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Abstract

In light of climate change and energy security issues, ambitious decarbonisation targets have
been set across Europe. A cornerstone of realising these goals is a massive expansion of offshore
wind power located in the North Sea. This area is one of the most favourable locations for
successful wind projects in the world, due to a reliable wind resource and shallow waters.
Considering announced plans to build upwards of 300 GW of offshore wind in the North Sea,
how to best integrate this into the existing onshore energy system remains uncertain. A
possible solution that has gained momentum in recent years is the build-out of an integrated
transmission network placed offshore. This could transport the energy generated from offshore
wind farms via a hub-based system to several nations. The hub-based network can comprise
both power and hydrogen transmission infrastructure, as well as electrolysers placed offshore.

This project investigated potential configurations of such a hub-based offshore network in the
North Sea by 2050, using a linear optimisation model. 2030 and 2040 were set as intermediate
simulation years to monitor developments across the time horizon. The results indicate sub-
stantial build-out of both power and hydrogen transmission infrastructure, across all modelling
runs. It predominantly consists of electricity connections, but hydrogen connections are also
present. The electricity network displays both hub-to-hub as well as hub-to-shore connectivity.
Major connection points across the offshore power network were found to be the areas around
offshore wind farms (OWF) East Anglia, Nederwiek, Dogger Bank, and German search areas N
17-20. The 2050 offshore hydrogen network exhibits hub-to-hub connections between OWFs
East Anglia and Nederwiek, and far-from-shore German OWF search areas N 17-20 and British
Dogger Bank respectively. All other offshore nodes display the build-out of hydrogen pipelines
which are radially connected to the shore.
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1 Introduction

1.1 Societal & Scientific Background

Through the well-known Paris Climate Agreement, a vision was set for Europe to decrease
greenhouse gas emissions by 55% in 2030, compared to 1990 levels [1]. This vision is driven by
the threat of global warming, which is to be limited close to 1.5◦C compared to pre-industrial
levels [1]. Emission reduction efforts within the European Union are led by the ’Fit for 55%’
package launched by the European Council, making it legally binding for all member states
to comply [2]. This package will be the backbone of the decarbonization efforts that will
need to occur across Europe. Steering the energy supply away from fossil fuel combustion
and towards less polluting energy sources like wind and solar-based technologies will be an
important cornerstone in decreasing emissions. Renewables have been rapidly growing, and
are projected to account for 95% of all global power capacity growth to 2026 [3]. This will be
essential for emission reduction.

Currently, close to 42% of European electricity is produced by fossil fuel combustion, and
a quarter is produced in nuclear reactors [4]. Renewable sources together account for 33%
of the European electricity supply, predominantly from wind-based technologies[4]. Energy
is however not only consumed in the form of electricity, but also in fuels for transport and
heat for industrial, commercial and residential purposes. At a global level, the total energy
consumption is shared between 50% for heat, 30% for transport and 20% for electricity [5].
Fossil fuels constitute an even larger part of the former two, 60% of the global heat supply
comes from fossil sources [5] and 91% of the final energy consumed within transport is oil-
based [6]. Hence it is important to investigate ways to decarbonise all three segments by also
looking beyond just decarbonising electricity.

Decarbonising the European energy supply is however not solely a climate conservation effort,
but more recently also about ensuring a stable and secure energy supply. Geopolitical tensions
as a consequence of the invasion of Ukraine have highlighted the European over-dependence
on foreign fossil fuels, particularly from Russia [7]. This caused gas prices to soar over the
past year, leaving businesses and households struggling to pay their energy bills [8], [9] and
exacerbating energy poverty [10]. Prior to the war, 40% of all gas consumed in the EU
came from Russia [11]. To escape this situation the European Union has responded with the
REPowerEU plan, which states that independence from Russian fossil fuels can come through
energy savings, diversifying of supply and an acceleration of the development of renewables
[7]. REPowerEU plans have also shifted the role that natural gas can have as a bridging fuel
for decarbonising Europe, adding further complexity to the European energy transition [7].
The plan emphasises the need for offshore wind energy to play a key role in the transition, as
it is seen as a stable, clean and abundant resource [7].
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Introduction

1.2 The Role of Offshore Wind in the European Energy
Transition

Offshore wind technology provides an immense opportunity to deliver affordable, clean electric-
ity through harvesting kinetic energy found in wind to generate electrical power [3], [12]. The
technical potential for offshore wind in 2040, when accounting for both floating and bottom
fixed turbines, is 11 times greater than the expected global electricity demand in the same
year [13]. This gives an indication of the scale of the opportunity. Offshore wind has seen a
30% annual growth rate between 2010-2018 [13], and is expected to be the fastest growing
renewable technology until 2026 [3]. State-of-the-art offshore wind projects deliver capacity
factors around 40-50%, thus matching capacity factors of power plants running on coal and gas
[13]. This is crucial to reach high system integration and reliability while limiting curtailment.
Neither onshore wind nor solar photovoltaics can achieve this high capacity factor [13].

Unlike traditional power generation such as coal and gas combustion is offshore wind reliant
on a more variable resource, but its’ output is less variable than other renewables. This makes
it a favourable addition to power systems as it can help with providing baseload power [13]. It
has even been referred to as a ’variable baseload technology’, a class of its own, because of the
increased dependency a system can place on it to maintain energy balance [13]. Offshore wind
is further beneficial as it tends to generate more power during the winter season, thus matching
the season with the greatest electricity demand in Europe [14]. There is less public opposition
to Offshore Wind Farm (OWF) developments than to land-based renewable projects, as noise,
shading and the visual impact of the installed wind turbines have less of an effect on humans
[7], [12], [13]. Prioritising projects with higher public acceptance could be important to keep
the pace of the energy transition sufficiently high.

Figure 1.1: Size developments of commercially available wind turbines [15].

Apart from the technical advantages of offshore wind, financial advantages linked to a low
Levelized Cost of Electricity (LCOE) competitive with fossil fuels are also reported in recent
years [13]. Decreased costs are mainly linked with the development of larger, more powerful
wind turbines [13]. The size evolution of wind turbines is presented in Figure 1.1. Larger
turbines come at a higher investment cost, but the benefits of decreased operational costs
across the turbine’s lifetime and increased capacity factors provide positive net benefits and
lead to an overall lower LCOE [13]. LCOE predictions for new offshore wind farms indicate
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that it will drop from 140 $ per MWh in 2018 to 70 $ per MWh in 2040 [13]. Offshore wind
farms can transmit their generated power to shore via High Voltage Direct Current (HVDC)
or High Voltage Alternating Current (HVAC) cables, the former being the most financially
competitive when connecting wind farms located far from shore due to transmission losses
[13].

One of the best European locations for offshore wind lies within the North Sea, surrounded
by the Netherlands, Belgium, Germany, the United Kingdom, Denmark, Sweden and Norway
(Figure 1.2). The North Sea offers shallow water depths and high wind speeds, making the
conditions very favourable for successful offshore wind projects [16]. Two-thirds of the total
European technical potential for offshore wind lies within this region [13], justifying the special
attention it receives. The favourable conditions are also reflected in the fact that Danish
Ørstedt, German RWE and Swedish Vattenfall jointly cover over 25% of the global offshore
wind market, thus leading developments and installations globally [13].

Figure 1.2: Map of North Sea offshore wind farms and current electricity grid [17].

When examining existing and planned offshore wind farms in the North Sea, presented in Fig-
ure 1.2, it can be seen that the number of operational wind farms by 2030 (blue) is far greater
than those currently operational (green). This illustrates the expansive offshore growth that is
expected in the North Sea in the coming decade. As suitable sites close to shores are becoming
occupied, there is a trend towards wind farms being developed further from shore [13]. This
allows for harvesting higher wind speeds and a more reliable wind resource, contributing to
raising the capacity factor of offshore wind [13]. Developments of offshore energy infrastruc-
ture are however not discrete systems and they need to be interwoven with onshore energy
infrastructure where consumers reside. Considering already existing issues of grid congestion
[18]–[20], integrating additional large amounts of variable resources will be a challenge. This
has led to the idea of a meshed offshore grid, whereby OWFs are connected via central points
called ’energy hubs’ to several countries to more efficiently distribute the produced power. An
energy hub has been defined as a ’multi-carrier offshore energy system which encompasses
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Introduction

production, conversion and/or storage’ [21]. There is now a consensus among the majority
of policymakers and the scientific community that building an interconnected offshore grid
is important, both from a technical and financial standpoint, see e.g. [22]–[24]. Expanding
offshore connections can also help relieve onshore grid congestion, such as those present in
the UK [25]. A hub-based offshore grid is presented visually in Figure 1.3.

Hub

Hub

Country B

Country A

Country C

Onshore to Onshore connection

Offshore to Offshore 
connection

Hub

Offshore to Onshore 
connection

Hydrogen pipe

Electricity cable

Electrolyser

Figure 1.3: Visual representation of the offshore grid concept, adapted from [26].

Developing interconnected energy infrastructure in the North Sea, focused on large build-outs
of OWF, was initially declared a goal for several countries in the region through the North Sea
Energy Cooperation (NSEC) founded in 2016 [27]. In 2022 the NSEC collectively declared a
target of 260 GW of offshore wind by 2050, representing 85% of the total European target
[28]. More recently this ambition has been re-emphasised through the latest version of the
Ostend Declaration announced in April 2023 [29]. Here the Netherlands, Belgium, Denmark,
Germany, Norway, the United Kingdom, France, Ireland and Luxembourg together declared
the goal of 300 GW of offshore wind by 2050, calling the North Sea the ’Green Power Plant
of Europe’ [30]. The North Sea Wind Power Hub (NSWPH) consortium initiated by Danish,
Dutch and German electricity and gas TSOs further demonstrates the will to successfully
develop integrated energy infrastructure in the North Sea [31]. The European Commission
has also recognised an integrated North Sea grid as one of the prioritised infrastructure projects
in Europe [22]. But achieving 300 GW of OWF by 2050 will require extensive infrastructure
developments which is a complex task, as the North Sea is already home to fishing industries,
gas and oil infrastructure as well as nature reserve areas [32]. There is therefore a growing body
of research on North Sea offshore grid deployment, covered in further detail in section 1.3.

1.3 Previous Research & Literature Gap

Several previous studies have analysed North Sea offshore grid developments (e.g. [22], [25],
[33], [34],), the majority focusing solely on the power system [35]. Hence, the interconnection
with hydrogen and other energy sectors was often excluded [35]. Effects of coupling these
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sectors have albeit been explored on an EU level, but this has come at the expense of detailed
results for the North Sea region [35].

Connecting wind farms individually to shore (radial connections) compared to creating an
integrated offshore power grid was explored in [36] until 2050. It was found that an integrated
power grid allowed for increased offshore wind investments, increased renewable generation
and an overall lower system cost [36]. The decreased cost was mainly due to significantly
lower fuel expenditures and CO2 tax compared to the radially connected scenario [36]. Similar
conclusions were drawn in [22] which analysed a UK-Benelux system consisting of three OWFs
connected radially versus in an integrated manner. The researchers found that the integrated
configuration produced both financial and environmental benefits compared to the radially
connected system [22]. Other energy carriers than electricity were excluded [22]. In Ref. [37]
research was conducted on the integration of offshore wind in the Netherlands, but import and
export to neighbouring countries was assumed constant, no matter the weather conditions.
Ref. [38] modelled a Dutch integrated energy system, but stated that future work is needed
to include the remaining North Sea countries for more detailed results on offshore installations
and hydrogen scenarios.

In an attempt to bridge this research gap Ref. [35] explored a North Sea energy system
in 2050, using a linear optimisation model. The model included several energy carriers in
Belgium, Denmark, Germany, The Netherlands, Norway, Sweden and the United Kingdom to
optimise for technology investments and operation, based on radially connected OWFs [35].
The effect of different decarbonization scenarios to 2050 was also explored [35]. The results
presented in [35] reveal that only the Netherlands and Germany reach their maximum OWF
installed capacity potential in all scenarios, but the remaining countries do not. Through
sensitivity analysis, it was investigated what the impact would be on British installed OWF
capacities if the model was allowed to interconnect the UK, The Netherlands and Germany
through offshore nodes [35]. This led to considerable increases in OWF investments and a
build-out of offshore interconnections in the least cost solution [35], suggesting that allowing
interconnections between the remaining countries could lead to similar beneficial results. The
natural gas network was further assumed to be highly reliant on the imports from North Africa
and Russia [35], the latter of which the EU now is doing its utmost to refrain importing from
as a consequence of the war in Ukraine [7].

Ref. [34] explored possible North Sea offshore developments considering spatial limitations.
Two main scenarios were investigated, the first being a solely power-based offshore system
and the second allowing for both electricity and hydrogen transmission infrastructure build-out
[34]. This was modelled using a linear programming methodology and optimised for simulation
year 2050 [34]. Cost savings resulting from the build-out of an offshore grid were found in
both cases, spanning from 1-7% relative to a system where no offshore grid developments
were allowed [34]. This study allocated the location of their nine offshore nodes based on
a k-means clustering algorithm of some of the existing and planned OWF in the North Sea.
Only OWF areas which were deemed to possess a high degree of certainty in the realisation
of their plans were included. This meant that several announced search areas for future OWF
instalments were disregarded.

Furthermore is the economic and technical feasibility of integrating hydrogen production into
an offshore network a contested topic. Ref. [26] found the inclusion of offshore electrolysis to
lead to increased system costs while [39] found that generating hydrogen offshore rather than
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onshore lead to a lower Levelized Cost of Hydrogen (LCOH). Ref. [40] showed that offshore
hydrogen can play a part of the optimal solution for a Dutch energy system, but stated that
this is highly sensitive to levels of hydrogen demand, biomass availability and carbon capture
and storage (CCS). In [41] the importance of building out hydrogen production offshore is
highlighted, due to onshore spatial limitations that could make it difficult to expand cable
landing points further. Considering the varying conclusions drawn in previous literature, more
research into the topic is needed.

Further discussion and a comprehensive overview of the challenges that offshore energy systems
have, and will face, focusing on the North Sea can be found in [32]. At their core these
challenges mainly pertain to the lack of sufficiently detailed data and expertise across all the
sectors researchers are trying to integrate, and a lack of computational power able to handle
the complexities of an integrated energy system [32]. In light of the research gaps identified
across the existing body of literature, more research is needed.

1.4 Research Question

As detailed in sections 1.1,1.3, further research is needed into possible future configurations
of a North Sea offshore grid covering multiple energy carriers. This project undertook that
endeavour, with a special focus on enhancing the granularity of the North Sea while maintaining
cross-border interactions across mainland Europe. Considering this, the main research question
was formulated to be:

”What will a hub-based offshore network in the North Sea look like by
2050?”

In order to answer the main research question, three sub-questions were defined:

1. What are the locations, functionalities, key characteristics and connection patterns of
the offshore energy hubs?

2. What are the key characteristics and utilisation rates of the connection infrastructure to
and from the offshore energy hubs?

3. What is the impact of varying electrolyser pricing on the resulting modelled offshore grid
developments?

To answer the main research question, along with the three sub-questions, Guidehouse’s Low
Carbon Pathways (LCP) model was employed. A description of LCP along with the theoret-
ical background of energy system modelling is discussed in more detail in the next chapter,
chapter 2. The methodology is thereafter outlined in chapter 3 followed by the results in
chapter 4. A discussion of the results is provided in chapter 5 and conclusions of the study
are summarised in chapter 6.
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2 Theoretical background

2.1 Energy system modelling

As the European energy system becomes increasingly interconnected, the need for cross-border
planning also increases. This has led to the Ten-Year Network Development Plan (TYNDP)
initiative, whereby European power and gas Transmission System Operator (TSO)s jointly
agree on a vision for how to develop the energy system over the coming decade [42]. This has
become necessary as the expansion of energy supply technologies and its’ related infrastructure
is an investment intensive endeavour with long lead times which could require significant
multi-national collaboration. As a result there is a growing body of research on energy system
modelling which attempts to solve for the ’optimal’ build-out; the configuration which fulfils
the imposed requirements at the lowest cost to the system. Such requirements can be levels
of emission reduction or self sufficiency.

Using models for investigating potential development paths is now common practice, as this
allows for ’testing’ the implications of varying policies and targets on the final outcome [25].
There are many types of energy system models which focuses on different aspects of an energy
system, such as power dispatch modelling and capacity expansion modelling. Some well known
examples of energy system models are EnergyPLAN [43], Plexos [44] and IESA-Opt [45].

2.1.1 Low Carbon Pathways model

This project employed Guidehouse’s internal energy model Low Carbon Pathways (LCP), writ-
ten in R programming language. LCP is a capacity expansion model, whereby the user can
investigate how an energy system develops over a specified time horizon considering techno-
economic detail, demand fluctuations, and imposed constraints. This is done by looking at
how the installed capacity of energy supply technologies and their associated infrastructure
will develop over time, guided by the main objective to minimise the present-day value of the
total system costs. LCP is constructed to observe the energy flows of three main carriers,
namely electricity, hydrogen and natural gas/methane. These three are the only forms of
energy allowed to pass across the interconnection stage of the model, from the point of supply
to the point of demand. This is illustrated in Figure 2.1, where all input fuels will need to
be converted into either electricity, hydrogen or methane on the supply side before reaching
the interconnection phase. After passing through the interconnection stage the three energy
carriers are consumed in accordance to their respective specified demand. This simplification
allows for decreasing the computational complexity significantly, compared to a real-life en-
ergy system. LCP is based on a linear optimisation methodology, which will now be covered
in further detail.
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Figure 2.1: Simplified overview of energy flows in LCP at each node.

2.1.2 Linear optimisation

Linear optimisation, or linear programming, is a methodology to investigate optimal solutions
to complex problems, where the optimum is defined as the solution that is associated with
the lowest overall costs. Linear optimisation models have been employed extensively in energy
systems literature, e.g. [35], [38], [46], as it allows for a manageable computational time
through problem simplification, while still producing valuable results [47]. They can be adapted
to investigate different problems, but at their core, they consist of three parts: decision
variables, constraints and an objective function. Decision variables are those that the model
will need to determine endogenously, which in capacity expansion modelling mainly pertains
to the installed capacities of different supply and infrastructure technologies. Constraints
define the computational space within which the optimal solution can be found. This can,
for example, be the allowed CO2 emissions, the maximum allowed build-out of a particular
technology, or limits to allowed retrofitting. The objective function analyses the total set of
decision variables, along with their associated cost coefficients, to find the optimal solution
while still abiding by the constraints.

Mathematical formulation of LCP model

Figure 2.2 illustrates how the decision vector in LCP is formulated. At a high level, the matrix
is firstly divided up by technology. This is can be either a supply technology such as a coal
plant, an infrastructure technology such as a HVDC cable or a storage technology such as
a battery. Each technology is optimised over several properties, for example, its’ capacity,
dispatch or charging. Figure 2.2 only displays the former two for simplicity. It can be seen
that the capacity is optimised on an annual level, once per simulation year 2030, 2040 and
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2050 respectively. Hence the Decision Variable (DV) size is equal to one per simulation year.
The dispatch is however optimised on a more granular level, whereby LCP has to determine
what quantity of energy should be dispatched from each technology in a specific hour on a
specific day in a specific simulation year. This can for example be the energy dispatched in
the first hour on the second representative day in the simulation year 2030. With 24 hours per
day and 13 representative days per year, the DV size per annual dispatch becomes 312. The
total set of DVs, i.e. the capacity and dispatch DVs for every technology (n) in every node
(a) is known as the decision vector.

DispatchCapacity

Technology X

2030 2040 2050

na 1-24

na 13

1 1 1

2030 2040 2050

13 13

1-24 1-24

312 312 312

Dispatch

Technology Y

Capacity

2030 2040 2050

na 1-24

na 13

1 1 1

2030 2040 2050

13 13

1-24 1-24

312 312 312

Technology 

Property to
optimise 

Simulation 
year

Intra annual
days 

Intra day
time steps 

Decision 
variable size 

All decision variables combined = Decision vector 

Figure 2.2: LCP decision matrix.

Each DV is associated with a cost, for the capacity-based DVs this pertains to their respective
CAPEX values, while for the dispatch DVs this relates to the OPEX corresponding to the
energy dispatch. For other optimising properties the corresponding costs may be other factors
such as emission costs, and charging costs. The total set of cost variables is known as the
cost objective vector, which combined with the decision vector forms the objective function,
displayed in Equation 2.1. The objective function aims to minimise the present value of the
total system cost.
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Table 2.1: Variable explanation

Variable Description Unit Variable Description Unit

t Hourly time step hour F Fuel demand/ use MWh
T Total set of time steps n E Energy in/out MWh
a Node n DV Decision variable n
A Total set of nodes n Cnew New capacity built MW
n Technological unit n Cmax Maximum capacity built MW
N Total set of technological units n Cretrofit Retrofitted capacity MW
D Dispatch MWh Cret Retired capacity MW
Y Demand MWh Rmax Maximum replacement MW

Objective function LCP

Minimise =
∑

n∈N,a∈A
(DV 1n,a(t) × Costn,a(t) + .... + DVn,a(t) × Costn,a(t)) (2.1)

The costs associated with each DV can for example be Capital Expenditure (CAPEX) or
Operational expenditures (OPEX) which can in turn consist of expenditures such as fuel costs,
emission costs, commissioning and de-commissioning costs, and infrastructure costs.

Several constraints are imposed to ensure a feasible cost-optimal solution determined by LCP.
Firstly, an energy balance constraint is imposed to ensure that the energy demand per energy
carrier, node and time step is fulfilled. This is displayed in Equation 2.2.

Df ,a(t) = Yf ,a(t), f ∈ F , a ∈ A, t ∈ T (2.2)

To account for system losses, the energy balance is further divided into an energy balance
at the points of energy supply and energy demand (Equation 2.3). These are linked via an
interconnection step. The supply side energy balance consists of input fuels such as upstream
fuels like coal, biomass and natural gas together with natural resources like wind and solar
irradiance. For each node on the demand side, three demand profiles are specified: one for
electricity, one for methane CH4 and one for hydrogen H2. This means that across the inter-
connection step, moving from the energy supply to the demand, only the three energy carriers
of electricity, CH4, H2 are considered to limit computational complexity. All input fuels thus
have to be converted to one of the three energy carriers before reaching the interconnection
step.

∑
Ein =

∑
Eout (2.3)
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There are also several constraints placed on the capacity expansion. Firstly a constraint on
the annual allowed capacity build-out is enforced, Equation 2.4, to ensure that LCP does not
expand the capacity of a technology faster than what is realistic.

Cn,a,new(t) ≤ Cn,a,max(t), a ∈ A, n ∈ N , t ∈ T (2.4)

The total allowed capacity build-out across the entire simulation period was also constrained
through Equation 2.5.

Cn,a,new(t) − Cn,a,retrofit(t) − Cn,a,retired(t) ≤ Cn,a,max(t), a ∈ A, n ∈ N , t ∈ T (2.5)

As this model contained the option to retrofit natural gas pipes to transport hydrogen, this
was limited through Equation 2.6.

Cretrofit ≤ Rmax (2.6)

A constraint was also placed on the energy dispatch, to ensure that it does not exceed the
installed generation capacity (Equation 2.7).

D(t) + Cretrofit(t) − Cnew(t) ≤ Cknown(t) (2.7)

To restrict model fuel usage, the following constraint was imposed on the objective function:

∑
(Finput,a) ≤ Fmax ,annual (2.8)

2.1.3 Spatial granularity

In order to analyse a large geographical region certain simplifications are often made. One of
these is the division of a geographical area into smaller regions, which can then be represented
using a single point, or ’node’ in the modelling. A nodal approach allows for assigning all
the input data associated with a region to a single point, so geographical complexities can
be disregarded. There is however a trade-off between decreasing spatial granularity and how
well the modelled outcomes represent real-life behaviour. Being mindful of this balance is
particularly important as intermittent renewables grow in prominence, as their energy outputs
can be highly location-specific due to their weather dependency [48].

Despite this, a common methodology to divide Europe into smaller geographical regions is the
Nomenclature of Territorial Units for Statistics (NUTS) methodology, where NUTS-0 represent
entire countries while NUTS-2 are smaller areas where regional politics apply [49]. The benefit
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of this methodology is that it can be applied to a vast range of research, also beyond those
which are energy-related. An approach that is more targeted toward energy-related research is
to use electrical bidding zones as the defining border of each node. This methodology was for
example applied in the Ten-Year Network Development Plan (TYNDP) created by ENTSO-E
[50].

2.1.4 Temporal resolution

With increased variable renewable generation, the importance of temporal detail also becomes
more prominent [48], [51]. This is because intermittent renewables are dependent on ever-
changing weather patterns, making it difficult to accurately forecast their power output. To
decrease the computational complexity of capacity expansion modelling, the temporal resolu-
tion is often limited to a set of ’time slices’ [52]. Time slices represent periods of time with
similar characteristics, such as those with similar variable renewable generation or extraordi-
narily high energy demand [52]. Together, the complete set of time slices should represent the
majority of situations that the energy system will likely face throughout the simulation horizon,
as this outlines the boundaries within which the energy system needs to be functional. An
overview of different approaches applied to time slicing while modelling energy systems with
high variable renewable penetration is presented in [52].

Moreover, the temporal resolution of a capacity expansion model is also dependent on whether
a static or dynamic approach is chosen [53]. In a static modelling exercise, the system con-
figuration of the target year is solely considered, with no regard to how the system developed
over time to get there. A dynamic modelling exercise on the contrary considers how the
capacity expansion unfolds across the entire simulation horizon, and hence produces more de-
tailed results. These detailed results however come at the expense of increased computational
complexity, meaning that they are often limited in their scope [53]. A hybrid approach was
taken within this project, whereby the system configuration in three simulation years was in-
vestigated, namely 2030, 2040 and 2050. Capacity developments for the time between these
simulation years were disregarded. This provided some detail into how the energy system
developed over time, while still keeping the computational complexity relatively low.

For capacity expansion exercises the temporal resolution is mainly dictated by two parts; the
energy demand profiles and the renewable supply curves. The demand profile specifies an
hourly energy demand at each node, which can fluctuate across the entire set of time steps.
The renewable supply curves convert wind speed or solar irradiation fluctuations to power
output curves. These fluctuations come about as a result of the time of day, season and
location. To find a balance between capturing variability and limiting computational time
’representative days’ can be used.

Representative days

To decrease computational complexity in the temporal domain is the selection of representative
profiles to represent a larger set of time steps often used [52], [54], [55]. The aim of the
representative days methodology is to choose a set of days which represent the behaviour
of a larger data set, without having to include the full data set with all the time steps.
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Within the context of energy system modelling, this can be a smaller set of daily profiles
that are used to represent an entire year. The need for representative days has risen with the
increased integration of intermittent renewables within the energy system [51]. Energy system
modelling is reliant on appropriately encapsulating the variability of renewables, system costs
are otherwise underestimated and renewable technology expansion is overestimated [54]. Their
intermittent nature means that their electricity generation is changing with the weather and
is hence less predictable than that of fossil-based generation. As weather patterns are highly
location-specific, there is also a need for spatial granularity.

Representative days are used to create time slices, where a single value is placed on demand
and supply [54]. There is no singular method for selecting representative days, which makes it
difficult to determine the suitability of the selection [52], [54]. The literature review conducted
in [52] revealed that the majority of previous literature used a demand variation-based selec-
tion method, which cannot be used on models that include intermittent renewables [52]. The
timing of the renewable generation is also important to consider with respect to the timing
of the demand, as this will determine curtailment levels and the economic value of the re-
newable generation assets, as well as their environmental impact from avoided emissions [54].
Ideally, the correlation between demand profiles and supply profiles across different regions is
maintained throughout the representative day selection [54].

In [52] an analysis was conducted to determine a suitable number of representative days, as
the optimised power generation mix was significantly different when using one representative
day, versus one hundred representative days. This is especially important to consider for wind
power as a 30% higher installed capacity was seen in the one-day run compared to the 100-day
run [52]. By using only one representative day the system was not able to capture the output
variability of the wind power, making it seem more favourable and dependable than in reality
[52]. This also negatively affected the installed capacities of nuclear and natural gas turbines,
which in reality are needed for balancing services and to provide base load power [52]. Ref.
[52] ultimately found six representative days to be sufficient to get results closely resembling
that of the hundred representative day run, reporting a 4% difference in system costs and 2.5
% difference in the installed capacity of intermittent renewables.

There are two main approaches in literature to selecting representative days; heuristics or
creating a set of time slices which together form the best combination according to pre-
defined success criteria [54]. The heuristic approach relies on the fact that even though there
is significant variability in the weather patterns on each day, there are similarities in the wind
behaviour across many days of the year [54]. Hence, in order to represent all the possible
weather scenarios only a smaller number of days are needed.
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3 Methodology

This chapter describes the steps taken in order to answer the main research question. Firstly
the model topology was constructed in order to create system boundaries in LCP. Extensive
data collection and processing were thereafter performed to prepare the input data for LCP
modelling. An overview of the LCP modelling process is provided in Figure 3.1. The robustness
of the results was lastly tested through a sensitivity analysis. Each step of the methodology
will now be covered in further detail.
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Figure 3.1: LCP modelling process overview

3.1 Model topology

In order to employ LCP for the use case determined in this project, a model topology was firstly
constructed. This consisted of setting up the spatial granularity and the temporal resolution.

3.1.1 Spatial granularity

The importance of including European cross-border interactions throughout an energy mod-
elling exercise has been discussed in [56], where the researchers state that it improves the
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reliability of the results. Hence, a large geographical scope was deemed necessary in order to
determine the configuration of a North Sea offshore energy system in 2050. This included the
entirety of onshore Europe, together with the North Sea region, as developments in the North
Sea are likely highly affected by the vastly interconnected onshore energy systems. To com-
putationally cope with this, a nodal approach was used. Within this project, the area within
a node is assumed to operate under a copper plate assumption, i.e. there is no restriction to
the energy flows within the region.

Onshore nodes
All onshore nodes, with the exception of the Netherlands, were assigned to be the same as
those defined in the TYNDP data set created by [42]. These are defined as the geographical
midpoint of each electricity bidding zone in Europe [50], shown in Figure 3.2. It can be seen
that for all European countries, besides Sweden, Norway and Italy, the electricity bidding zones
represent the entire country (NUTS-0 level). Keeping these identical to those used in [42]
increased the repeatability of this project.

Figure 3.2: TYNDP nodes marked on map.

In order to expand on previous work on this topic, [38], the Netherlands was dis-aggregated
further than its’ singular TYNDP node, to instead consist of three onshore nodes. Building on
the work performed in [57], Dutch NUTS-2 segregated data (Figure 3.3) was clustered into
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3 onshore regions for the Netherlands, with 4 NUTS-2 regions in each. These 3 regions were
referred to as NLN for Netherlands North, NLM for Netherlands Middle and NLS for Nether-
lands South. A major landing point for offshore energy infrastructure is located within each of
these three regions; NLN with Eemshaven, NLM with Beverwijk and NLS with Maasvlakte.

NLN
NLM
NLS

Figure 3.3: NUTS map of the Netherlands, with NLN, NLM and NLS marked on map. Adapted
from [49].

Offshore nodes
As this research focused on offshore developments in the North Sea, this region was investigated
with enhanced spatial granularity to the rest of Europe. National development plans for offshore
wind were analysed for the Dutch, German, Danish, Norwegian, Belgian and British parts of
the North Sea through desk research. A selection of these development maps can be found in
Table 2 in the Appendix. This was done in an effort to identify major OWF locations within
each Exclusive Economic Zone (EEZ) that could act as offshore nodes. Their currently installed
capacities, planned future installed capacities and de-/commissioning years were collected to
serve as the basis for the allowed optimisation ranges (section 3.2). The data was primarily
obtained from governmental websites, as these plans are usually set on a national level.

As an example of this process, the Dutch planned offshore developments can be used. As
reported by [58] three OWF areas stand out, namely Nederwiek/IJmuiden Ver (6 + 6 GW),
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Doordewind (4 GW), and search areas 6-7 (10 + 6 GW). An energy hub in search area 6-7
is further stated as a planned development in [59]. Considering their large expected installed
capacities and distant location to shore (between 62-100 km), these OWFs are assumed to be
possible locations for future energy hubs and were therefore chosen as the 3 offshore Dutch
nodes within this project. The identified OWFs and their respective sources for each country’s
offshore wind development plans are displayed in Table 3.1, with the full list of considered
OWFs available in Table 2 in Appendix 1. OWFs located in the proximity of each other within
the same EEZ were clustered together to jointly form a node. The midpoint of each OWF zone
was determined as the nodal coordinate, and thus hub location, all mapped out in Figure 3.4.
To visualise the entire spatial topology applied in this project, Figure 3.5 combine all onshore
and offshore nodes.

Table 3.1: North Sea planned offshore wind developments and sources

Country Major OWF identified Data source

The Netherlands Ijmuiden Ver, Search areas 6-7, Doordewind [58]
The United Kingdom Hornsea, East Anglia, Dogger Bank [60]–[66]
Belgium Princess Elizabeth energy island [67]
Denmark Nordsøen energy island [68]
Germany Search areas N 3.5-17 [69]
Norway Sørlige Nørdsjo II [70]

Figure 3.4: North Sea offshore nodes marked on map
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Figure 3.5: Overview of all nodes analysed in the project.
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Table 3.2: Node abbreviations and coordinates.

Model Nodes Representing Latitude Longitude

BE00 Belgium 50.8 4.7
CH00 Switzerland 47.0 8.1
DE00 Germany 51.3 10.7
DEKF Germany offshore Baltic sea 54.7 12.4
DKKF Denmark offshore Baltic sea 54.8 12.3
FI00 Finland 65.2 26.9
FR00 France 47.1 2.4
GR00 Greece 39.2 22.6
IE00 Ireland 53.4 -7.9
LU00 Luxembourg 49.8 6.1
NO00 Norway, cluster 61.8 9.3
PL00 Poland 52.3 19.2
SE00 Sweden, cluster 63.5 15.9
UK00 United Kingdom 53.8 -1.8
UKNI Northern Ireland 55.0 -7.0
DKOF Denmark Offshore 56.3 6.4
DKW1 Denmark West 56.0 9.2
DKE1 Denmark East 55.5 11.8
NLN The Netherlands North 52.9 6.5
NLM The Netherlands Middle 52.1 5.0
NLS The Netherlands South 51.6 5.2
NLNO The Netherlands North Offshore 54.1 5.6
NLNW The Netherlands North West Offshore 54.7 4.6
NLWO The Netherlands West Offshore 53.0 3.5
UKNO United Kingdom North, Offshore 56.8 -0.8
UKMO United Kingdom Mid, Offshore 54.4 1.9
UKSO United Kingdom South, Offshore 52.7 2.6
DEO1 Germany Offshore 1 55.1 6.5
DEO2 Germany Offshore 2 55.3 4.5
DEO3 Germany Offshore 3 55.5 4.1
NOOF Norway Offshore 57.2 4.5
BEOF Belgium Offshore 51.6 2.8
BALT The Baltics 57.0 24.9
EAST Hungary, Romania, Slovakia, Slovenia 46.4 18.9
ESPT Spain and Portugal cluster 40.2 -5.7
IT00 Italy, cluster 41.1 13.1
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3.1.2 Temporal resolution

Simulation period

This project aimed to investigate a North Sea offshore grid by 2050, with 2030 and 2040
set as intermediate simulation years. 2020 was set to be the current year, in line with the
Ten-Year Network Development Plan (TYNDP) [71]. LCP was hence tasked with solving
the capacity expansion for each of the simulation years 2030, 2040 and 2050. The installed
capacities in the years between the simulation years were assumed to be constant. Within
each simulation year, the computational complexity was further decreased by cycling through
thirteen representative daily profiles instead of using 365 unique daily profiles. These 13
days represented each calendar month together with an additional peak demand profile. The
number of days that each representative day characterises is shown in Table 3.3, equivalent to
the weighting applied to each representative profile when forming the annual profile.

Table 3.3: Representative days and their respective weighting

Representative day name Weight [days]

January 27 (-4 given to peak)
February 28
March 31
April 30
May 31
June 30
July 31
August 31
September 30
October 31
November 30
December 27 (-4 given to peak)
Peak day 8

Representative energy demand profiles

The capacity expansion explored within this project is driven by the aim to serve the specified
hourly energy demand for each energy carrier, at each node. This means that at every time
step, there is a specific amount of electricity, methane and hydrogen required at each location.
LCP must compute a solution that can fulfil this demand, as the energy balance must always
hold. For the European nodes which were identical to those used in the TYNDP the demand
profiles were obtained from [42], where they were provided on an annual basis covering 8760
hours. For the nodes placed onshore in the Netherlands (i.e. NLN, NLM, NLS) the demand
profiles were prepared in a different manner. Using the Dutch demand profile provided by
[42] this was further dis-aggregated using the clustered demand shares presented in Table 3.4,
based on the work from [57]. The 2040 demand shares were assumed to also apply in 2050.
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Applying the demand shares from [57] allowed for capturing regional differences across the
Dutch mainland, in terms of industrial clustering and residential energy demands. A similar
methodology was also applied in [72]. It can be seen in Table 3.4 that the energy demand
across all three energy carriers is highest within node NLS, corresponding to the industrial
areas located in this part of the country.

Table 3.4: Demand shares of Dutch regions, average across all seasons and time steps. Based on
work from [57].

Electricity [%] Hydrogen [%] Methane [%]
Node 2020 2030 2040 2020 2030 2040 2020 2030 2040

NLN 18.62 10.68 10.88 0 1.77 2.13 18.49 17.80 15.13
NLM 28.23 17.06 25.58 0 0.77 6.30 11.94 16.09 19.10
NLS 53.16 72.26 63.54 0 97.46 91.57 69.56 66.11 65.77

In order to transform the annual demand profiles into ones consisting of 13 representative days
the following approach was taken:

For every calendar month (e.g. January, February) the same time step across every day was
averaged to give the representative day’s energy demand for the same time step. Taking
January as an example, the energy demand for every first hour of each day in January (i.e.
hour 1 January 1st, hour 1 January 2nd, hour 1 January 3rd etc.) was averaged to give a single
value for the energy demand in hour 1 in the representative day named January. Similarly, this
was done for every hour 2 on every day of January (i.e hour 2 January 1st, hour 2 January
2nd, hour 2 January 3rd etc.), every hour 3 and so forth until there were 24 time steps with
specified energy demand for the representative day of January. This was replicated for every
calendar month until the demand profiles for the 12 representative days of January, February,
March, April,....., December were constructed. The day with the highest energy demand in
the 8760 hourly profile was also determined and assigned to the representative day denoted as
Peak day.

Representative supply curves

In order to determine the energy generated by the intermittent renewable technologies of
offshore and onshore wind, power supply curves were determined. Firstly, sample wind turbines
were chosen to represent the existing and future installed offshore/onshore wind turbines.
Different models were chosen for the currently installed and those installed in the future to
reflect expected technological advancements. Selecting the representative wind turbines was
needed as this provided the power curves with which the capacity factors across the simulation
years could be determined. In Table 3.5 the selected technologies can be found, along with
their sources. The selection was made considering the current average sizes of wind turbines
placed offshore versus onshore, and the likely average sizes of their counterparts in the future.
For other renewable technologies, such as solar PV or solar thermal, power curves were already
determined by Guidehouse for all TYNDP nodes.
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Table 3.5: Selected representative models for currently existing and future installed wind turbines,
along with key technical parameters.

Key parameters
Technology Rated power [MW] Hub height [m] Source

Offshore wind existing 10 119 IEA 10 MW ref. turbine [73]
Offshore wind new 15 150 IEA 15MW ref. turbine [74]
Onshore wind existing 2.3 80 Siemens SWT-2.3-108 [75]
Onshore wind new 3.6 115 Siemens SWT-3.6-130 [76]

Each selected wind turbine is associated with a specific power curve, which shows the turbine
power output behaviour as a function of wind speed. An example of a power curve is shown
for the 10 MW IEA reference turbine in Figure 3.6 below.

Figure 3.6: Power curve for the IEA 10 MW reference turbine [73]

After the representative technology selection was made, the annual Capacity Factor (CF)
fluctuations were determined using the Windatlas.xyz online tool [77]. This tool takes the
power curve and hub height of a selected turbine and computes the CF output as a function
of wind speed for a specified location and climatic year. In this project 2009 was selected as
the weather year, as this is the most representative climate year according to [50]. Detailed
documentation for how the annual CF profiles are made in Windatlas.xyz is provided in [78].
In Figure 3.7 the wind speed fluctuations across a year at node NLNO can be seen, and in
Figure 3.8 the resulting annual CF profile for a 10 MW turbine placed at the same node is
shown.
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Figure 3.7: Annual wind speeds fluctuations at node NLNO.
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Figure 3.8: Annual capacity factor fluctuations for a 10 MW turbine located at offshore node
NLNO.

This process was repeated for all applicable nodes and corresponding renewable technologies.
The importance of maintaining the spatial granularity at this step can be seen in Figure 3.9
where the CF of the same 10 MW turbine placed at different nodes significantly varies across
different points in time.
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Figure 3.9: Capacity factor variations across 100 time steps, for a 10 MW turbine located at four
different offshore nodes.

The main objective when creating the supply profile curves was to find a balance between
creating a representative profile for the yearly production, while still being able to capture
the power output variability. Finding monthly averages like previously done for the demand
profiles could not be used for the representative supply curve, as this could mask extreme
weather events during which the renewables experience exceptionally high or low production.
Therefore, the following methodology was applied.

Using the yearly capacity factor profiles, including 8760 hourly time steps, obtained from
the Windatlas.xyz tool [77] the data sets were treated to firstly calculate, per node, the
annual, seasonal (i.e. monthly) and daily average CFs using Equation 3.1, Equation 3.2 and
Equation 3.3. The yearly average is used to benchmark that the selected representative days
together constitute a yearly output which is close to the yearly average. The same logic was
applied to the seasonal averages, where these values were used to ensure that the selected
days were close to the seasonal average.

CFavg ,annual =
∑

annual CF
8760hrs (3.1)

CFavg ,season =
∑

season CF
(∑

season Days × 24hrs) (3.2)

CFavg ,daily =
∑

Dayx CF
24hrs (3.3)
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Daily average CFs were filtered by month to only keep the days that fell within +/- 10% of
the seasonal averages for that same season and node. From this set of filtered days, the daily
fluctuations were determined by Equation 3.4.

∆CFdaily = CFdaily ,max − CFdaily ,min (3.4)

Determining daily fluctuations for each filtered day was done in an effort to select days that
have a high degree of wind speed variability, in order to capture the intermittent nature of these
technologies. The day with the highest daily CF fluctuation within each season was assigned
to be equivalent to the maximum seasonal fluctuation. To capture the variability across the
course of a day hourly fluctuations per node were calculated according to Equation 3.5. These
hourly fluctuations were thereafter normalised through Equation 3.6 and the average hourly
CF fluctuations per day were determined by Equation 3.7.

∆CFHourly = CFhour ,n − CFhour ,n+1 (3.5)

∆CFHourly ,normalised = ∆CFHourly

∆CFHourly ,Max
(3.6)

∆CFAvg ,hourly =
∑(∆CFHourly ,norm.)

24hrs (3.7)

After doing this on a node-by-node level, the entire group of offshore nodes was clustered
together to determine the group average, minimum, and maximum daily CFs. Group daily
fluctuations were also determined, and normalised using the maximum daily fluctuation across
the group.

From the set of hourly and daily fluctuations per node and per group, a weighted average was
determined (Equation 3.8). The day within each season with the highest weighted average
daily fluctuation was selected as the representative day. This methodology ensured that the
selected days had a high degree of variability hour by hour but also on a daily level per node,
and that they were days which were variable across the whole group.

∆CF DayX = (∆CFHourly ,norm,node + 2∆CFDaily ,norm.,node + ∆CFDaily ,norm.,group)
4 (3.8)

Once the selection of the representative days was made, the mean of their raw CFs was
determined. The representative day CFs were scaled through Equation 3.9, and any resulting
scaled CFs above 1 were assumed to be equal to 1.

CFscaled ,t = CFavg ,season

CFavg ,repday ,season) ∗ CFt (3.9)
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Extremely unfavourable weather events for renewable power production, i.e. days with very
low wind speeds and direct irradiance can occur up to 50-100 hours per month in November,
December and January across the North Sea region [79]. These weather events are commonly
known as ’Dunkelflaute’ and usually occur in seasons with high energy demand, making them
particularly challenging for an energy system with high renewable integration to cope with
[79]. It is imperative that an energy system has sufficient resilience and flexibility to handle
these events, and that they are included in energy systems modelling to accurately estimate
their associated costs [80]. To simulate ’Dunkelflaute’ events within this project, the day with
the lowest daily CF per node was assigned to the representative Peak day.

3.2 Energy Supply

There are 145 energy supply technology categories available within LCP, representing both
fossil and renewable technologies. Input data on the already existing installed capacities of
each technology, as well as the planned build-out (has to be built in LCP) and the minimum
and maximum potential capacity expansion levels (determined endogenously by LCP) was
therefore collected. The majority of this data was retrieved from the nodal breakdown in the
Distributed Energy scenario of the TYNDP, published by [42]. This scenario’s underlying story
line is one where there is a high societal drive for energy security based on domestic renewable
sources, thus maximising European renewable energy production [42]. This corresponds with
the underlying ambition of this project; to massively expand renewable power generation in
the North Sea to support the European energy transition.

3.2.1 Onshore nodes

The installed capacities of all the supply technologies located onshore were assigned fixed
expansion capacities in line with TYNDP [71], to limit computational complexity. LCP was
therefore not left with any degrees of freedom to optimise the capacity expansion of these. The
only exception to this was the expansion of onshore electrolysers as this should be coupled
to the optimised levels of OWF and offshore electrolyser build-out. Technology categories
included at each onshore node are presented in Table 3.6. It can be seen that a range of
pipelines, both for H2 and CH4, were modelled as cross-load technologies and are assumed
to have no losses across their transportation (100% efficiency). Russia is abbreviated as RU,
Norway as NO, the Middle East as ME, North Africa as NA and UA stands for Ukraine. The
technology categories that are listed in Table 3.6 with an efficiency range instead of a singular
value are constructed by several sub-categories in LCP.
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Table 3.6: Supply and cross-load technologies, electricity, hydrogen, and methane included for
onshore nodes. These were retrieved from [50], [81].

Technology Input Output Lifetime Efficiency

Nuclear PP Nuclear Electricity 50 0.33-0.35
Biomass PP Biomass Electricity 30 0.34-0.41
Heavy Oil PP Heavy Oil Electricity 30 0.36
ICGG Hard Coal Electricity 30 0.39
CH4-CCGT CH4 Electricity 30 0.41-0.6
H2-CCGT H2 Electricity 30 0.6
LightOil Light Oil Electricity 30 0.37
OilShale PP Oil Shale Electricity 30 0.29
ST Hard Coal Hard Coal Electricity 30 0.35-0.43
ST Lignite Lignite Electricity 30 0.35-0.43
ST waste heat Waste heat Electricity 30 0.33
Wind onshore Wind Electricity 30 Determined by power curve
Wind offshore Wind Electricity 30 Determined by power curve
Solar PV Solar Electricity 40 Determined by power curve
Solar Thermal Solar Electricity 30 Determined by power curve
Hydro Hydro Electricity 100 1
Electrolyser-ONW Wind Hydrogen 25 0.69-0.74
Electrolyser-OFW Wind Hydrogen 25 0.69-0.74
Electrolyser-PV Solar Hydrogen 25 0.69-0.74
H2 - Pipeline - NO H2 NO Hydrogen 31 1
H2 - Pipeline - ME H2 ME Hydrogen 31 1
H2 - Pipeline - NA H2 NA Hydrogen 31 1
H2 - Pipeline - UA H2 UA Hydrogen 31 1
H2 - Pipeline - RU H2 RU Hydrogen 31 1
H2 - Shipped H2 - Shipped Hydrogen 31 1
Biomethane Biomethane Methane 31 1
Domestic Natural Gas Natural Gas Methane 31 1
CH4 - Pipeline - NO CH4- NO Methane 31 1
CH4 - Pipeline - ME CH4 ME Methane 31 1
CH4 - Pipeline - NA CH4 NA Methane 31 1
CH4 - Pipeline - RU CH4 RU Methane 31 1
CH4 - Pipeline - ME CH4 ME Methane 9 1
CH4 - Pipeline - NA CH4 NA Methane 9 1
CH4 - Pipeline - RU CH4 RU Methane 9 1
CH4 - Pipeline - ME CH4 ME Methane 31 1
CH4 - Pipeline - NA CH4 NA Methane 31 1
CH4 - Pipeline - RU CH4 RU Methane 31 1
CH4 - Shipped CH4 - Shipped Methane 9 1
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3.2.2 Offshore nodes

Two technologies, namely offshore wind power and offshore electrolysers, were the only two
supply technologies allowed to be built at the offshore nodes. Their technical parameters are
presented in Table 3.7. The offshore electrolysers are constructed using three sub-categories
within LCP; those installed in 2030 (69% efficiency), 2040 (71% efficiency) and 2050 (74%).
The efficiencies are assumed to increase due to expected technological improvements over
the coming decades. LCP was allowed to freely optimise the electrolyser capacities without
restrictions, but the build-out of the offshore wind power was restricted to ensure realistic
results.

Table 3.7: Technologies included at offshore nodes.

Supply Technology Input Output Lifetime Efficiency

Offshore wind Wind Electricity 30 Determined by power curve
Offshore electrolyser Electricity Hydrogen 25 0.69-0.74

In order to determine suitable optimisation ranges for each offshore node, the national off-
shore wind targets and published governmental site plans for offshore wind developments were
investigated. The result of this endeavour is presented in Table 3.8 and an example of a site
plan is provided in Figure 3.10. It can be seen that the overall targets and the announced
site plans rarely align, with a discrepancy as high as 93 GW for the United Kingdom in 2050.
To combat this ambiguity in OWF capacity expansion targets , the difference was allocated
between the nodes to allow LCP to have the option to build out until the highest target.
For the Netherlands this was done by allocating 1/4 of the difference to nodes NLNO and
NLWO each, and the rest to NLNW due to its far from shore location. For Germany and
the United Kingdom the difference between the targets were equally distributed between their
respective offshore nodes. For Denmark, half of the difference was allocated to the Danish
offshore node DKOF while the rest was assumed to be in other areas than the North Sea and
was thus allocated to the DKW1 node. Differences in the Belgian targets was all allocated to
the offshore node BEOF, while for Norway the discrepancy was all assumed to be built out in
other locations than Sørlige Nordsjøand was thus allocated to the NOS0 node.
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Table 3.8: Announced national OWF targets and site plan targets, North Sea offshore wind. *
denotes values that have been calculated by taking the average of the targets in the
surrounding years.

Overall targets [GW] Site plan & TYNDP values [GW] Difference [GW]
2030 2040 2050 2030 2040 2050 2030 2040 2050

NL 22 50 70 6.3 54.8 54.8 15.7 0.0 15.2
DE 30 40 70 21.0 34.5 34.5 9.0 5.5 35.5
DK 12.9 23.95* 35 12.6 24.5 16.7 0.3 0.0 18.3
UK 50 108.5* 125 31.2 31.2 31.2 18.8 77.3 93.8
BE 8 8 8 5.8 5.8 5.8 2.2 2.2 2.2
NO - 30 30 3.0 3.0 3.0 0.0 27.0 27.0

Figure 3.10: Planned Dutch offshore wind developments [82].
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To ensure that the development path optimised in LCP resembled the national targets, a
minimum OWF build out of 75% of the announced site plans was enforced. The maximum
OWF expansion was capped at 100% of the announced overall governmental plans, as these
were seen as highly ambitious and not likely not be surpassed. The resulting optimisation
ranges for each offshore node are presented in Table 3.9. The installed capacities of the
offshore electrolysers were allowed to be freely optimised, as the build-out of these is coupled
to the offshore wind developments. All the offshore wind turbines located at the offshore nodes
were assumed to be fixed bottom turbines, due to the lower water depth of the North Sea
[83].

Table 3.9: Optimisation ranges for offshore wind [GW]

Existing Total max Total min Planned retirement
Country Node 2022 2030 2040 2050 2030 2040 2050 2030 2040 2050

NL NLNO 0.6 4.6 14.7 18.5 0.7 11.2 11.2 0.0 0.0 0.0
NL NLNW 0.0 7.9 24.0 31.6 0.0 18.0 18.0 0.0 0.0 0.0
NL NLWO 3.4 9.5 16.1 19.9 5.0 12.9 9.9 0.0 0.0 3.0
DE DEO1 6.6 22.9 27.3 37.3 16.6 20.7 20.7 0.0 0.0 0.0
DE DEO2 0.0 3.0 7.8 17.8 0.0 4.5 4.5 0.0 0.0 0.0
DE DEO3 0.0 3.0 3.8 13.8 0.0 1.5 1.5 0.0 0.0 0.0
NO NOOF 0.0 3.0 3.0 3.0 2.3 2.3 2.3 0.0 0.0 0.0
BE BEOF 2.3 8.0 8.0 8.0 4.9 4.9 4.9 0.0 0.0 0.0
UK UKNO 0.0 14.1 33.6 39.1 5.8 5.8 5.8 0.0 0.0 0.0
UK UKMO 2.5 18.7 38.2 43.7 9.9 9.9 9.9 0.0 0.0 0.0
UK UKSO 1.2 10.6 30.1 35.6 3.5 3.5 2.3 0.0 0.0 1.2
DK DKOF 0.0 3.2 10.0 19.1 2.3 7.5 7.5 0.0 0.0 0.0

3.3 Storage technologies

Energy storage technologies are crucial for large-scale integration of renewable technologies
[84]. These will also play an important part in building European energy security and were
hence included in the model. The included types of storage technologies are listed in Table 3.10.
Technology categories that are listed with a range instead of a singular value for the hourly
storage duration consist of several sub-categories in LCP.
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Table 3.10: Storage technology overview

Technology Input/Output Lifetime [yrs] Duration [hrs] Seasonal? Efficiency

Battery Electricity 25 4 No 0.92
DSR-loadShift Electricity 31 1 No 1
Hydro Electricity 100 4-24 No 0.8
Hydro storage Water 100 200-1000 Yes 1
Line packing Hydrogen 50 3 No 0.999
AGS Hydrogen 30 48 No 0.9
Salt Cavern - new Hydrogen 50 180-1200 Yes 0.995
Salt Cavern - repurp. Hydrogen 50 180-1200 Yes 0.995
Depl. Gas Field - repurp. Hydrogen 50 900-2400 Yes 0.995
Rock Cavern - new Hydrogen 50 200 Yes 0.995
Line packing Methane 50 3 No 0.999
AGS Methane 30 48 No 0.9
Depl. Field - existing Methane 50 900-2400 Yes 0.995
Other UGS - existing Methane 50 250-2850 Yes 0.995

3.4 Economic input values

In order for the optimisation to be run, each supply and storage technology was assigned a
Capital Expenditure (CAPEX), a fixed and a variable Operational expenditures (OPEX). These
values are presented in Table 3.11. The CAPEX is specified per unit of installed capacity (i.e.
e/MW), while the fixed and variable OPEX are in e/ MWh. A discount rate of 5% was used
to determine the present-day system costs of the capacity expansion.

Further, the cost of each fuel unit was prepared as input data for the model, based on [50]. To
reflect the expected price fluctuations across seasons and simulation years, as a consequence
of demand-supply interactions over the simulation period, these were specified for each time
step.
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Table 3.11: Economic input values for CAPEX, variable and fixed OPEX for all storage and supply
technologies. Values given in e2020Retrievedfrom[71], [81]

SupplyTechnology CAPEX [€/MW] Fix. OPEX [€/MW-year] Var. OPEX [€/MWh]
2030 2040 2050 2030 2040 2050 2030 2040 2050

Nuclear PP 0 0 0 0 0 0 9 9 9
Biomass PP 0 0 0 0 0 0 3.3 3.3 3.3
Heavy Oil PP 0 0 0 0 0 0 3.3 3.3 3.3
ICGG 0 0 0 0 0 0 1.1 1.1 1.1
CCGT 830000 800000 800000 27800 26900 26000 1.6 1.6 1.6
OCGT 435000 424000 412000 7700 7600 7400 1.6 1.6 1.6
LightOil 0 0 0 0 0 0 1.1 1.1 1.1
OilShale PP 0 0 0 0 0 0 3.3 3.3 3.3
ST Hard Coal 0 0 0 0 0 0 3.3 3.3 3.3
ST Lignite 0 0 0 0 0 0 3.3 3.3 3.3
ST waste heat 0 0 0 0 0 0 3.3 3.3 3.3
Wind onshore 915000 817000 758000 10500 9100 8600 1.4 1.3 1.3
Wind offshore 2076000 1954000 1851000 38800 35900 33900 2.8 2.6 2.5
Wind offshore fixed 1817000 1710000 1620000 38800 35900 33900 2.8 2.6 2.5
Solar PV 333000 281000 250000 6000 5400 5000 0 0 0
Solar Thermal 0 0 0 0 0 0 0 0 0
Hydro power 0 0 0 0 0 0 0 0 0
Electroyser-Offshore 616250 475000 337500 27500 22500 17500 0 0 0
Electroyser-Grid 493000 380000 270000 22000 18000 14000 0 0 0
Electroyser-ONW 1586323 1331113 1125668 32817 27217 22822 2.1 1.8 1.7
Electroyser-OFW 2760000 2439000 2132000 74000 65000 57000 4.1 3.7 3.4
Electroyser-PV 810000 643000 504000 26000 22000 18000 0 0 0
Hydrogen - Pipeline - NO 0 0 0 0 0 0 0 0 0
Hydrogen - Pipeline - ME 0 0 0 0 0 0 0 0 0
Hydrogen - Pipeline - NA 0 0 0 0 0 0 0 0 0
Hydrogen - Pipeline - UA 0 0 0 0 0 0 0 0 0
Hydrogen - Pipeline - RU 0 0 0 0 0 0 0 0 0
Hydrogen - Shipped 432000 353000 273000 10800 8825 6825 5 4 3
Biomethane 0 0 0 0 0 0 0 0 0
Domestic Natural Gas 0 0 0 0 0 0 0 0 0
Methane - Pipeline - NO 0 0 0 0 0 0 0 0 0
Methane - Pipeline - ME 0 0 0 0 0 0 0 0 0
Methane - Pipeline - NA 0 0 0 0 0 0 0 0 0
Methane - Pipeline - RU 0 0 0 0 0 0 0 0 0
Methane - Shipped 0 0 0 0 0 0 0 0 0
Battery 764000 500000 378000 5670 5670 5670 1.9 1.8 1.7
DSR-loadShift 0 0 0 0 0 0 0.1 0.1 0.1
Hydro storage 360000 360000 360000 7200 7200 7200 0.1 0.1 0.1
H2 Line packing 241200 241200 241200 7200 7200 7200 0 0 0
H2 AGS 1598.4 1598.4 1598.4 32 32 32 0.1 0.1 0.1
H2 Salt Cavern - new 360000 360000 360000 7200 7200 7200 0.1 0.1 0.1
H2 Salt Cavern - repurp. 241200 241200 241200 7200 7200 7200 0 0 0
H2 Depl. Gas Field - repurp. 180000 180000 180000 3600 3600 3600 0 0 0
H2 Rock Cavern - new 7200000 7200000 7200000 9600 9600 9600 0 0 0
CH4 Line packing 0 0 0 0 0 0 0.1 0.1 0.1
CH4 AGS 0 0 0 0 0 0 0.1 0.1 0.1
CH4 Depleted Field - existing 0 0 0 0 0 0 0.1 0.1 0.1
CH4 Other UGS - existing 0 0 0 0 0 0 0.1 0.1 0.1
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3.5 Transmission infrastructure

Integrating energy supply technologies into the existing energy system requires transmission
infrastructure, to transport energy carriers from the point of generation to points of demand.
In this project, five types of energy infrastructure were considered, namely High Voltage Direct
Current (HVDC) and High Voltage Alternating Current (HVAC) power cables, H2 pipes, CH4
pipes and repurposed CH4 pipes for H2 transmission. To incorporate these into LCP was firstly
the already existing cables and pipes across Europe mapped out and their installed capacities
determined. For mainland Europe, this was predominantly retrieved from the TYNDP data
set [71], with the exception of the Netherlands where the input values were based on numbers
reported in [57], clustered together from a NUTS-2 level to be consistent with the three Dutch
onshore nodes used in this project.

3.5.1 Cables

For LCP to be able to determine if it is more cost-efficient to build out HVAC or HVDC
cables between two nodes, the CAPEX, variable and fixed OPEX cost of each potential cable
connection was determined. To capture the difference in cable installation costs that come
as a consequence of onshore versus offshore installations, their respective share [%] of each
possible connection was estimated. Each connection-specific cost of building a HVDC or HVAC
cable between two nodes A and B with an intra-nodal distance D, was thereafter determined
using Equation 3.10 and Equation 3.11. The economic input data used for the calculations is
available in Table 3.12.

Table 3.12: Economic input data used for power transmission infrastructure

Symbol Category Value Unit Comment Source

%offshore/onshore % of cable located offshore vs onshore - % Own estimations
D Distance between nodes - km Calc. based on nodal coordinates
Ctrans, onshore Transport cost, onshore 3533 €/MW-km [37]
Cfixed, HVAC HVAC fixed cost 141000 €/MW Incl. HVAC platform [37]
Cvariable, HVAC HVAC variable cost 2000 €/MW-km Incl. HVAC cable [37]
Cfixed, HVDC HVDC fixed cost 300000 €/MW Incl. HVDC platform [37]
Cconverter, HVDC HVDC converter cost 250000 €/MW Incl. 2 HVDC converters [37]
Cvariable, HVDC HVDC variable cost 1100 €/MW-km Incl. HVDC cable [37]
LHVAC HVAC line losses 0.70% /100km [50]
LHVDC HVDC line losses 0.35% /100km [50]
OHVAC/HVDC HVAC/HVDC OPEX 0.50% of CAPEX Own assumption

CHVAC = %onshore(DCtrans,onshore) + %offshore(Cvariable + DCfixed) (3.10)

CHVDC = %onshore(DCtrans,onshore) + %offshore(DCvar .,HVDC + Cfixed ,HVDC + Cconv .,HVDC) (3.11)
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3.5.2 Pipes

Within this project, two types of gas infrastructure were allowed to be built out, namely new
H2 pipes and repurposed CH4 pipes for H2 transmission. Considering European ambitions to
decrease reliance on fossil fuels (e.g. [7]), no new CH4 pipes were allowed to be built. Existing
installed capacities of CH4 pipes were however accounted for in the model and a maximum of
80% of these were allowed to be retrofitted into H2 pipes. The existing connections and their
respective capacities were retrieved from [85]. The reported CAPEX values for onshore and
offshore H2 pipelines include costs for the necessary compressors [86].

Table 3.13: Economic input data used for H2 transmission infrastructure. Retrieved from [87] and
[86].

Symbol Category Value Unit Source

%offshore/onshore % of pipe located offshore vs onshore - % Own estimations
D Distance between nodes - km Calc. based on nodal coordinates
Conshore, new CAPEX H2 onshore pipe 535 €/MW-km [86], assuming medium pipelines (36 inch)
Coffshore, new CAPEX H2 offshore pipe 910 €/MW-km [86], assuming medium pipelines (36 inch)
Conshore, repurp. CAPEX Repurp. pipe H2 onshore 149 €/MW-km [86], assuming medium pipelines (36 inch)
Coffshore, repurp. CAPEX Repurp. pipe H2 offshore 168 €/MW-km [86], assuming medium pipelines (36 inch)
OH2 OPEX H2 cost 1% of CAPEX
Lpipe Transmission losses 0 % Own assumption

Cpipe = D(%onshoreConshore + %offshoreCoffshore) (3.12)

3.6 Modelling in LCP

Once the input data files were prepared it was uploaded to the Posit workbench environment
of LCP, and executed using the commercial program Gurobi as a solver. As the input data
set is of significant size, it was divided into two main Excel files, one containing the TYNDP
European data set, and one containing the North Sea specific data set. For each of these two
main Excel files, CSV files were prepared which contained the respective set of demand and
supply profiles.

3.7 Sensitivity analysis

In order to answer sub-question 3, ”What is the impact of varying electrolyser pricing on the
resulting modelled offshore grid developments?” a sensitivity analysis was performed. The aim
of this sub-question was to test the robustness of the base results pertaining to sub-questions 1
and 2, in regards to the hub functionalities and connection infrastructure characteristics. The
topic of placing electrolysers onshore or offshore for optimal integration of North Sea wind
power has yielded different results throughout literature, see e.g. [26] or [39]. CAPEX cost
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assumptions for offshore electrolysers were therefore varied within a -15% to +30% range to
investigate how the location of built-out electrolysers, either onshore or offshore, is dependent
on their assumed investment costs. The results of the sensitivity analysis were analysed on
both a system level, as well as on a nodal breakdown for the North Sea.
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4 Results

4.1 Sub question 1: Locations, functionalities, key
characteristics and connection patterns of the
offshore energy hubs.

4.1.1 Base scenario

Base scenario modelling results are presented in this section. Firstly, Figure 4.1 displays the
optimised installed capacities of OWF and electrolyser for North Sea offshore nodes in years
2030, 2040 and 2050. The exact installed capacities are listed in Table 4.1. These results show
that a total of 287 GW of offshore wind will be installed in the North Sea in 2050, equivalent
to the maximum allowed installed capacity across these nodes, as detailed in Table 3.8. Hence,
LCP found it cost-efficient to build out all the allowed OWF. Over the entirety of Europe,
491 GW of offshore wind are installed by 2050 as part of the least-cost solution. In 2050,
approximately 79 GW of electrolysers will be installed offshore, spread across all offshore nodes.
Node UKSO has the greatest build-out of offshore electrolyser (16 GW), while UKMO has
the greatest build-out of OWF (44 GW). The majority of the offshore electrolyser build-out
occurs in simulation year 2050, corresponding to the year with the highest hydrogen demand.
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Table 4.1: Installed capacities of wind power and electrolyser at each offshore node in the North
Sea, base scenario.

Node Offshore wind [GW] Offshore electrolyser [GW]
2030 2040 2050 2030 2040 2050

DKOF 3.2 10.0 19.1 0.68 2.10 9.49
NLNO 4.2 14.7 18.5 0.00 4.63 7.99
NLNW 6.0 24.0 31.6 0.00 0.00 5.73
NLWO 8.2 16.1 19.9 0.00 0.00 3.18
UKNO 14.1 33.6 39.1 3.51 4.72 8.06
UKMO 18.7 38.2 43.7 0.00 8.20 10.81
UKSO 10.6 30.1 35.6 4.39 12.32 16.01
DEO1 22.9 27.3 37.3 3.67 3.67 9.50
DEO2 3.0 7.8 17.8 0.00 0.00 5.11
DEO3 2.3 3.8 13.8 0.00 0.00 3.03
NOOF 3.0 3.0 3.0 0.23 0.23 0.23
BEOF 8.0 8.0 8.0 0.00 0.00 0.58
Total 104.2 216.6 287.4 12.48 35.87 79.72
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Figure 4.1: 2030, 2040 and 2050 installed capacities of offshore wind (left) and offshore electrolysers (right) in the North Sea, base scenario.
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The resulting electricity transmission network configuration in 2050, as a consequence of the
supply technology build-out, is presented in Figure 4.2. Net electricity energy flows in 2050
are displayed in Figure 4.3. The equivalent 2030 and 2040 results are located in Figure 3,
Figure 5, Figure 4 , Figure 6, in the Appendix ( section 6). It can be seen that there is a vastly
interconnected electricity transmission network across Europe, and also across the North Sea.
All offshore nodes connect to at least one other offshore node, while also all connecting directly
to shore. The area surrounding nodes DEO2 & 3 exhibits several offshore node to offshore
node connections. From the net electricity flows (Figure 4.3) it can be seen that large flows are
directed towards Germany (DE00) and the UK (UK00), due to their large electricity demands.
Nodes NLNW and NLWO provide the greatest electricity flows to mainland Netherlands, while
nodes DEO1-3 export the majority of their power production directly to mainland Germany.
Node UKSO only supplies a small share of the electricity it produces to mainland UK, while
the majority of the produced electricity instead flows towards the Belgian offshore node BEOF
and the Dutch offshore node NLWO to later feed into the respective mainlands.

Figure 4.4 demonstrates the optimised 2050 hydrogen transmission network across the entirety
of Europe, and more specifically across the North Sea region. 2030 and 2040 configurations
are presented in section 6. As a result of building out electrolysers offshore, offshore nodes are
also connected via hydrogen pipelines. There is considerably less offshore-to-offshore hydrogen
connectivity compared to electricity, with DEO2-3 connecting to UKMO, and UKSO-NLWO
forming the only international hub-based transmission links. Net hydrogen flows in 2050
(Figure 4.5) indicate major quantities of hydrogen flowing into Germany from a wide range
of locations, and the Spain and Portugal cluster (ESPT) being important hydrogen providers
for central Europe. The two far German offshore nodes (DEO2 and 3) deliver a total of 55
TWh of hydrogen to mainland UK, via the offshore node UKMO. Node UKSO contributes to
meeting mainland European hydrogen demand by exports via node NLWO. Notably, two out of
three German offshore nodes do not possess hydrogen transmission connections to their own
mainland, Germany. Node NLNO will feed 48 TWh of hydrogen into Northern Netherlands
(NLN) in 2050, which in turn exports 171 TWh further to Germany. 2030 and 2040 net
hydrogen flows are displayed in section 6.
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Figure 4.2: Electricity transmission network in 2050 in Europe (left) and North Sea (right), base scenario.
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Figure 4.3: Electricity net energy flows in 2050 for Europe (left) and the North Sea (right), base scenario.
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Figure 4.4: Hydrogen transmission network in 2050 for Europe (left) and the North Sea (right), base scenario.
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Figure 4.5: Net hydrogen energy flows in 2050 for Europe (left) and the North Sea (right), base scenario.
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To get a more detailed understanding of what occurs at the offshore nodes throughout the
course of the year, dispatch graphs for electricity and hydrogen are provided for node DEO1
for a December (Figure 4.6 and Figure 4.7) and a July day (Figure 4.8) in 2050. Throughout
the course of the December day, it can be seen that the wind turbines are producing power
during the early hours of the day, to slow down during the morning and later pick up again
around 11 a.m. The majority of the power produced until 11 a.m. is exported via HVDC cable.
Between 10-11 am offshore electrolysis significantly ramps up and thus ’consumes’ electricity
in Figure 4.6.The latest installed electrolyser (PtH2 Offshore inst. 2050) is favourably utilised
to the equivalent technology installed in 2030, due to its assumed enhanced efficiency (74%
versus 69%). The hydrogen produced by the electrolysers is all exported via hydrogen pipes
(Figure 4.7).
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Figure 4.6: Electricity dispatch at node DEO1 during a December day in 2050, base scenario.
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Figure 4.7: Hydrogen dispatch at node DEO1 during a December day in 2050, base scenario

The dispatch behaviour during the July day reveals that during hours 7-13 electricity is imported
to node DEO1 to power the electrolysers (Figure 4.8). Examining the exact energy flows during
hour 8 on this July day, as presented in Table 4.2, it can be seen that electricity is imported into
DEO1 from offshore nodes DEO2 and NLNO together with mainland Germany (DE00). This
electricity is converted to hydrogen which in turn is transported back to mainland Germany
(DE00).
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Figure 4.8: Electricity dispatch at node DEO1 during a July day in 2050, base scenario.
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Table 4.2: Granular dispatch at node DEO1 during hour 8 on a July day in 2050, all energy carriers,
base scenario.

Time step Carrier Dispatch [MW] InfraType Node from Node to

Hour 8, July 2050 Hydrogen 5826 Pipe-H2-new DEO1 DE00
Hour 8, July 2050 Electricity 729 HVDC DKOF DEO1
Hour 8, July 2050 Electricity 1620 HVDC DE00 DEO1
Hour 8, July 2050 Electricity 169 HVDC DEO2 DEO1
Hour 8, July 2050 Electricity 1238 HVDC NLNO DEO1

At first glance, this behaviour might seem peculiar, but a closer inspection of the dispatching
behaviour of node DE00 during the July day 2050 (Figure 4.9 and Figure 4.10) provides
an explanation. During hour 8 of a July day in 2050, all onshore electrolysers in mainland
Germany (DE00) are operating at maximum capacity, with the exception of the grid-connected
electrolysers installed in 2030 and 2040. Instead of using these to meet the remaining hydrogen
demand, electricity is sent from mainland Germany (DE00) to the offshore node (DEO1) to
be converted to hydrogen, which is then sent back to the mainland to fulfil the German
hydrogen demand. This means that during this time step, LCP finds it more cost-efficient to
send electricity from shore to an offshore location using the HVDC cable, with an assumed
efficiency loss of 0.35% per 100 km, to use the offshore electrolyser with an efficiency of 74%
and transporting the produced hydrogen back to shore rather than using the most efficient
available onshore electrolyser which has 71% efficiency. This leads to a net efficiency gain of
approximately 1.25% when considering the 500 km distance between DE00 and DEO1.
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Figure 4.9: Electricity dispatch at node DE00 during a July day in 2050, base scenario.
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4.1.2 Infrastructure 500MW scenario

Base scenario results revealed that the optimal solution contained several very small transmis-
sion connections, below 500 MW. These are listed in Table 4.3. The construction of these
transmission connections is however not likely in practice, as the investment, environmental
disturbance and operational effort incurred would likely not be deemed worth it for the small
transmission gain. A subsequent LCP run was therefore performed, in which the possibility for
LCP to build out these connections was removed. This scenario was named ’Infra500 ’, and
represents this project’s ’best estimate’ of how the North Sea offshore network will develop by
2050. This two-step procedure was necessary as one is unable to specify minimum expansion
capacities in LCP, due to its linear optimisation properties.

Table 4.3: Transmission infrastructure connections below 500 MW in base scenario results.

To node From node Installed capacity [MW] Type

NLNW NLWO 4.5 HVDC cable
NLNO NLNW 27.8 HVDC cable
DEO1 DEO2 168.7 HVDC cable
DE00 DEKF 433.3 HVAC cable
DEKF DKKF 433.3 HVAC cable
FR00 LU00 475.0 HVAC cable
NOOF NO00 227.2 H2 pipe
DE00 LU00 232.1 H2 pipe

Infra500 scenario results reveal that identical capacities of OWF were installed across the
North Sea, while the installed capacity of electrolysers located offshore decreased by 200 MW
in 2050 Table 4.4. Total installed capacities of electricity and hydrogen infrastructure across
the entirety of the system are presented in Table 4.5. It can be seen that the Infra500 scenario
led to a 0.1% increase in electricity transmission and a 0.1% decrease in hydrogen transmission
infrastructure in 2050 compared to the base scenario.

Table 4.4: Installed capacities of offshore wind and electrolyser [GW] across the North Sea, base
versus Infra500 scenario

OWF [GW] Electrolyser [GW]
Scenario 2030 2040 2050 2030 2040 2050

Base 104.2 216.6 287.4 12.5 35.9 79.7
Infra500 104.2 216.6 287.4 12.5 35.6 79.5
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Table 4.5: Total installed electricity and hydrogen infrastructure in 2030, 2040 and 2050 for each
scenario [GW], along with difference [%] compared to the base scenario.

Total electricity infrastructure [GW] Total hydrogen infrastructure [GW]
Scenario 2030 2040 2050 2030 2040 2050

Base 197.4 297.3 323.8 103.6 241.6 385.3
Infra500 197.6 (+0.1%) 297.7 (+0.1%) 324 (+0.1%) 103.8 (+0.2%) 242 (+0.2%) 385 (-0.1%)

Comparing curtailment levels across the Infra500 and base scenarios (Table 4.6) showed a small
decrease in curtailment for the Infra500 scenario in the years 2030 and 2040. On a system-wide
level, there is a 0.4% curtailment increase in 2050. The majority of the curtailment across the
North Sea occurred in December, February and March.

Table 4.6: Curtailment levels [TWh] for the base and Infra500 scenarios across all simulation years,
along with difference [%] to base scenario results.

System total [TWh] North Sea [TWh]
Scenario 2030 2040 2050 2030 2040 2050

Base 4.2 17.1 23.9 2.7 3.3 2.3
Infra500 4.1 (-2.4%) 16.9 (-1.2%) 24.0 (0.4%) 2.6 (-3.7%) 3.3 (0.0%) 2.3 (0.0%)

The resulting 2050 North Sea transmission network for electricity and hydrogen is presented
in Figure 4.11. As expected, HVDC interconnections between NLNW-NLWO, NLNO-NLNW
and DEO1-DEO2 are no longer present compared to the base scenario (Figure 4.2). This
led to marginal reinforcements of other cable interconnections, such as NOOF-DKOF and
NOOF-UKNO whose installed capacity increased by 200 MW respectively compared to the
base results. The connection between DKOF-DEO1 was also increased by 100 MW compared
to the base scenario. The connection pattern of the Infra500 offshore hydrogen transmission
network remained identical to the base scenario, with the exception of the Norwegian offshore
node NOOF no longer being directly connected to mainland Norway NO00. The DEO3-
UKMO connection was reinforced from 3 GW (base) to 3.2 GW (Infra500), further leading
to downstream reinforcements through a 200 MW capacity increase of the UKMO-UK00
connection. The DEO1-DE00 hydrogen pipeline was increased by 100 MW compared to the
base scenario. Figure 4.12 portrays net electricity and hydrogen flows across the North Sea in
2050.

The total annualised CAPEX and OPEX costs for the Infra500 scenario, across the simulation
horizon 2030-2050, were 20 million ehigher compared to the base scenario. This constituted
a 0.002% increase and is thus very marginal.
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Figure 4.11: North Sea electricity (left) and hydrogen (right) transmission network in 2050, Infra500 scenario.
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Figure 4.12: North Sea net energy flows for electricity (left) and hydrogen (right) in 2050, Infra500 scenario.
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4.2 Sub question 2: Key characteristics and utilisation
rates of the connection infrastructure to and from
the offshore energy hubs

Figure 4.13 displays the characteristics of the electricity and hydrogen transmission infrastruc-
ture that is built out in the North Sea by 2050 under the Infra500 scenario. It can be seen
that HVDC cables have been preferentially built out over HVAC to form the interconnected
offshore network. The only HVAC cable that is present between an offshore node and shore is
connecting NLWO to NLS, synonymous with the existing connection between the Dutch OWF
Borssele and Southern parts of the Netherlands [88]. The hub-based network is also built up
with new hydrogen pipelines, to transport the hydrogen which is produced at sea to shore. As
there are no currently existing CH4 pipes connecting the offshore nodes with the mainland,
LCP was unable to re-purpose any CH4 pipes into H2 pipes. Thus only newly built H2 pipes
are present in the North Sea offshore network. However, when examining Figure 4.13 it can
be determined that there is significant re-purposing of CH4 pipes across mainland Europe, as
the economic input parameters fed into LCP assumes that this is cheaper than constructing
new H2 pipes (see Table 3.13 for details). H2 connections between the Iberian peninsula and
the Nordics respectively to central Europe show that additional reinforcements of new H2
pipe connections are needed beyond the repurposed infrastructure. This is linked to the their
respective high regional potential for cheap hydrogen production; the Iberian peninsula with
excess solar power generation and the Nordics with hydropower. Electricity connections across
Europe are denoted as being a combination of HVDC/HVAC as this input data was retrieved
from [71] which does not make a distinction between the two.

Utilisation rates of the 2050 North Sea offshore transmission network are listed in Table 4.7
(Infra500 scenario). The utilisation rates for the electricity cables all fall between 12-83% ,
with the average being 60%. Utilisation rates of North Sea hydrogen pipelines fall between
56-82% with an average of 69%. This is in line with the HVDC utilisation rates reported in
[89]. The HVDC cable with the highest utilisation was the UKMO-UK00 connection, while
the hydrogen pipeline with the highest utilisation was the connection between UKSO-NLWO.
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Table 4.7: Utilisation rates [%] of North Sea offshore infrastructure in 2050, Infra500 scenario

Connection Infrastructure type Utilisation Infrastructure type Utilisation

BEOF-BE00 HVDC 12% New H2 pipe 74%
DEO1-DE00 HVDC 73% New H2 pipe 63%
DEO1-NLNO HVDC 61% -
DEO2-DE00 HVDC 67% -
DEO2-NLNW HVDC 55% -
DEO3-DE00 HVDC 66% -
DEO3-NLNW HVDC 61% -
DKOF-DEO1 HVDC 43% -
DKOF-DEO2 HVDC 57% -
DKOF-DEO3 HVDC 52% -
DKOF-DKW1 HVDC 59% New H2 pipe 76%
NLM-NLNW HVDC 61% New H2 pipe 73%
NLN-NLNO HVDC 62% New H2 pipe 68%
NLS-NLWO HVDC 63% New H2 pipe 79%
NOOF-DKOF HVDC 63% -
NOOF-NO00 HVDC 60% -
UKMO-DEO2 HVDC 65% New H2 pipe 77%
UKMO-DEO3 HVDC 62% New H2 pipe 79%
UKMO-NLNW HVDC 63% -
UKMO-UK00 HVDC 81% New H2 pipe 71%
UKNO-NOOF HVDC 47% 40%
UKNO-UK00 HVDC 77% 59%
UKNO-UKMO HVDC 38% -
UKSO-BEOF HVDC 76% -
UKSO-NLWO HVDC 79% New H2 pipe 82%
UKSO-UK00 HVDC 79% New H2 pipe 56%
UKSO-UKMO HVDC 49% -

Average HVDC 60% New H2 pipe 69%
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Figure 4.13: North Sea transmission infrastructure characteristics in 2050, electricity network (left) and hydrogen network (right). Infra500 scenario.
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Figure 4.14: European transmission infrastructure characteristics in 2050, electricity network (left) and hydrogen network (right). Infra500 scenario.
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4.3 Sub question 3: What is the impact of varying
offshore electrolyser pricing on the resulting
modelled offshore grid developments?

This section presents the results of the sensitivity analysis where the CAPEX assumptions for
the electrolysers located offshore were varied within a -15% to +30% range. In Figure 4.15
the relative changes [%] compared to the base scenario in offshore electrolyser CAPEX and
resulting installed capacities of offshore (PtH2 Offshore) and onshore (PtH2 Grid) can be seen.
The technology categories are also split by their year of installation, where e.g. PtH2 Offshore
inst. 2030 refers to the offshore electrolysers installed in 2030. It can be seen that the offshore
electrolysers installed in 2030 are the most sensitive to CAPEX variations, with a 30% increase
in CAPEX leading to a 54% decrease in their installed capacity compared to the base scenario.
Conversely, a 15% decrease in the CAPEX leads to a 31% increase in offshore electrolyser
installations in 2030. The CAPEX sensitivity for the installed offshore electrolyser decreases
over the simulation horizon, as seen by the decreased slope of the PtH2 Offshore installed
in 2040 and 2050. The results in Figure 4.15 further reveal that the installed capacities of
electrolysers located onshore are only marginally impacted by CAPEX variations in the -15%
to +30% range. A near-linear behaviour is displayed for all categories in Figure 4.15.
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Figure 4.15: Installed capacity sensitivity of offshore and onshore electrolyser (PtH2) as a function
of offshore electrolyser CAPEX variations

A closer examination of the offshore electrolyser sensitivity on a nodal level is provided in
Figure 4.16, Figure 4.17 and Figure 4.18 for 2030, 2040 and 2050 respectively. The results
reveal that there are large variations in the installed electrolyser capacity at nodes UKNO
and DEO1 depending on the CAPEX assumptions, while the node UKSO displays a lower
sensitivity. For node DEO3 the assumed CAPEX value is directly linked to whether any
electrolysers at all get installed by 2030 or 2040. The same is true for node NLWO in 2040
(Figure 4.17). However, by 2050 all offshore nodes exhibit electrolyser build-out regardless of

58



Results

CAPEX assumption Figure 4.18. This indicates that the resulting 2050 offshore network is not
sensitive to offshore electrolyser CAPEX assumptions, within the tested range, and are thus
robust.
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0

2

4

6

8

10

12

14

DKOF NLNO NLNW NLWO UKNO UKMO UKSO DEO1 DEO2 DEO3 NOOF BEOF

[G
W
]

Base scenario

PtH2 Offsh. Capex +30%

PtH2 Offsh. Capex +15%

PtH2 Offsh. Capex -15%

Figure 4.17: Installed capacities of offshore electrolysers at each offshore node in 2040.

59



Results

0

2

4

6

8

10

12

14

16

18

DKOF NLNO NLNW NLWO UKNO UKMO UKSO DEO1 DEO2 DEO3 NOOF BEOF

[G
W
]

Base scenario

PtH2 Offsh. Capex +30%

PtH2 Offsh. Capex +15%

PtH2 Offsh. Capex -15%

Figure 4.18: Installed capacities of offshore electrolysers at each offshore node in 2050.

The installed capacities of offshore wind across the North Sea in the base scenario and the
three sensitivity scenarios are displayed in Table 4.8. It can be seen that the installations of
OWF did not change throughout the sensitivity analysis, indicating that their expansion is
not sensitive to this parameter. Absolute values of the installed offshore electrolysers are also
shown in Table 4.8.

Table 4.8: Installed capacities of offshore wind and electrolyser [GW] across the North Sea.

OWF [GW] Electrolyser [GW]
Scenario 2030 2040 2050 2030 2040 2050

Base 104.2 216.6 287.4 12.5 35.9 79.7
PtH2 Offshore CAPEX -15% 104.2 216.6 287.4 16.3 39.9 83.6
PtH2 Offshore CAPEX +15% 104.2 216.6 287.4 8.6 33.5 76.5
PtH2 Offshore CAPEX +30% 104.2 216.6 287.4 5.7 32.6 73.8

Table 4.9 shows the total installed electricity and hydrogen infrastructure in the base sce-
nario and the three CAPEX sensitivity scenarios. As expected from examining the results in
Table 4.8, an increased CAPEX value led to a decrease in hydrogen infrastructure build-out
and an increase in electricity transmission infrastructure. This is because fewer electrolysers
were built out and hence less hydrogen transmission infrastructure was needed. The opposite
behaviour was found when the CAPEX was instead increased. The only exception to this
behaviour was the 2050 values for the PtH2 Offshore CAPEX -15% scenario, which showed a
slight decrease in hydrogen transmission infrastructure (-0.8%). This could be due to a higher
utilisation of the pipelines. The resulting offshore hydrogen grid for the two extreme CAPEX
scenarios are presented in Figure 4.19.
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Table 4.9: Total installed electricity and hydrogen infrastructure in 2030, 2040 and 2050 for each
scenario [GW], along with difference [%] compared to the base scenario.

Total elec. infrastructure [GW] Total H2 infrastructure [GW]
Scenario 2030 2040 2050 2030 2040 2050

Base 197.4 297.3 323.8 103.6 241.6 385.3
PtH2 Offsh. CAPEX -15% -3.1% -1.9% -1.5% +7.4% +1.0% -0.8%
PtH2 Offsh. CAPEX +15% +3.0% +1.1% +1.3% -8.4% -1.3% -1.0%
PtH2 Offsh. CAPEX +30% +5.5% +1.7% +2.0% -13.0% -1.9% -1.2%

Variations in offshore electrolyser CAPEX values also had an effect on levels of curtailment,
as seen in Table 4.10. A 30% increase in the offshore electrolyser CAPEX led to a 48%
increase in curtailment in the North Sea in 2050, but only a 1% increase when looking over
the total system. The large difference in curtailment levels when looking at solely the North
Sea compared to the whole system can be explained by the fact that the North Sea is only a
small part of the overall European energy system. Hence, the onshore energy system was able
to counteract the increased North Sea curtailment by expanding the amount of flexible assets
onshore.

Table 4.10: Curtailment levels [TWh] across all scenarios and simulation years, along with differ-
ence [%] to base scenario results.

System total [TWh] North Sea [TWh]
Scenario 2030 2040 2050 2030 2040 2050

Base 4.2 17.1 23.9 2.7 3.3 2.3
PtH2 Offsh. CAPEX -15% 4.2 (0%) 17.0 (-1%) 24.6 (+3%) 2.7 (0%) 3.2 (-3%) 2.3 (0%)
PtH2 Offsh. CAPEX +15% 4.1 (-2%) 17.4 (+2%) 24.0 (+0.4%) 2.6 (-4%) 3.6 (+9%) 2.7 (+17%)
PtH2 Offsh. CAPEX +30% 3.9 (-7%) 17.2 (+1%) 24.1 (+1%) 2.4 (-11%) 3.6 (+9%) 3.4 (+48%)

Variations in the total annualised CAPEX and OPEX costs over the simulation horizon 2030-
2050 are displayed in Table 4.11. Variations in the offshore electrolyser CAPEX led to marginal
changes in the overall annualised CAPEX and OPEX cost, between + 0.12% (+1.8 billion e)
and -0.08% (-1.2 billion e).

Table 4.11: Annualised CAPEX and OPEX costs for time horizon 2030-2050, in billion of Euros
[B€2020].

Scenario [B€2020]

Base 1484.7
PtH2 Offshore CAPEX -15% 1483.5 (- 0.08% to base)
PtH2 Offshore CAPEX +15% 1485.7 (+ 0.07% to base)
PtH2 Offshore CAPEX +30% 1486.5 (+ 0.12% to base)
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Figure 4.19: Hydrogen transmission network in 2050, in the offshore electrolyser CAPEX -15% scenario (left) and the CAPEX +30% scenario (right).
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5 Discussion

The results presented in chapter 4 indicate significant expansion of an integrated offshore net-
work in the North Sea by 2050. Considering the net energy flows, as presented in Figure 4.12,
major offshore hubs in the interconnected network are UKSO, NLWO, UKMO, DEO2 and
DEO3. These nodes represent the areas around OWFs East Anglia, Nederwiek, Dogger Bank,
and German search areas N 17-20 respectively. These locations display interconnections for
both electricity and hydrogen and are connected to several other offshore locations besides
their respective radial connections to shore. Offshore nodes DKOF and DEO1 also play im-
portant roles in transporting electricity flows from Scandinavia towards central Europe. These
findings are similar to those presented in [90], shown in Figure 5.1 below. Connections from
the Danish offshore energy island (node DKOF), towards Germany and the Netherlands, via
nodes DEO2 and NLNW are also present here [90]. Branching of the transmission network
around Dutch OWF IJmuiden Ver, to connect to Belgium and the UK was reported by [90]
and the same was found to be true within this project. Furthermore, the results of both
studies concur on the area around node UKMO being a central point for the offshore network.
This node connects both to the far-from-shore locations of the German EEZ and the North
Western parts of the Dutch EEZ [90]. The significant energy flows from the three German
offshore nodes into mainland Germany found in this project illustrate a similar pattern as the
connection pathway known as ’4’ in Figure 5.1. The importance of hubs located in similar
areas to UKMO, DEO1, NLNW and DKOF was also found in [34].
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Within this project, LCP found it cost-effective to build out 287 GW of OWF in the North
Sea by 2050, in all scenarios. This closely corresponds to the 283 GW determined in [34],
when both hydrogen and power transmission infrastructure was allowed. As mentioned in
chapter 4, 287 GW of OWF build-out was the maximum allowed build-out in the North Sea
within the optimisation range. Together with the OWF potential allocated to other nodes
around the North Sea, this means that the ambitious targets of 300 GW set by the Ostend
declaration [91] will be met in 2050. The determined 491 GW of offshore wind that will be
built across all of Europe by 2050 is significantly higher than the 300 GW target announced by
the European Commission [92]. This could be because LCP finds OWF to be more favourable
than in reality, due to the representative supply profiles. The applied selection method can
lead to underestimating the full extent of OWF variability and potentially extreme behaviour
subsubsection 3.1.2. It is important to note that this also applies to the reported values for
curtailment (Table 4.6 and Table 4.10) that are also dictated by the representative supply
profiles. Using representative days can lead to underestimating curtailment, as extreme days
are not fully captured.

In all scenarios considered within this project, the results indicate that it is cost-efficient to
have a significant build-out of electrolysers offshore. This can be understood by looking at the
cost assumptions for electricity versus hydrogen transmission infrastructure, outlined in Ta-
ble 3.12 and Table 3.13. It can be seen that constructing electricity transmission connections
to transport the electricity generated at sea to shore is significantly more expensive than con-
structing the equivalent hydrogen connections. Despite the offshore electrolysers being more
expensive than their onshore equivalents (+25% in the base scenario), LCP still determined
that building them and their associated H2 transmission was less costly than solely building
out an electricity transmission network. This is particularly true for nodes located far from
shore, such as DEO2 and 3, which predominantly transport their generated energy in the form
of H2 to shore to avoid transmission losses. This further explains why the nodes located closer
to shore, such as DEO1 and DKOF present a higher sensitivity to offshore electrolyser CAPEX
variations (see Figure 4.18). Nodes closer to shore are less affected by electricity line losses due
to shorter transmission distances, meaning that it can become cost-efficient to transport the
generated energy in the form of electricity. The hydrogen is then instead produced onshore if
the cost of building the electrolyser offshore becomes too high. The total optimised build-out
of 79.7 GW of offshore electrolysers in this project lies within the reported range of 61-96 GW
found in [34].

Despite vows for significant cross-national collaborations (see e.g. [29]), it remains uncertain
if citizens of one country would accept that energy hubs within their EEZ are not connected
to their own mainlands. This is for example the case with hydrogen transmission from DEO2
and 3, which transports all its’ produced hydrogen towards the UK. Hence the question arises
as to what the benefit of developing said offshore electrolysers at these locations would be
for Germany, as they might not receive any of the benefits from their production. This
highlights additional challenges that remain to be solved for the successful implementation of
an integrated offshore network. As discussed in [93], appropriately incorporating the offshore
nodes into the electricity bidding structure across Europe could be a way to tackle such issues,
by potentially developing new offshore bidding zones.

There are however several limitations to this research. Firstly, spatial limitations such as
designated military areas or shipping routes in the North Sea were disregarded when considering
possible infrastructure developments. Thus the resulting transmission network determined in
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this project may cross into areas that are unavailable for development as LCP assumes the
shortest route between nodes to be available. Spatial limitations were also disregarded when
optimising for the expansion of offshore electrolysers, as the space they would require was not
considered. Literature states that this can be of significant size, with 8 m2 needed per MWe
[26]. This could also be problematic when considering the size of the currently designated
electrolyser area within the German EEZ that would account for roughly 900 MW according
to the [69]. Expanding the research scope to consider that level of spatial detail would have
required the use of Geographical Information System (GIS) software, such as performed in
[94]. LCP is however not able to handle this type of data, making this level of analysis outside
of the project scope. Finding ways to incorporate this level of spatial granularity in future
iterations of LCP would be a suitable area for future research.

Secondly, ramping rates for all technologies were assumed to be 100%, i.e. each technology
could ramp up completely within the same time step that it was deployed. Considering the
long time horizon that this project investigated (31 years) this was deemed to be an acceptable
simplification. Future studies can nevertheless benefit from including more detailed technology
behaviour as this will lead to even more reliable results. The ramping of an electrolyser can
for example be seen in Figure 4.7, where the dispatch significantly changes within a single
time step and the electrolyser is turned on and off repeatedly. This can have an effect on the
lifetime of the electrolyser, as the degradation may occur more rapidly if the electrolyser is
experiencing significant cycling [95]. Variations in electrolyser (and other technology) lifetimes,
as a consequence of operational handling, were not considered in this project, and their lifetimes
were assumed to be constant.

Thirdly, the copper plate assumption applied in this project is further a limitation as it dis-
regards inter-array cabling from the wind turbines to the hubs, as well as congestion issues
present onshore. This can be particularly problematic for offshore nodes, as there are usually
no alternative routes that the generated electricity can take if one cable is used at full capacity
[93]. This could potentially lead to the OWF being unable to transmit its’ electricity to shore
if the transmission cable is already used to transmit power flows from other locations [93].

Another limitation of this study is the usage of pre-determined energy demand profiles. These
energy demand profiles were static and did not capture the potential interplay between energy
prices and demand, such as a high price of one fuel leading to consumers switching to an
alternative fuel. Such market mechanisms are not currently possible to model in LCP. Similarly,
the installed capacities of energy supply technologies onshore were fixed according to values
published by TYNDP in the Distributed Energy scenario [71]. This left LCP with little ability
to capture potential dynamics between offshore and onshore capacity expansions. This was a
deliberate decision, as allowing all supply technologies to freely optimise would have increased
the computational complexity significantly. Considering the widespread consensus around
the TYNDP, the input values used for the onshore supply technologies were deemed to be
of sufficient robustness. Although the Distributed Energy scenario created by [71] aims for
European energy autonomy it was developed pre-Ukrainian war and thus does not consider
the implications of this. Repeating this analysis on subsequent iterations of the TYNDP could
hence be a suitable area for further research.

The presence and availability of depleted hydrocarbon fields to be used as long-term storage
locations for hydrogen were in this project solely considered for onshore locations. Expanding
the project scope to also include depleted fields located offshore would be an additional appro-
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priate direction for further research. This could potentially provide an offshore storage location
at a discounted price through re-purposing of the existing infrastructure. The potential for
this has been discussed in [96] considering a UK context.

Lastly, there are several limitations to modelling network developments using linear program-
ming. The linear nature of the optimisation means that LCP finds it cost-efficient to build
out several small connections, as it is only able to judge the suitability of connections based
on the route with the shortest distance. In reality, however, it is unlikely that hubs like DEO2
and DEO3 are connected to so many other nodes respectively, instead of just having one of
the two nodes be the hub in the area. This could have helped to achieve economies of scale
while limiting environmental disturbance and operational complications [26]. If a mixed integer
programming model had been employed as opposed to a linear programming model, this could
have resulted in a less cluttered offshore network. This is visualised in Figure 12 in [26].
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6 Conclusion

This project has investigated what a hub-based offshore network in the North Sea will look like
by 2050, by applying a linear programming methodology. The analysis was performed using
the internal Guidehouse model Low Carbon Pathways (LCP). The results indicate substantial
build-out of both power and hydrogen transmission infrastructure, across all modelling runs.
This is built out as a consequence of the large quantities of offshore wind power and offshore
electrolysers that were part of the least-cost solution. Within the optimisation, offshore and
onshore electrolysers were unconstrained in their capacity expansion, while offshore wind ca-
pacities were capped in line with announced offshore wind development targets. The results
of the base scenario displayed a North Sea build-out of 287 GW of offshore wind power and 80
GW of offshore electrolysers. All considered offshore locations had electrolysers placed upon
them as part of the optimised solution.

The North Sea transmission network in 2050 predominantly consists of electricity connections,
but hydrogen connections are also present to a smaller degree. The offshore electricity network
is highly interconnected, displaying both hub-to-hub as well as hub-to-shore connectivity. Major
connection points for the offshore electricity network are nodes UKMO (OWF Dogger Bank
area), DKOF (Nordsøen Energy Island area), UKSO (around OWF East Anglia), NLWO (OWF
Nederwiek area) together with nodes DEO2 and 3 (around German search areas N 17-20). The
2050 offshore hydrogen network is significantly less interconnected and solely exhibits hub-to-
hub connections between UKSO and NLWO, and German far-from-shore nodes DEO2/DEO3
and UKMO. All other offshore nodes display radially connected hydrogen pipelines to shore.
The results of the base scenario modelling run were further refined by removing infrastructure
connections below 500 MW and re-running the optimisation in LCP. This yielded similar
results to the base scenario, albeit less cluttered as small connections which are unlikely to be
built in practice due to their poor cost-effectiveness were now nonexistent. The results show
that all offshore power transmission cables are built as HVDC connections preferentially over
HVAC.

A sensitivity analysis was performed by varying the CAPEX assumptions for offshore elec-
trolysers within a -15% to +30% range. This resulted in no changes in the installed wind
power capacity but did impact the quantity of offshore electrolysers installed within a -7.8%
to +4.6% range in 2050. Changes in the installed capacity of offshore electrolysers led to
decreased hydrogen transmission infrastructure in the North Sea, and to as much as a 48%
increase in North Sea curtailment in 2050. However, on a system-wide level, the curtailment
and installed infrastructure capacities remained within 2% of the base scenario results. The
total annualised CAPEX and OPEX costs across the simulation horizon were estimated to be
1485 billion e2020 for the base scenario. The sensitivity analysis led to marginal changes in
the overall annualised costs, within a -0.08% to +0.12% range.

The results of this project are limited by several factors, such as spatial limitations of the
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North Sea not being considered. This could have an effect on the transmission network
design and limit the amount of electrolysis that could be placed offshore. Further ramping
rates of all technologies were assumed to be 100%, thus leading to substantial cycling which
could negatively affect technology lifetimes. Such considerations were not accounted for in this
project. Moreover, the onshore energy system was largely fixed, leading the model to only being
able to optimise the installed capacities of offshore wind, electrolyser (onshore and offshore),
hydrogen storage and transmission infrastructure. Suggested future research directions are
increasing the modelling degrees of freedom to better capture capacity expansion interactions
between the onshore and offshore energy systems. Expanding the model scope to include
hydrogen storage in depleted gas fields located offshore is also identified as a suitable topic
for future research.
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Appendix 1

Table 1: Existing interconnection capacities between Dutch nodes, based on [57].

Node From Node To Type of connection Inst. Cap (MW) Source

NLN NLM AC-cable 2832.83 [57]
NLN NLM CH4 pipe 190193 [57]
NLN DE00 AC-cable 2027 [57]
NLN DE00 CH4 pipe 93469 [57]
NLN NOS0 AC-cable 700 [57]
NLN NOS0 CH4 pipe 35958 [57]
NLN DKW1 AC-cable 700 [57]
NLM NLN AC-cable 3571 [57]
NLM NLS AC-cable 3927 [57]
NLM NLS CH4 pipe 180193 [57]
NLM DE00 CH4 pipe 12092 [57]
NLS NLM AC-cable 1314 [57]
NLS NLWO AC-cable 2800 [57]
NLS BE00 AC-cable 2780 [57]
NLS UK00 AC-cable 3000 [57]
NLWO NLS AC-cable 2800 [97]
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Table 2: Detailed overview of all OWFs considered in this project

OWF Capacity [GW]
Country Node OWF Status 2020 2030 2040 2050

NL NLWO Borssele 1.5025 1.5025 1.5025 0
NL NLWO HKZ 1.649 1.649 1.52 0
NL NLWO HKN 0.228 0.987 0.987 0.987
NL NLWO HKW 0 1.456 2.1 2.1
NL NLNO Ten noorden van den Waddeneilanden 0.6 0.7 0.7 0.7
NL NLWO Ijmuiden Ver Tendering in 2023, operational in 2027 0 0 4 4
NL NLWO Nederwiek Tendering in 25/26 0 0 6 6
NL NLNO Doordewind Tendering in 27 0 0 4 4
NL NLNW Search area 3 Search area after 2030 0 0 2 2
NL NLNO Search area 4 Search area after 2030 0 0 10 10
NL NLNW Search area 5 (mb) Search area after 2030 0 0 2 2
NL NLNW Search area 6 Search area after 2030 0 0 10 10
NL NLNW Search area 7 Search area after 2030 0 0 8 8
NL NLNW Search area 8 Search area after 2030 0 0 2 2
NL NLWO Rebuild of retired cap 0 0 0 3.0225
DE DEO1 Already installed North Sea 6.636 0 0 0
DE DEO1 N-3.5 0 0.42 0.42 0.42
DE DEO1 N-3.6 0 0.48 0.48 0.48
DE DEO1 N-3.7 0 0.225 0.225 0.225
DE DEO1 N-3.8 0 0.433 0.433 0.433
DE DEO1 N-6.6 0 0.63 0.63 0.63
DE DEO1 N-6.7 0 0.27 0.27 0.27
DE DEO1 N-7.2 0 0.98 0.98 0.98
DE DEO1 N-9.1 0 2 2 2
DE DEO1 N-9.2 0 2 2 2
DE DEO1 N-9.3 0 1.5 1.5 1.5
DE DEO1 N-10.1 0 2 2 2
DE DEO1 N-10.2 0 0.5 0.5 0.5
DE DEO1 N-11.1 0 2 2 2
DE DEO1 N-11.2 0 1.5 1.5 1.5
DE DEO1 N-12.1 0 2 2 2
DE DEO1 N-12.2 0 2 2 2
DE DEO1 N-12.3 0 1 1 1
DE DEO1 N-13.1 0 0 0.5 0.5
DE DEO1 N-13.2 0 0 1 1
DE DEO1 N-13.3 0 0 2 2
DE DEO2 N-17 b 0 0 2 2
DE DEO2 N-18 0 0 2 2
DE DEO3 N-19 0 0 2 2
DE DEO2 N-20 0 0 2 2
DE DEO1 N-21.1 0 0 2 2
UK UKMO Dogger bank A First power expected in 2023 0 1.2 1.2 1.2
UK UKMO Dogger bank B First power expected in 2024 0 1.2 1.2 1.2
UK UKMO Dogger bank C Turbine installation starts 2025 0 1.2 1.2 1.2
UK UKMO Sofia Expected to be fully operational by 2026 0 1.4 1.4 1.4
UK UKMO Hornsea 1 Operational by 2020 1.2 1.2 1.2 1.2
UK UKMO Hornsea 2 Operational by 2022 1.32 1.32 1.32 1.32
UK UKMO Hornsea 3 Planned 0 2.4 2.4 2.4
UK UKMO Hornsea 4 Planned 0 1 1 1
UK UKMO Outer Dowsing Operational by 2030 0 1.5 1.5 1.5
UK UKSO East Anglia 1 Operational 0.714 0.714 0.714 0
UK UKSO East Anglia 1 North Planned 0 0.8 0.8 0.8
UK UKSO East Anglia 2 Planned 0 0.9 0.9 0.9
UK UKSO East Anglia 3 Under contruction 0 1.4 1.4 1.4
UK UKSO Greater Gabbard Operational since 2012 0.504 0.504 0.504 0
UK UKNO Berwick Bank 0 4.1 4.1 4.1
UK UKNO Seagreen Some already operational by 2022 0 1.075 1.075 1.075
UK UKNO E1 Planned operational in 2028 0 2.61 2.61 2.61
UK UKSO Rebuilt of retired cap 0 0 0 1.218
BE BEOF Princess Elisabeth Zone Planned 0 3.5 3.5 3.5
BE BEOF Installed Already installed 2.261 2.261 2.261 2.261
NO NOOF Sørlige Nordsjø II Planned for operational in 2030 0 3 3 3
NO NOOF Sørlige Nordsjø I Search area after 2030 0 0 1.5 1.5
DK DKOF Nordsøen III Tendered in 2023 0 3 10 10
DK DKW1 Horns Rev III Operational 0.4067 0 0 0
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Appendix 2

Figure 1: German offshore wind developments [98].
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Figure 2: Planned Dutch offshore wind developments [82].
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Figure 3: European wide electricity transmission network in 2030 (left) and 2040 (right), base scenario
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Figure 4: European net electricity energy flows in 2030 (left) and 2040 (right), base scenario.
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Figure 5: North Sea electricity transmission network in 2030 (left) and 2040 (right), base scenario.
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Figure 6: North Sea net electricity energy flows in 2030 (left) and 2040 (right), base scenario.
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Figure 7: European hydrogen transmission network in 2030 (left) and 2040 (right), base scenario.
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Figure 8: European hydrogen net flows in 2030 (left) and 2040 (right), base scenario.
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Figure 9: North Sea hydrogen transmission network in 2030 (left) and 2040 (right), base scenario.
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Figure 10: North Sea hydrogen net flows in 2030 (left) and 2040 (right), base scenario.
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Figure 11: North Sea electricity network in 2030 (left) and 2040 (right), Infra500 scenario.
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Figure 12: North Sea net electricity flows in 2030 (left) and 2040 (right), Infra500 scenario.
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Figure 13: North Sea hydrogen network in 2030 (left) and 2040 (right), Infra500 scenario.
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Figure 14: North Sea net hydrogen flows in 2030 (left) and 2040 (right), Infra500 scenario.
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