losing public support by solely supporting oil and gas,
leading to a significant increase in government investments in CCS. Some un-
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used converter platforms, resulting from continuous supply chain struggles,
were repurposed to produce blue offshore hydrogen and expand CCS further.
Advancements in AI and digitalization improved mining rigs’ capabilities to
operate autonomously, reducing energy costs. The opposition became divided,
with some groups protesting against the oil and gas companies and demanding
more ambitious climate targets. However, many low-income households were
satisfied with the cheap energy prices following the Russian war and high
inflation. The combination of even cheaper energy prices and government-
promoted investments in CCS reduced public concerns about climate targets
and increased acceptance of the new (old) energy system.

The availability of cheap hydrogen and mature small nuclear reactors led to
the development of more decentralized onshore electricity grids, which were
less dependent on offshore electricity. The onshore gas network was expanded
to meet the rising demand for cheap energy.

15 years:

The ongoing operations of the oil and gas sector further delayed the transition
to heat due to the abundant gas supply. As a result, less electricity was required,
partly due to the widespread adoption of blue hydrogen by hard-to-abate indus-
tries. Offshore renewable energy, struggling with variable supply and supply
chain issues, lost support from politicians and the public. Investment even-
tually stalled, and developers started seeking opportunities elsewhere. The
United States became an attractive destination due to tax benefits resulting
from legislation building upon the Inflation Reduction Act, primarily designed
to attract foreign industries. Many European initiatives that were not reliant on
oil and gas followed the developers to the US, further reducing energy demand
in Europe. Additionally, some industries relocated to North Africa and the
Middle East to benefit from abundant and cheap solar energy. This led to rapid
developments in ammonia production as it was easier to ship to Europe to meet
the rising energy demand.

Implications for GFO-O:

The 2 GW program, small energy hubs and solar developments necessitate
a fast frowth for GFO-O’s workforce. Especially due to the cybersecurity de-
velopments, more digitalised operations and digital skills are required. For
these digitally skilled workers, GFO-O would be competing with the oil and
gas sector, which has stronger financial power. This results from the offshore
energy system in the North Sea losing the government backing in this scenario.
Thus, an unclear direction leads to investment insecurity. GFO-O is facing the
decision whether to over-invest and gamble on a future revival of renewable
energy in the North Sea or to under-invest and therefore risk transmitting
less electricity than demand requires. This would have severe implications for
households and could lead to a significant public backlash.

Page 87 of 180



Scenario Analysis and Discussion

Supply chain issues result in delayed repair work due to lack of material. The
transmission capability of GFO-O is further diminished.

The onshore grid developments in this scenario, combined with industry mov-
ing away from Europe requires less transmission of electricity from GFO-O.
A consequence are either times without transmission or a shift of the core
business focus. A potential cooperation with oil and gas companies to install
carbon capture and storage on GFO-O’s converter platform could be such a
shift in the business model.

5.2.6 Scenario Results

For a quantitative analysis of the scenarios, the currently planned capacity from
offshore wind of the North Sea countries was considered in Table 7. Based on
the sum of 119.59 - 126.99 GW, taken from the countries’ individual targets
and the 120 GW from a joint statement at the North Sea Summit (De Croo
et al., 2023), 1̃20 GW were considered the optimistic best-case scenario for
2030. Given the significant uncertainty and political ambition behind these
numbers, the total amount of 300 GW by 2050 was considered rather unrealis-
tic. Assuming that this can be considered more of a direction and investment
signal, a slightly less optimistic outlook was adopted. After consultation with
an expert, the numbers in Table 8 were considered as realistic enough to be
a starting point for discussions and further quantitative research. It needs to
be stressed at this point that caution should be exercised when considering
political targets, due to the political games and reasons going beyond scientific
knowledge being involved in stating public numbers.

Table 7: Planned capacity from offshore wind in North Sea by country3

Netherlands Germany Belgium Sweden Norway UK Denmark Sum Ostend
Declaration

2030 21.58 GW 28.61 GW 5.4 -
5.8 GW 5 GW* ?** 46 GW 3 - 10 GW 119.59 -

126.99 GW 120 GW
2040 30 GW
2050 300 GW

Table 8: Comparison of capacity produced by offshore wind in the scenarios4

Scenario 1 Scenario 2 Scenario 3 Scenario 4
2045 125 - 150 GW 175 - 225 GW 125 - 175 GW 100 - 125 GW

3*The official number for Sweden is 15 GW for North Sea and Baltic Sea combined, more specific numbers for Sweden’s part of the North
Sea could not be found. Because of the small size of Sweden’s North Sea part, 5 GW were assumed to be realistic.**For Norway, only a
capacity target for 2040 could be found and due to its current lack of offshore wind, capacity estimates for 2030 are challenging. Sources:
Ministry of General Affairs, 2020; FPS Economy, 2023; Danish Energy Agency, 2020; Department for Energy Security and Net Zero and
Department for Business and Trade, 2023; Deutsche WindGuard, 2022; WindEurope, 2022b; WindEurope, 2022c;Swedish Agency for Marine
and Water Management, 2022; De Croo et al., 2023

4For Scenario 1 and Scenario 4, a conservative estimate based on the planned capacity was taken, with Scenario 1 slightly above the
countries’ capacity targets stated above and Scenario 4 slightly below these targets. Due to the negative outlook for offshore wind production
in these scenarios, a smaller range was given than in the other two scenarios. After consultation with an expert, Scenario 2 and 3 were
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If a strong offshore system is producing more electricity or offshore hydrogen
for the onshore system, the niche development of small nuclear reactors is
limited. Only in case of a strong focus on national security, it becomes an
alternative to support decentralised grids in a local context. Thus, they should
not seen as a niche innovation that would inhibit the growth of the North Sea
offshore energy system.

Carbon Capture and Storage is mainly driven by more energy demand due
to increased operations of oil and gas companies. The only scenario were it
develops past the niche status and emerges into the regime level given higher
electricity demand is that of strong regulations for carbon emissions and societal
pressure on oil and gas companies to transition towards a more sustainable
business model.

AI developments play a significant role in all scenarios. It is a driver for automa-
tion of the offshore system, resulting in cost reductions and safer operations for
all actors, including oil and gas. Moreover, AI developments stimulates demand
flexibility, another development with an impact on the North Sea offshore
energy system across the scenarios. For the offshore system, demand flexibility
is seen to reduce the pressure on the transmission operators and also mitigate
supply chain issues to a certain degree.

In the scenarios with less demand flexibility, storage becomes more important,
with hydrogen one potential alternative if storage technology is not increasing
fast enough due to insufficient investment.

The role of hydrogen for the offshore system is observed across the scenarios as
critical, if the technology develops past the niche level. It can also be seen that
it is possible for the offshore energy system to flourish without hydrogen, if
government policies and public support align to drive forward offshore growth.
Blue hydrogen was able to create a technological lock-in in one scenario to
prevent the development of green hydrogen out of its niche, due to its abun-
dance and cheap supply. However, in another scenario, blue hydrogen supply
was able to stimulate an industry transition towards hydrogen, thereby driving
demand, from which green hydrogen profited. Storage of hydrogen are an area
of concern, whether this happens in salt caverns or old gas fields depends also
on public acceptance. Moreover, green hydrogen imports from Spain, Portugal
and Northern Africa can prove to become a viable alternative to hydrogen
production in or around the North Sea.

Cybersecurity and standardisation are factors that were shown to be critical
for the offshore energy system. Especially if unsolved, both can result in a
slowdown of the offshore developments. Another crucial factor for the North
Sea offshore energy system was supply chain, with a large role in all scenarios.
deemed to be of higher uncertainty regarding the range. The target of 300 GW stated in the Ostend Declaration was considered barely in
reach for Scenario 2 due to its highly ambitious nature. Source: based on expert input and Ministry of General Affairs, 2020; FPS Economy,
2023; Danish Energy Agency, 2020; Department for Energy Security and Net Zero and Department for Business and Trade, 2023; Deutsche
WindGuard, 2022; WindEurope, 2022b; WindEurope, 2022c; Swedish Agency for Marine and Water Management, 2022; De Croo et al., 2023
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Disruptions or reshoring attempts of parts of the supply chain, proved to be
costly for the long-term development of the offshore system.

One scenario demonstrated the possibility of planned outages, that can result
in beneficial outcomes for the transmission system operators and the demand
side alike. In that scenario, it gives TSOs the time for repair work while
not disrupting electricity needs by industry and consumers, at the same time
alleviating grid congestion issues. Proving to be advantageous for both the
offshore and onshore system in the long-run.

5.3 Discussion
A finding that has emerged is that the offshore system is strongly influenced
by the developments in the onshore system. The factors supply chain, grid
congestion and demand flexibility are located mainly onshore. The global
nature of the supply chain reduces the level of control that individual actors
in the North Sea offshore energy system possess over it. However, all actors
are affected if the supply of jack-up barges, maintenance vessels, steel for the
construction of infrastructure or magnets and raw materials is for offshore wind
is lacking behind demand. An alternative that can prove relevant for GFO-O is
to initiate a cooperation with other actors for sharing vessels. This can reduce
the competition and create win-win situations in the face of scarcity of these
highly-demanded special-purpose vessels.

The scenarios show that the supply chain remains a crucial factor also for
potential future states of the system and can become a make-or-break point
for renewable energy in the North Sea. Any attempts to reshore parts of the
supply chain will take years to alleviate the pressure. Moving parts of the
supply chain away from countries like China comes at high costs. It requires
significant amounts of time as well, particularly due to their quasi-monopoly on
the magnets for wind turbines, for example. Given the rapid developments in
the North Sea, this time might prove too long. It can disincentivise investment,
therefore causing long-term damage to the build-out of offshore wind due to
the long-term planning horizon and required investment stability of offshore
infrastructure. For GFO-O, this implies strategic investments into critical mate-
rials but also entails a dependence on other actors that is hard to break away
from, even if anticipating developments correctly.

Grid congestion and demand flexibility are also essential for the North Sea
offshore energy system. Grid congestion can be another breaking point for
developing renewable energy in the North Sea, as too much congestion will
lead to government policies focusing more on the onshore system. This will
remove the current investment security due to strong support by government
policies and can draw long-term investment away from the North Sea. Increased
demand flexibility can be considered a buffer not only for congestion issues in
the transmission grid but also for a slow down in offshore wind build-out or
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supply chain issues. A certain degree of independence of the onshore system
will allow more flexibility for the offshore system to deal with bumps on the
road towards the current capacity targets without immediately losing govern-
ment support or public acceptance. The development of demand flexibility
can benefit GFO-O in the long-run as it reduces the pressure on the operation
and maintenance activities. Thereby, not only anticipation but also possibly
stimulation of demand flexibility could prove profitable in the longer term.

AI developments are a driver for multiple factors, including demand flexibility
and digitalisation. Most critical is its role as an enabler for niche innovations
such as automation, robotics, and virtual power plants, which can accumulate
and result, for example, in digital twins of converter platforms or wind turbines,
enabling real-time monitoring and significantly enhancing the efficiency of
operations and maintenance, reducing the need to go offshore and, therefore,
also drive down costs. Another niche amplified by AI developments is pre-
dictive maintenance. These aspects have the potential to emerge from the
niche level and disrupt the regime, enforcing a change of how the system is
currently operated. With all the hype surrounding AI developments, its energy
requirements due to data centres should not be overlooked. As one of the most
dynamics developments with impacts on the offshore as well as the onshore
system, AI developments will be critical for GFO-O’s operations moving forward.
Therefore, building capacities in-house and staying updated is essential to not
be left behind.

Based on the scenarios, small nuclear reactors seem less influential for the over-
all development of the North Sea offshore energy system than initially assumed
after the discussions with experts, the current development of the technology
and based on the backing of the European Union. The impact on GFO-O can
be considered negligible at this point unless there are major breakthrough in
the near future.

Offshore developments focus mainly on technological innovations such as en-
ergy hubs, standardisation, market design, and wind park developments. Wind
parks are moving further offshore, increasing in size and number, requiring
longer subsea cables resulting in more critical infrastructure in the North Sea.
On the one hand, this increases the potential damage from hypothetical physical
attacks; on the other hand, moving further offshore makes operations more
expensive. Especially for transmission system operators, either longer subsea
cables must be laid to wind farms, potentially even floating ones, complicating
the connection, or platforms need to move further offshore, implying longer
transport routes for helicopters. This increases vulnerability in the face of
extreme weather events such as strong storms. The vulnerability of the offshore
system can be predicted to increase with a certain level of confidence. Thus,
the impact of these developments on GFO-O will most likely be felt in the
workforce, with additional skills requirements and higher cost implications.

Energy hubs and standardisation are two niche developments that have yet
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to prove themselves. There exists strong confidence that energy hubs are the
future of the North Sea offshore energy system and the scenarios point in
that direction as well, however, there still exists technical challenges as well
as the question of market design. Drawing on the insights from literature and
scenarios, a separate nodal market design seems to be more likely for the future,
also considering the developments of AI as an enabler, however, such a design
would disrupt the current regime and implications especially for electricity
pricing, also for TSOs, are unclear. With the 2GW-program by TenneT being a
realistic candidate to become the standard for interconnection, GFO-O is well
positioned to benefit from in-house knowledge and can start planning for the
workforce required to operate and maintain these platforms.

Moreover, national energy security can either be a driver of offshore develop-
ments, as seen in some scenarios, or an inhibitor by reducing interconnection
and cooperation. GFO-O can have some lobbying influence on political decision
makers to maintain the focus on the offshore system, but more realistically, this
is up to other departments within TenneT and the outcomes are uncertain.

Hydrogen is still surrounded by uncertainty, irrespective of its supposed need for
the future energy system in the North Sea. Will it mature in time? Where will
it be produced, onshore or offshore, and who can produce it most effectively?
Can it become economically viable? Is investment in green or blue hydrogen
preferred in the short-term to reach green hydrogen in the long-term? These
questions need to be answered before it can be successfully integrated into the
energy mix, and it is far from certain that it will eventually play a significant
role. Planning for a possible hydrogen future, also on platforms, can position
GFO-O well in case that this technology manages to make the leap from the
niche level.

Cybersecurity is currently a niche topic, not much talked about in the literature,
but its significance for the future offshore system is undeniable from the sce-
nario analysis. One reason why it is not on top of mind might be that there has
been no large cybersecurity breach so far, creating media attention and raising
awareness for the topic. It can be said, that it requires particular attention
given the increasing interconnection of the offshore system and its increasing
digitalisation. Given the nature of the impact of cyber attacks and the possible
ripple effects, increasing cybersecurity measures and placing the emphasis on
preventing them to the extend possible seems to be a worthwile investment for
GFO-O. Especially bearing in mind that it operates cricital infrastructure with
high relevance for society.

Multi-use of space can be seen as the future of the North Sea offshore energy
system. Given that many different actors have diverse interests at stake, the
most promising solution is to bring all stakeholders together and find amicable
results. The inclusion of ecology is as important as adding the military with its
increased presence into such considerations. Discussion forums are an effective
way not only to stay informed about recent developments but also to continue
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a stakeholder dialogue and prevent conflict proactively for GFO-O.

It became clear that to successfully grow the North Sea offshore energy system
and link it to the onshore grid; there is no way around integrating municipali-
ties in the process. The top-down approach of governments, deciding where
the onshore-offshore connections are built, is likely to spark public resistance
against offshore development. One strong advantage of the offshore system,
particularly offshore wind over onshore wind, is less opposition from the public
as it is ’not in their backyard’. This advantage would be undermined by antago-
nising municipalities and, therefore, reducing public acceptance by leaving out
municipalities in the decision process. Positive examples of inclusive approaches
can be seen, for example, in Finland. Communication between all stakeholders
and including the public in decision-making is key for the energy transition to
succeed. The implications for GFO-O of this insight are rather small as other
departments within TenneT are more likely to deal with this.

5.4 Interim Summary
Offshore developments are intricately linked to onshore system progress. Fac-
tors like supply chain, grid congestion, and demand flexibility play a critical
role in the growth of the offshore system. AI advancements are transformative,
driving automation and niche innovations, such as predictive maintenance.
These developments have the potential to disrupt the current regime. The role
of hydrogen in the future energy mix remains uncertain. While its importance
is acknowledged, questions about its maturity, production methods, and eco-
nomic viability remain. Preparing for a possible hydrogen future is crucial
for the offshore sector. Cybersecurity emerges as a critical concern with the
increasing interconnection and digitalisation of the offshore system. Proactive
investment in cybersecurity measures is essential to safeguard critical infras-
tructure. Embracing multi-use of space and fostering stakeholder dialogue,
including ecological considerations, can pave the way for the development of
the offshore system. The involvement of municipalities in decision-making pro-
cesses is crucial for public acceptance and the success of the energy transition.
Inclusive approaches can mitigate public resistance and enhance cooperation.
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6 Conclusion and recommendations
In conclusion, the current regime in the North Sea offshore energy system is
under pressure by both landscape factors and niche development. Cracks and
tensions develop that open up the regime and make it more susceptible to
changes. These changes can emerge from niche developments such as hydro-
gen, demand flexibility, or standardisation. Another origin of these changes can
come from the landscape level, with factors such as national energy security,
climate change or global supply chains altering the set of rules that govern
the regime. Multi-use of space will increase in the future and determine the
interactions between the different actors in the system. Incumbent actors such
as the oil and gas sector are clinging to power and using lobbying tactics to
continue operations within the current regime.

Orsted has the strongest position in the actor network and the potential to
influence the direction of change by leveraging its network. Moreover, TenneT’s
GFO-O has a critical role in the network as the TSO that has the most control
over the flow of information, shaping, for example, the standardisation niche
developments in its favour. Suppose GFO-O is able to become adaptive in the
face of the uncertain developments of the North Sea offshore energy system.
In that case, it can play a strong role in providing security of energy supply to
the onshore system by fulfilling its transmission tasks. This will contribute to
solving the current transmission bottleneck between offshore production and
onshore electricity consumption and, thereby, facilitate the European energy
transition.

Based on the niche development, the future energy system in the North Sea
could potentially look like the one displayed in Figure 24.

Figure 24: Future North Sea energy system. Source: own elaboration
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6.1 Answering the research questions

Main research question
How does the application of an Extended Multi-Level Perspective
(E-MLP) framework enhance the understanding of the complex socio-
technical and uncertain dynamic nature of the North Sea offshore
energy system, thereby informing GFO-O´s strategy to facilitate the
energy transition?

To answer the main research questions, the four sub-questions will be answered
sequentially.

Sub-question 1
What is an Extended Multi-Level Perspective framework?

The E-MLP framework is used to analyse socio-technical system in the light of
transitions. it combines MLP with a PESTLE analysis, an actor analysis, and SNA
to disect the system into landscape, regime and niche level and analyse each
level in more detail than the application of only MLP would provide. Thereby,
a holistic understanding of a static socio-technical system can be achieved.
However, E-MLP goes further by combining exploratory scenario planning and
socio-technical scenarios to draw different futures for the system and depict it
in the light of uncertainty to examine its dynamic nature. Having analysed a
socio-technical system holistically in a static and dynamic manner with E-MLP,
this can provide valuable input for policy recommendations.

Sub-question 2
What are the main characteristics of the North Sea offshore energy
system captured by the use of the extended multi-level perspective
framework?

On a landscape level, the main factors are national energy security, electricity de-
mand, ecological impact, interconnection, climate change and the supply chain.

Within the regime level, conflicts exist between the incumbent actors in regard
to spatial planning. An outdated market design within the user and market
regime is not keeping up with the current developments in energy hubs and
cross-national interconnection. The market design also fails to incorporate
the increasing share of renewable energy production from the North Sea. Cur-
rent training of the available workforce is lacking behind the requirements,
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especially in regards to digital skills. The use of power, especially successful
lobbying by the oil and gas sector, threatens the European energy transition,
leading to disadvantageous government policies. Moreover, governments are
using their power in a way that is creating too ambitious North Sea capacity
targets, threatening industry and public support. Technological challenges
address the uncertainty of proposed future system components such as meshed
offshore grids. Public acceptance of offshore renewable energy is critical to
the socio-cultural regime. The science regime encompasses ongoing studies
on the ecological impacts of offshore energy infrastructure in the North Sea.
Within the policy regime, government policies and ambitions are a key driver
for developments in the North Sea. Moreover, current regulations and long
permitting procedures limit offshore wind build-out.

The most relevant niches are carbon capture and storage, cybersecurity, small
nuclear reactors, hydrogen, standardisation, demand flexibility, and storage.
One important niche learning concerns the uncertainties surrounding hydrogen,
where and in what form to use it best. Discussion forums such as the North
Sea Consultation bring together all stakeholders to share learning and update
each other on relevant developments. Niche expectations encompass the high
expectations for hydrogen to become a relevant factor in the future energy
system; the same applies to energy hubs.

Sub-question 3
Why is GFO-O a key player in the context of the North Sea offshore
energy system?

The transmission aspect, GFO-O’s core task, is critically relevant for linking the
North Sea offshore energy system to the onshore and onshore grid. The actor
analysis shows that GFO-O has significant resources and a strong interest in the
North Sea offshore energy system. From the SNA, it can be seen that among all
TSOs, TenneT has the highest betweenness centrality and a comparatively high
closeness centrality, enabling it to share information in the network quickly
while controlling the flow of information.

Sub-question 4
What are plausible socio-technical scenarios capturing the evolution
of the North Sea offshore energy system in the next 15 years?

Four different scenarios depict possible futures of the system. A strong de-
pendence on the onshore system is common for all of them. Depending on
the consistency and focus of government policies on the North Sea offshore
energy system and the evolution of electricity demand, a strongly intercon-
nected renewable energy system being the main source of electricity for the
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offshore system is as plausible as an offshore system dominated by oil and gas
production. Drivers for the latter scenario are supply chain issues for offshore
renewable energy and inconsistent government policies, focused on the national
security of energy supply and the public preferring cheap fossil fuel energy
and blue hydrogen over variable and, therefore, expensive renewable offshore
energy. Another plausible socio-technical scenario shows strong collaboration
between the oil and gas sector and offshore renewable energy, driven by strict
carbon regulations that leads to Europe becoming the world leader in exporting
green hydrogen from offshore production. Additionally, one scenario depicts a
struggling offshore energy system due to inconsistent policies, public resistance
against top-down approaches, supply chain issues and the maturation of small
nuclear reactors and onshore hydrogen supporting decentralised onshore grids,
less dependent on offshore electricity.

Possible capacity ranges for offshore wind produced in the four scenarios by
2045 are:
• Scenario 1: 125 - 150 GW
• Scenario 2: 175 - 225 GW
• Scenario 3: 125 - 175 GW
• Scenario 4: 100 - 125 GW
Sub-question 5
Taking into account the static and dynamic characteristics of the
North Sea offshore energy system, how can GFO-O adapt its strategy
in the face of uncertainty to perform its core tasks and facilitate the
energy transition?

GFO-O can leverage its network to influence standardisation processes by other
actors and drive its 2 GW program as the standard for offshore grid connections
in the North Sea. Furthermore, investing in automation, digitalisation, and a
skilled workforce will help GFO-O deal with future challenges resulting from the
current landscape and niche developments. Monitoring AI developments and
growing in-house capacities are of critical importance. Additionally, reshoring
parts of the material supply chain, such as vessel production or even pursuing
vessel-sharing concepts with other actors to reduce the uncertainty of material
supply should be a priority for GFO-O. Moreover,investigating the integration of
hydrogen into its business model and reconsidering the necessity of electricity
supply 100% of the time, when the introduction of rolling outages could prove
beneficial for GFO-O and society, will help GFO-O to adapt its strategy and
facilitate the energy transition.
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6.2 Academic contribution
This thesis introduces a new research framework, E-MLP and applies it to the
case study of GFO-O, the operations and maintenance department of a trans-
mission system operator in the North Sea offshore energy system. This new
framework enhances MLP by adding a detailed analysis of the factors affecting
the system, adding the case study with a detailed analysis of the landscape
to the body of MLP studies, as demanded by Andrews-Speed. E-MLP and this
thesis also contribute to the literature on design for energy infrastructure, pre-
sented by Scholten and Künneke (2016) by analysing the energy infrastructure
across multiple dimensions.

By adding an actor analysis and SNA, the regime and niche level of the socio-
technical system are more extensively studied than MLP allows. Going beyond
the analysis of rules and institutions governing the regime level (Geels, 2004b),
E-MLP thereby allows the study of interactions between the actors, furthering
the understanding of the socio-technical system. The actor analysis also adds
to institutional theory by identifying values shared among the actors in the
system, defined by Scholten and Künneke (2016) as informal institutions.

Introducing a tweak to SNA as it was presented by Hermans and Cunningham
(2018), enables the actor analysis to handle the regime level and the niche
level. This is achieved by creating a second network graph in which specific
topics such as AI, floating wind, or projects, and consortia are considered as
a node and therefore displayed in the graph. As a result, a visual analysis
of the niche developments arising from the SNA is made possible. The actor
analysis analyses the regime level, while the SNA provides information about
interactions on the regime level as well as innovations from the niche level.

Furthermore, this thesis offered a novel approach to scenario analysis by com-
bining the framework of exploratory scenario planning presented by Enserink
et al. with the concept of socio-technical scenarios, described in Elzen et al.
(2004a). Using the factors identified by PESTLE, SNA and expert interviews as
driving forces to create four distinct scenarios, which are then developed using
the benefits of socio-technical scenarios can add significant value to the body
of literature on scenarios.

Moreover, the North Sea offshore energy system has not been studied in a
holistic way as a socio-technical system. Thereby, this thesis contributed to
create a a first understanding of this critical system for the European energy
transition. This can and should be expanded on by future studies. Furthermore,
it provides policy makers with theory-informed insights that can be leveraged
to design inclusive policies benefiting society.
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6.3 Recommendations for GFO-O
Based on the findings above, the following policy recommendations for GFO-O
are drawn:

Tomitigate supply chain challenges andmaterial supply uncertainties, reshoring
the parts of the supply chain, wherever possible, should be planned already. An
example is evaluating whether special purpose vessels can be manufactured
in Europe, for example Rotterdam instead of in Singapore. Thereby, material
dependence on uncertain global supply chains, vulnerable to shocks, can be
mitigated and operations and maintenance tasks improved due to availability of
critical materials. Additionally, the possibility of cooperating with other actors
to share special-purpose vessels should be explored to mitigate the uncertainties
of future supply chain developments, depicted in the scenarios.

To account for digitalisation, more skilled workers are needed. Digital skills
will be in high demand, as the scenarios and factors show, and the prerequisite
for GFO-O’s future tasks. Moreover, other actors are already ahead in the
development of their digital capacities, such as Statnett or National Grid, as
was seen in the SNA. Thus, an emphasis must be on finding and bringing these
talented people into GFO-O. For this, partnerships and a shared professorship
with Dutch Technological Universities should be pursued to create a pipeline
of bright, digitally skilled talent, following the example of Statnett. Moreover,
training programs should be started to up-skill existing workers and transition
the focus towards a software-first approach. This will enable GFO-O to deal
effectively with cybersecurity, create digital twins and achieve real-time opera-
tions, reducing costs, increasing efficiency, and improving its operations.

If the 2 GW program is to rise from the niche level to become the new standard
for an interconnected offshore grid, this would further solidify TenneT’s strong
position, as TenneT can spread information in its extensive network and acquire
new partners and suppliers. For this, leveraging the network and increasing it
is crucial by joining other standardisation discussion forums such as Eurobar.
This would prevent having to deal with different connection types depending
on who the current project partner is. Following the scenario analysis and
SNA, GFO-O is well informed to already invest in the workforce required to
operate the 2GW platforms as it seems to become the standard in the North
Sea offshore energy system.

Investment in maintenance robots and cargo drones should be conducted to re-
duce the need to go offshore as much as possible. By increasing the automation
of offshore operations, the safety of human life is increased, and operations
become more efficient. This should be combined with the investment in in-
house AI capabilities and potentially a monitoring system to prevent being left
behind by the rapid pace of AI developments, which are also a driving force for
demand flexibility. Early investment in AI therefore seems to be profitable in
the long-term.
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Based on the scenario with rolled outages, an investigation should be started
about the necessity for a 24/7 electricity supply by a TSO. Given the right cir-
cumstances, research should be conducted on whether the reliability of energy
supply for 80-90% of the time is also sufficient to meet demand. Particularly
when introducing rolling outages during two hours in the night, a cost-benefit
analysis should be performed to assess if the decrease in grid congestion, re-
duced investment requirements and maintenance benefits outweigh the costs
and whether this could be socially accepted. Provided that demand flexibility
is increasing, there might be a case to be made that rethinking the current
operations and not only increasing transmission capacity but refocusing on
quality, also to alleviate pressure on the workforce, can be better for GFO-O’s
operations and society.

A study should be initiated to investigate the potential of producing green
hydrogen on GFO-O’s converter platforms, given the maturation of hydrogen.
Alternatively, a potential partnership with the Dutch and German gas TSO,
Gasunie, should be explored to see whether GFO-O can play a role in hydrogen
transmission, changing its core business of electricity transmission.

Orsted’s development should be closely monitored due to its strong actor net-
work position and global connectivity. In case of changing regulations that
enable Orsted to take over transmission tasks, this could impact GFO-O’s tasks.

6.4 Recommendations for Policymakers
Driving the multi-use of space should be a priority for policy makers. For this,
the studies from the multi-frame project can prove valuable insights (Lukic
et al., 2023). This line of research should be closely followed and pilot studies
initiated that apply lessons learned from this research on how to effectively
apply multi-use of space.

The military is bound to become a more relevant actor in the future in the North
Sea, due to the recent geopolitical developments. Establishing a dialogue what
the implications are and creating awareness about phyisal and cyber threats to
North Sea offshore energy infrastructure can be beneficial for all actors involved.

Incentivising demand flexibility on a consumer level can reduce the burden on
the offshore system and further support renewable energy production in the
North Sea. Therefore, awareness campaigns and possible market incentives
can prove vital in the long-term.
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6.5 Limitations
It should be stated at this point that there are potential limitations to the se-
lected approach, as stated below:

The complex nature of the problem at hand required the usage of multiple
analysis tools, ranging from SNA, PESTLE, the multi-level framework and socio-
technical scenarios. Due to time constraints, going into detail for one or each
of these tools proved to be not feasible. Therefore, valuable insights might have
been missed that for example a study only focused on the actor network in the
North Sea with an in-depth application of only SNA might have provided.

Overall, only publicly available data has been used to prevent issues resulting
from confidentiality clauses. This limited the pool of information to draw from.
On the other hand, it enabled better study repeatability, which would have been
impossible if integrating highly confidential data from TenneT, for instance.

The interviews were semi-structured, based on the experts’ views on external
factors and future states of the system, without including the findings of this
thesis’ PESTLE analysis to prevent bias in the results. This has limited the
answers to what was on top of the experts’ minds. A discussion based on the
literature findings could have been more thought-provoking and insightful.
However, for this thesis, validation of the literature finding was considered
more relevant than extensive discussions with experts.

The scenarios were created based on theory and the expert’s findings, com-
bined with some degree of creativity by the author. However, a certain path
dependence is unavoidable, which might have led to a stronger extrapolation
of current trends into the future than intended. As the future is inherently un-
certain, an outlook until 2050, with a complete freedom to explore possibilities
that might sound completely impossible today, could also provide interesting
insights into the system, as we simply know what we don’t know.

The PESTLE analysis is limited by time constraints and the keywords that were
used initially. Other initial keywords might have provided other papers from
which to snowball. Furthermore, only a very limited amount of the actual
knowledge and literature could be examined in the given time, meaning that
the PESTLE findings are everything but conclusive, as there is so much more
knowledge available, especially considering that only literature in English, Ger-
man and to a certain degree Dutch could be analysed by the author. Adding
other languages to the research might change the outcome significantly.

The choice of experts for the thesis was mainly from the Netherlands and Ger-
many, even though some were from other countries bordering the North Sea.
This can limit the perspective slightly; a larger number of experts, also from
the UK and Norway would enhance the results.
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In the SNA, the links are undirected. When considering shareholder relation-
ships, for example, this is a limitation as it is not immediately clear from the
network graph which of the two actors holds shares of the other. Furthermore,
ties and nodes are unweighted, thereby additional information is missed out
on. Another limitation of the SNA is the focus on the key players only. As a
result, many relevant actors are not analysed in more detail, which could have
provided additional information for example about niche developments.

The capacity numbers are based on a lot of assumptions and serve more as a
rough direction than a precise calculation. Due to the strong uncertainty and
lack of data for the time in between now and 2045, it was only focused on
numbers for 2045 instead of following the capacity development over time,
which could provide more insights into the developments. With the focus on
the North Sea offshore energy increasing and potentially more studies being
conducted, hopefully more data becomes available. This data can then be
leveraged to create more accurate calculations.
In the newest draft of the German grid development plan, 50Hertz, previously
only tasked with transmission business in the Baltic Sea, has been assigned a
role to develop converter platforms in the North Sea as well (Übertragungsnet-
zbetreiber, 2023). Including 50Hertz in the analysis was beyond the scope of
this thesis but provides the material for future studies, especially because it
is part of the Elia (the Belgian TSO). Thus, interesting dynamics in terms of
cooperations might result in the future.

6.6 Extensions and future work
When considering the SNA, adding weights (monetary or political) to the nodes
will change the outcome of the social network analysis. The weight in be-
tweenness centrality is in the nominator; thus, an attached weight will have a
bigger impact on betweenness centrality than on closeness centrality where
the weight is in the denominator. Weights can be for example based on the
market capitalisation of an actor, or on the number of political connections.

The subject of future studies can be to study the oil and gas sector more closely.
For this thesis, a certain level of homogeneity was assumed. However, future
research could consider the oil and gas sector in a heterogeneous way, analysing
Equinor, Shell, and BP separately in the actor analysis and the SNA. Especially
when it comes to technological development and automation, there are many
insights to be gained due to their extensive experience in offshore operations
and significant R&D budgets. Including more actors in the SNA will increase
its meaningfulness and the information gained about niche developments. For
this, the SNA data from this thesis can be used as a starting point and expanded
on.

Another addition can be to take one factor, for example, supply chain, and
analyse this particular factor in the context of the North Sea offshore energy
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system. Conducting an actor analysis of the most relevant actors in the offshore
supply chain, performing an SNA and PESTLE analysis of what factors impact
the supply chain. Complementing this by the chosen scenario analysis frame-
work from this study can function as a test case on how much detail E-MLP can
provide.

In this thesis, E-MLP was developed and applied to the North Sea offshore
energy system. To test its applicability, the study of another system with similar
features, such as the Baltic Sea offshore energy system should be conducted.
This can provide meaningful insights into possible areas of improvement, also
regarding the use of SNA and actor analysis within E-MLP. In such a study, the
feasibility of performing a PESTLE analysis within each level of MLP can be
tested, to assess wheter this could improve E-MLP.

Another topic of future studies can be applying E-MLP to other regimes in the
energy transition, such as the heating or mobility sector. Thereby, the method
can be tested and enriched.

The scenario capacity numbers are a starting point for quantitative scenario
modelling and can serve as a ballpark number to start more precise calcula-
tions for statistical modelling providing more reliable numbers. Especially the
development over time would be an interesting topic for statistical modelling
or to apply decision-making under deep uncertainty.
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Appendix

A Actor Analysis

A.1 Step by step guide: Actor Analysis
1. Identify problem owner
a. Data: List of European TSOs with offshore business.
b. Choice: Due to the scope of this thesis on the North Sea and TenneT being the
only cross-border TSO with North Sea offshore business, the choice for TenneT
was made. The cross-border aspect was considered important as the relevance
for society is deemed high when a TSO has to supply many households and
also operate cross-borders, increasing the potential bottleneck.

2. Identify relevant actors
a. Data: Public data of major stakeholders in North Sea (papers, government
& company websites).
b. Choice: Considering all stakeholders in the North Sea, including all suppliers
and every company that has some offshore business does not comply with
the time constraints for the master thesis. Moreover, an organisational level
was chosen to reduce the number of actors, therefore not different ministries
for each country but national government was considered an actor. This was
done to comply with the higher-level scope of the entire thesis and insights
on organisational level were deemed sufficient to add value to the thesis. Oil
and gas companies and wind park operators were grouped into an aggregated
actor due to resource constraints and an assumed homogeneity in their actions.
This might limit the insights as there are differing interests, but this limitation
was considered acceptable to stay within the scope of the thesis.

Reasons for selecting actors were direct involvement in the offshore energy
system, including all North Sea TSOs, wind park operators, and oil and gas
companies. Orsted was chosen as a special case due to its status as a global
player and being a wind park developer as well as operator. Other companies
such as RWE could have been chosen for that, but the dominant position of
Orsted in the market was the key reason to include it. WindEurope was chosen
as the voice of the wind industry as the most relevant source of electricity in the
North Sea at the moment and therefore executing opinion leadership. Actors
such as national governments, EU regulators and investors were chosen due
to their strong position in the North Sea system and the dependence of other
actors on them. Research institutes were deemed relevant as they provide
knowledge, and many actors rely on their research. The shipping industry and
fishing industry were included as they are an integral part of the North Sea
offshore system, highly relevant for society and they have a strong interest in
how developments in the energy system are affecting them. For reasons of



interest and being affected, residents and environmental NGOs were added as
well.

3. Actor screening
a. Data: Public data that provides information about each of the identified
actors. For practical reasons, these ranged from papers to company websites.
As information about the interests and objectives was not always available from
the actors themselves, newspaper articles were chosen as an additional data
source, accepting the inherent bias and justifying it with the lack of information
that was attainable in the time span of the thesis.
b. Choice: Values, resources and dependency of each actor were emphasised as
critical for this thesis because they are deemed to be most relevant to arrive at
a power-interest diagram. Given the lack of extensively available data sources,
it was settled on these. The interest of each actor in general was considered,
as well as the desired situation because the thesis also analysed future devel-
opments of the system by the use of scenarios. Assessing the level of interest
was necessary for the power-interest diagram. Resources were important to
examine in order to analyse each actors’ power.

4. Identify critical actors based on resources
a. Data: Public data that provides information about each of the identified
actors. For practical reasons, these ranged from papers to company websites.
As information about the interests and objectives was not always available from
the actors themselves, newspaper articles were chosen as an additional data
source, accepting the inherent bias and justifying it with the lack of information
that was attainable in the time span of the thesis.
b. Choice: The dependency was deemed relevant to understand the actors’
situation in the network and assess whether they were critical to the system.

5. Identify key players and context setters
a. Data: Public data from above and the previous analysis steps.
b. Choice: Based on a power-interest diagram, the actors were classified into
crowd, interested subjects, context setters and key players. The last two were
deemed to most relevant ones as they possess the greatest power and highest
interest.



A.2 Actor Analysis Data

Table 9: Sources actor analysis

Actor Sources
Amprion https://www.amprion.net/Netzjournal/Beitr%C3%A4ge-2020/Eurobar-Offshore-Vernetzung-ist-die-Zukunft.html

https://offshore.amprion.net/

Elia
https://www.eliagroup.eu/en/windgrid
https://www.elia.be/-/media/project/elia/elia-site/company/publication/studies-and-reports/investment-plans/
federal-developement-plan/2023/20230508_federal_development_plan_
of_the_belgian_transmission_system_2024-2034_executive_summary.pdf

National grid
https://www.nationalgrid.com/electricity-transmission/who-we-are/how-we-are-regulated
https://www.nationalgrid.com/electricity-transmission/
https://www.nationalgrideso.com/document/262676/download

Shipping industry https://northsearegion.eu/media/4836/northsee_finalshippingreport.pdf
WindEurope https://windeurope.org/about-us/

https://windeurope.org/about-us/mission-values/
Orsted https://orsted.com/en/who-we-are/our-purpose/our-vision-and-values
Energinet https://en.energinet.dk/media/dulncpbw/energy-in-time-energinet-strategy-2022.pdf
Statnett https://www.rivieramm.com/news-content-hub/news-content-hub/

norway-planning-additional-areas-for-offshore-wind-statnett-to-be-offshore-tso-65881
TenneT https://www.tennet.eu/about-tennet/about-us/our-strategy

https://annualreport.tennet.eu/2022/annualreport

Military
https://www.noordzeeloket.nl/en/functions-and-use/militair-gebruik/
https://www.havochvatten.se/download/18.798438e41885446677e564af/
1686294691426/report-marine-spatial-plans-2022.pdfhttps://english.defensie.nl/organisation/navy/tasks

EU regulators
https://northsearegion.eu/media/18749/north-sea-programme-2021-2027-priorities-and-specific-objectives.pdf
https://www.noordzeeloket.nl/en/policy/beleid-regelgeving/europese-regelgeving/https:
//energy.ec.europa.eu/topics/infrastructure/high-level-groups/north-seas-energy-cooperation_en

Oil & gas companies https://www.reuters.com/business/energy/shell-boost-dividend-cut-spending-new-ceo-plan-2023-06-14/
https://www.equinor.com/about-us/strategy

Windpark operators
https://orsted.com/en/who-we-are/our-purpose
https://www.enbw.com/renewable-energy/wind-energy/our-offshore-wind-farms/https://
www.government.nl/topics/renewable-energy/offshore-wind-energyhttps://english.rvo.nl/information/offshore-wind-energy

Fishing industry
https://tethys.pnnl.gov/publications/ongoing-conflict-between-offshore-wind-farms-fishing-industry-north-sea
https://www.noordzeeloket.nl/en/functions-and-use/visserij/https://www.wur.nl/en/research-results/
research-institutes/economic-research/show-wecr/the-dutch-fishery-sector-is-shrinking-and-this-does-not-just-affect-fishermen.htm

National governments https://www.e3g.org/publications/offshore-wind-in-the-north-seas/
https://windeurope.org/wp-content/uploads/files/policy/position-papers/20230424-Ostend-Declaration-Leaders.pdf

Residents https://www.jstor.org/stable/24324674

Research Institutes
https://www.wur.nl/en/Research-Results/Research-Institutes/marine-research/Themes/
Offshore-wind-energy/Background-Offshore-wind-in-a-healthy-North-Sea-system.htm
https://www.sintef.no/en/latest-news/2021/offshore-wind-new-ocean-grid-project-in-the-north-sea

Investors https://windeurope.org/wp-content/uploads/files/policy/position-papers/WindEurope-Offshore-wind-energy-in-the-north-sea.pdf

Svenska Kraftnät
https://www.svk.se/en/
https://www.svk.se/siteassets/2.utveckling-av-kraftsystemet/transmissionsnatet/
utbyggnad-av-transmissionsnat-till-havs/report—commission-regarding-preparatory-
work-for-the-expansion-of-the-transmission-grid-into-swedish-territorial-waters.pdf



B Social Network Analysis

B.1 Step by step guide: Social Network Analysis
1. Perform actor analysis to identify key players
a. Data: Public data, as can bee seen in the actor analysis documentation.
b. Choice: For this thesis, the SNA was focused on the key players to ensure
that the actors with the highest interest and power in the system were part of
the network analysis. It was decided to build upon an actor analysis as it was
the procedure taught in the EPA study program Hermans and Cunningham
(2018) and thereby an in-depth understanding of the actors can be reached,
that is valuable for reaching a holistic understanding of the system, the goal of
this thesis.

2. Population
a. Data: Publicly available data. Due to few available analyses that provide
insights into the network of each actor, this data had to be collected using
multiple sources. Companies are mostly open about which projects they are
pursuing and publish it in the news sections of their websites. Other sources
were projects and connections are stated are annual reports and financial re-
ports. Adding to this, data was acquired from technical journals, mainly ‘Power
Technology’, which was deemed well-informed about offshore developments
and projects between actors. Different actors that joined in a consortium were
stated on the consortium’s website and used for this thesis.
b. Choice: The key players from the actor analysis were considered as the
starting point for the SNA. For practical reason, it was focused only on the key
players as a starting point to stay within the limited time available for the study.
Only the direct connections of key players were considered for the same reason.

3. Desk research and content analysis
a. Data: It was focused on publicly available data, as stated above, to ensure
reproducibility. Additionally, data sources older than 5 years were considered
outdated and not considered due to the fast-paced developments and changes
in the system.
b. Choice: Ties are unweighted because it would be a highly subjective choice
and as the North Sea offshore energy system is a fairly new system, few lit-
erature and sophisticated data is available to reduce the level of subjectivity
of weighted ties. Furthermore, unweighted ties fit the goal of the SNA to get
an understanding of the network and niche developments. Moreover, ties are
undirected because the focus is on projects, collaborations and memberships of
actors in discussion forums, which do not require directed ties.

For example, Orsted is working with DSV on a project for cargo drones. This
was found on Orsted’s website under news. The project topic is clearly ‘cargo
drones’ and the connection type ‘project’. Similarly, another connection type is



‘customer’, when Microsoft for example has signed a power purchase agreement
with Orsted. In this case, a directed tie could have been helpful, but due to the
focus of the key players, it is clear that Orsted is selling power to Shell and not
the other way around. Other connection types are ‘supplier’, where the relation-
ship is clear, ‘financial’ and ‘funding’. In theory, the latter two would require
directed ties and could even be more meaningful by introducing weighted ties
based on monetary weight. However, the connection type ‘project’ is by far the
most prominent in the analysis and only a few financial and funding connec-
tions could be found. Therefore, the limitation of missing out on some insight
was accepted, especially because the network graph is only a visualisation and
if in doubt, the well-documented sources can be consolidated. The formatting
of the tables were made on purpose to enable filtering by the project or actor
name in excel, to access relevant information quicker. The connection types
can be seen in Figure 31.

4. Visualisation
a. Data: Gephi, publicly available data, analysis up to this step.
b. Choice: Gephi was chosen due to the familiarity from Actor and Strategy
Models and its intuitive interface with effective visualisations. The Yifan Hu
algorithm was chosen to visualise the data as it is particularly useful for vi-
sualising clusters and based on the data structure, there are clusters around
each actor. For the analysis, it was looked at density as a network metrics
to get a first understanding of the network itself. As actor metrics, degree
centrality, closeness centrality and betweenness centrality were picked as the
most commonly used and insightful ones for this thesis. At this step, a second
SNA was visualised based on the same data, which deviates from the SNA
procedure introduced by Hermans and Cunningham (2018). By adding the
project names directly as nodes in Gephi (Figure 34) and also introducing some
broader themes such as ‘AI’ (Figure 33), the second SNA was tweaked in a way
that enabled an easy visual identification of niche-level developments. Thereby,
consortia, cooperations, niche innovations and business models could be made
visible by just analysing the network (Figure 32). It reduced the need to go to
the data table and tediously look for niche-level development in the projects.

5. Presentation
a. Data: Analysis up to this step.
b. Choice: The positions of the key players in the social network were identified
and elaborated on. Furthermore, a list of niche developments resulted from
the visualisation.



B.2 SNA Model

Figure 25: Actor network Energinet. Source: own elaboration using Gephi and the Yifan Hu algorithm



Figure 26: Actor network National Grid. Source: own elaboration using Gephi and the Yifan Hu algorithm



Figure 27: Actor network Amprion. Source: own elaboration using Gephi and the Yifan Hu algorithm



Figure 28: Actor network Elia group. Source: own elaboration using Gephi and the Yifan Hu algorithm



Figure 29: Actor network TenneT. Source: own elaboration using Gephi and the Yifan Hu algorithm



Figure 30: Actor network Statnett. Source: own elaboration using Gephi and the Yifan Hu algorithm
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Figure 32: SNA with visualisation of niche level developments. Source: own elaboration using Gephi and the Yifan Hu algorithm

Figure 33: AI as an example topic for the niche level SNA



Table 10: Centrality measures of most relevant nodes in SNA

ID Actor Closeness Centrality Betweenness Centrality Degree Centrality
0 Orsted 0,5264798 0,5217451 66
52 TenneT 0,5248447 0,2780812 29
65 National Grid 0,5136778 0,2377215 29
67 Amprion 0,4898551 0,2028928 25
97 Statnett 0,4152334 0,1972357 30
99 Energinet 0,4435696 0,1671614 24
86 Elia group 0,3985849 0,0807206 13
75 RTE 0,4152334 0,0634041 12
92 Svenska Kraftnät 0,4004739 0,0555603 10
44 Equinor 0,4072289 0,0142977 3
17 Nexans 0,3948598 0,0089406 2
30 Fred. Olsen Renewables 0,3948598 0,0089406 2
49 Mainstream Renewable Power 0,3948598 0,0089406 2
101 NKT 0,4043062 0,0052417 4
68 Siemens 0,4052758 0,0034552 5
79 Vattenfall 0,3885057 0,0023873 4
133 Aker Solutions 0,3535565 0,0022998 2
91 EirGrid 0,3650108 0,0018482 2
129 Heerema 0,3572939 0,001607 2
153 Aker Offshore Wind 0,3056058 0,001434 2
70 50Hertz 0,3626609 0,0009 3

Figure 34: 2 GW program as an example project for niche level SNA



Table 11: Interconnectors between European offshore TSOs

TSO 1 TSO 2 Interconnector name Connection type Source
Eirgrid RTE Celtic Interconnector HVDC https://www.nsenergybusiness.com/projects/celtic-

interconnector/
Eirgrid Soni North South

Interconnector
under
construction

https://www.soni.ltd.uk/the-grid/projects/tyrone-
cavan/the-project/

National Grid Statnett North Sea Link HVDC https://www.statnett.no/en/our-projects/interconnectors/
north-sea-link/

National Grid Energinet Viking Link HVDC https://viking-link.com/
National Grid TenneT Britned HVDC https://www.britned.com/
National Grid Elia group Nemolink HVDC https://www.nemolink.co.uk/
Energinet TenneT Cobra Cable HVDC https://www.tennet.eu/projects/cobracable
Energinet Svenska

Kraftnät Oresund 400kV AC https://www.offshore-energy.biz/nkt-boskalis-secure-
oresund-400kv-interconnector-project/

Energinet Statnett Skagerrak Link HVDC https://www.offshore-technology.com/contractors/cables
/nexans/pressreleases/pressskagerrak-40th-anniversary/

Energinet Elia group Triton Link HVDC https://www.offshore-energy.biz/energinet-and-elia-
launch-tender-for-new-north-sea-interconnector/

Energinet 50Hertz Kriegers Flak HVDC https://www.50hertz.com/Grid/Griddevelopement/
Concludedprojects/CombinedGridSolution

Svenska
Kraftnät PSE SwePol HVDC https://library.e.abb.com/public/0d242958cb0fb2a5

c1256fda004aeab7/swepol.pdf
Svenska
Kraftnät TenneT Balticcable HVDC https://balticcable.com/our-asset/
Svenska
Kraftnät 50Hertz Hansa PowerBridge HVDC https://www.50hertz.com/Grid/Griddevelopement/

Offshoreprojects/HansaPowerBridge
Svenska
Kraftnät Litgrid Nordbalt HVDC https://www.nkt.com/references/nordbalt-the-baltic-sea

Statnett TenneT NordLink HVDC https://www.statnett.no/en/our-projects/interconnectors/
nordlink/

Fingrid Svenska
Kraftnät Fenne-Skan HVDC https://www.fingrid.fi/en/news/news/2021/fenno-skan

-1-lifetime-will-be-extended-until-2040/
Fingrid Elering EstLink HVDC https://www.elering.ee/en/cross-border-electricity-

trade#tab2
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B.3 Scenario Analysis
When asking the experts about the factor ranking based on impact, the first
interviewee provided five factors. Because this was deemed not feasible after-
wards, the factors to be ranked were reduced to three. To make the ranking
comparable, the fourth and fifth factor were also given only one point, as were
the third factor for all other interviewees. The ranking can be found in Table 14.

When asking for a factor ranking based on uncertainty, no ranking was asked
for as this was part of the conversation. Therefore, no ranking could have been
provided for each actor and each mention of a factor was assigned one point.
Some experts provided more than three factors in the flow of the conversation,
which was deemed to be still relevant, as each factor was only assigned one
point. The ranking can be found in Table 15. The combined ranking can be
found in Figure 35.

Table 14: Factor ranking based on impact

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Expert 10 Expert 11 Expert 12 Expert 13 Ranking Points
assigned

Government
policies Standardisation Supply

chain
Ecological
impacts

Supply
chain Workforce Public

support Market design Energy
demand

Government
policies

Supply
chain

Energy
demand

Ecological
impacts 1 3

Energy
demand

Grid
congestion Regulations Grid

congestion Regulations Government
policies Regulations Interconnection Ecological

impacts
Energy
demand Permitting Energy

autarky
Government
policies 2 2

Oil and gas
interests

Government
policies

Market
design

Spatial
planning

Business
case Regulations Risk

perceptions Grid congestion Government
policies

Grid
congestion

Public
acceptance

Supply
chain

Energy
demand 3 1

Spatial
planning 4 1
Public
support 5 1

Table 15: Factor ranking based on uncertainty

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Expert 10 Expert 11 Expert 12 Expert 13 Ranking Points
assigned

Energy
demand

Spatial
planning

Market
design

Ecological
impacts

Economic
development

Political
instability/security Regulations Market

design
Ecological
impacts

Energy
demand

Supply
chain

Supply
chain Hydrogen 1 1

Technological
development Workforce Technological

development
Spatial
planning

Government
policies

Supply
chain

Political
instability/security

Energy
demand

Supply
chain

Onshore
grid development

Geopolitical
tensions Cooperation Government

policies 1 1
Government
policies

Government
policies Standardisation Technological

development Workforce Government
policies

Supply
chain

Small
nuclear reactors

Technological
development

Ecological
impacts 1 1

Offshore
grid design

Demand
flexibility
&
energy storage

Energy
demand

Political
instability/security 1 1

Weather impact
& wake effects 1 1

Figure 35: Factor ranking based on uncertainty and impact



Interview guideline 

Semi-Structured expert interviews: External factors affecting the North Sea offshore energy 

system 

 

1. Could you please introduce yourself and provide an overview of your expertise and 

experience related to the North Sea offshore energy system? 

 

2. Based on your understanding and expertise, which external factors do you believe will 

have the most significant impact on the offshore energy system in the North Sea in the 

near future? Please provide a brief explanation for each factor. 

 

3. Out of the factors you mentioned, could you rank the top five factors in terms of their 

potential impact on the North Sea offshore energy system? Please explain why you 

assigned each factor its respective rank. 

 

4. Are there any specific factors that you believe are currently underestimated or 

overlooked but could significantly affect the North Sea offshore energy system in the 

near future? If that is the case, can you please elaborate. 

 

4.1 (If not mentioned) In the literature, there was little to be found on environmental 

factors affecting the North Sea offshore energy system. What role do you see 

environmental factors playing over the next 5 years?  

 

5. Considering the factors you mentioned, how do you envision potential futures for the 

North Sea offshore energy system over the next five years? What are the key scenarios 

or pathways that you foresee? 

 

6. Could you describe one or more specific scenarios that you believe could have a 

significant impact on the North Sea offshore energy system? What are the key drivers 

and events behind these scenarios?  

 

7. Based on your professional experience, what are the necessary components or actions 

required to achieve the scenarios you mentioned?  



 

8. Are there any potential risks or challenges associated with the scenarios you 

described? How could these challenges be addressed or mitigated effectively? 

 

9. Where do you see potential for conflict of the offshore energy system with and other 

sectors, such as environmental conservation, shipping, or tourism? How might these 

interactions shape the future of the offshore energy system? 

 

10. How do you anticipate the regulatory landscape evolving for the North Sea offshore 

energy system? Are there any specific policy changes or developments that you 

consider particularly relevant? 

 

11. Based on your expertise, what are the key uncertainties regarding the scenarios that 

could disrupt the North Sea offshore energy system?  

 

12. Is there any additional information or perspective that you believe would be valuable 

for understanding the factors and future scenarios impacting the North Sea offshore 

energy system? Please share any thoughts or insights you deem relevant. 

 



Delft University of Technology 
HUMAN RESEARCH ETHICS 

INFORMED CONSENT TEMPLATES AND GUIDE 
(English Version: January 2022) 

 
 

You are being invited to participate in a research study titled Contextual analysis of the 
North Sea offshore energy system - Using PESTLE and exploratory scenario analysis to 

assess the impacts of external factors on TenneT’s GFO-O. This study is being done 
by Peter Schmidt from the TU Delft in cooperation with TenneT. 
 
The purpose of this research study is to study the offshore energy system in the North Sea. 
Therefore, the thesis focuses on the role of the Dutch and German transmission system 
operator TenneT as a case study. External factors impacting TenneT’s department Grid Field 
Operations – Offshore (GFO-O) are identified and their impacts on its performance assessed. 
For this, PESTLE is used within the multi-level perspective framework and combined with an 
exploratory scenario analysis to account for uncertainties over the next five years and 
provide policy recommendation to the management to ensure reliable electricity supply.  
 
The interview will take you approximately 30-45 minutes to complete. The data will be used 
for research purposes as part of a master’s thesis investigating external factors in the North 
Sea offshore energy system. We will be asking you questions regarding the external factors 
that you regard as critically impacting the North Sea offshore energy system, ask you to 
provide a ranking of the factors, Moreover, we will ask you to provide about potential 
futures for this system, what pathways you see to get there and what necessary 
components will be. 
 
In case of in-person interviews, the interviews will be audio-recorded or video-recorded in 
case of an online-interview. As with any online activity the risk of a breach is always possible. 
To the best of our ability your answers in this study will remain confidential. We will 
minimize any risks by deleting the records and transcripts of the interviews after they have 
been used for the research purposes. Even though transcripts will be generated from the 
interviews and temporarily securely stored within TU Delft, in the thesis only aggregated 
answers will be used and the transcript destroyed after publication of the corresponding 
master’s thesis. In the appendix of the thesis, only the code book used for coding the 
interviews, the informed consent form template and the interview guideline will be added. 
No personal information from the interview partners will be published and no commercially 
or professionally sensitive questions will be asked.  
 
 
Your participation in this study is entirely voluntary and you can withdraw at any time. In 
that case, all data collected up to that point will be deleted and destroyed. No financial 
compensation will be provided for participating in the study. You are free to omit any 
questions. The master’s thesis is expected to be finished and published in August 2023. 
 
In case you need to contact the research team for any reason, you can reach them through 
the following 
contact details: 

• Peter Schmidt (corresponding researcher): P.Schmidt-1@student.tudelft.nl 

• Thomas Hoppe (responsible researcher): t.hoppe@tudelft.nl 



 
By answering the questions below and signing the form, you are agreeing to this Opening 
Statement and providing informed consent to participate in the study. 
 
 

 PLEASE TICK THE APPROPRIATE BOXES Yes No 

B: POTENTIAL RISKS OF PARTICIPATING (INCLUDING DATA PROTECTION)   

1. I understand that the (identifiable) personal data I provide will be destroyed after publishing the 
master’s thesis. 

☐ ☐ 

C: RESEARCH PUBLICATION, DISSEMINATION AND APPLICATION   

2. I understand that after the research study the de-identified information I provide will be used in 
aggregated form for policy recommendations and decision-making processes by TenneT. 

☐ ☐ 

 
 
 
 
 

 
Signatures 

 
 
__________________________              _________________________ ________  
Name of participant [printed]  Signature   Date 

 
[Add legal representative, and/or amend text for assent where participants cannot give consent 
as applicable]                                       

 

I, as legal representative, have witnessed the accurate reading of the consent form with the 
potential participant and the individual has had the opportunity to ask questions. I confirm that 
the individual has given consent freely. 

 

__________________________             _______________________    _________ 

Name of witness          [printed]               Signature                                     Date 

I, as researcher, have accurately read out the information sheet to the potential participant and, 
to the best of my ability, ensured that the participant understands to what they are freely 
consenting. 

 

________________________  __________________         ________  

Researcher name [printed]  Signature                 Date 

 
Study contact details for further information:  [Name, phone number, email address] 
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