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ABSTRACT
For the realization of the 2050 energy-positive goals in the Netherlands, going deeper in the
North Sea to harness wind energy is inevitable. This energy pursuit is due to the high
competition on land and the sea’s near-shore areas. Nevertheless, being in the first steps of
development, producing energy from the deep marine environment is frequently viewed as
troublesome and uneconomic. This perspective mainly includes the high costs of floating
foundation technologies and grid connections. The current models for evaluating offshore
energy costs are commonly misrepresented, prompting vulnerabilities that may hold investors
back and hinder the market entrance of this renewable-energy market. Along these lines, an
exact forecast of marine energy costs is essential to conclude the spectrum of its
competitiveness. Accordingly, the study focused on technical and cost modeling of harnessing
different energy resources as wave energy to maximize the system’s output. More importantly,
the study examined the possibility of utilizing green hydrogen as the energy carrier instead of
exporting electricity through grid connections. For the most cost-effective green hydrogen
transportation, the possibility of using the planned-to-be-decommissioned oil and gas platforms
and pipelines by the Dutch government is considered. In other words, the ultimate goal was to
find the most profitable way to invest in producing energy from the Dutch deep waters.
Keywords: LCOE, Green hydrogen, Floating wind turbines, Offshore, Costs, Energy.
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1 INTRODUCTION
1.1 BACKGROUND
The reduction of energy-related CO₂ emissions are at the core of the energy transition. Quickly
moving the world away from the utilization of non-renewable energy sources that cause
environmental problems and towards a cleaner, sustainable types of energy are critical if the
world is to agree on the climate objectives (European Comission, 2019). The change of the
worldwide energy systems needs to quicken considerably to meet the targets of the Paris
Agreement, which plan to keep the ascent in average global temperatures to closer to 1.5 °C in
the current century (European Comission, 2019).
In response to that, in 2019, the Dutch government completed the first Climate Act. This act
contains the main features of climate policies for the next ten years (The Government of the
Netherlands, 2019). Besides, the law examined the latest scientific findings on climate change,
technological developments, international policy developments, and economic consequences.
This agreement contains a package of measures, which have the active support of the involved
parties to achieve the Green House Gas emissions reduction target of 49% by 2030 (The
Government of the Netherlands, 2019).
The Climate Act specifies that the Netherlands has to reduce 95% greenhouse gas emissions
by 2050 compared to the 1990’s ones. The Netherlands, like most European countries, obliged
by the EU to be climate neutral by 2050 (The Government of the Netherlands, 2020b). This
goal is currently one of the world's most ambitious targets for 2050 laid down in legislation.
For short-term goals, the Netherlands has set a challenging goal for 2020 to produce 14% of its
total energy share from renewables. However, this goal seems to be impossible as, according
to Energieakkord 2020, the contribution of renewable energy resources is only 10% in February
2020, as shown in Figure 1.1.
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Figure 1.1 Contribution of renewable energy resources in the Netherlands in February 2020
(Energieakkord, 2020)

In the Dutch context, one of the proposed solutions currently in to accelerate the energy
transition is to go deeper in the North Sea to install wind turbines. The offshore renewable
energy industry has risen with power in a quest to look for alternatives to traditional energy
resources. Be that as it may, some boundaries could impede its presentation into the energy
mix, for example, the maturity level of the innovations, high costs included, and lack of
knowledge in regards to environmental impacts (IRENA, 2019b). Moreover, the deep grid
connections are technically challenging, with high installation costs (DNV GL, 2018).
In this regard, the study focused on the possibilities of using the green hydrogen as an
alternative energy carrier. Transporting energy using green hydrogen instead of exporting
electricity through grid connections could be an up-and-coming solution (IEA, 2019). On the
one hand, the falling expenses of renewable energy have expanded the intrigue of these
stationary applications; on the other hand, the earnestness of climate action has expanded and
now establishes a key driver. Endeavors to increase green hydrogen use for the energy
transition are growing in the Netherlands, with an accentuation for more significant scope, and
more power system-friendly electrolysis (The Government of the Netherlands, 2020b)
Many synergies can result from the green hydrogen utilization as the North Sea is home to
numerous oil and gas platforms and pipelines that have arrived at the end of their life span and
should be decommissioned (Nextstep, 2018). These would now be able to be given another
chance to live. As the development of offshore renewable energy projects proceeds at the
current pace to move further away from the coast, it is critical to research the most practical
and cheap approaches to get the power created there to land (Kemp, 2010).
2

1.2 RESEARCH OBJECTIVE
The objective of this research is to assess the contribution of the expected technological
advancement in the offshore renewable energy industry in achieving the carbon-neutral goals
in the Netherlands. The study analyzed the possibility of utilizing green hydrogen as an energy
carrier to produced energy by floating wind turbines instead of using the grid connections. This
possibility is addressed in both technical and financial terms by assessing the technologies’
state of the art by 2020 and their associated costs. However, the study’s main focus is to analyze
the possibility by 2030, so the expected technological advancement and the cost reduction for
the systems’ components are researched to measure the technical and the financial feasibility
for both approaches by 2030 with respect to the Dutch vision.

1.3 ETHICS STATEMENT
This research followed the ethical standards of the Ethic procedures from the University of
Twente stated in the Research Ethics Policy (University of Twente, 2019). Moreover, the study
is intended to be carried out to help in finding a solution to one of the most imminent global
crises, with no bias to any scientific arguments or industrial interests.

1.4 THESIS LAYOUT
The thesis is structured in five chapters including this one. After the introduction, chapter two
explains the research methodology and the selected criteria for the analysis. Going through the
study’s main body, chapter three shows the current technological status of the different offshore
energy systems. On one hand, the chapter goes through the technical design selection of the
wind turbines’ model and foundation and their associated grid connections. On the other hand,
the chapter shows the current status of the different electrolysis processes and the justification
for the Wave Energy Converters (WECs) installation in a wind park for the offshore hydrogen
production. Similar to the first part, the technical design selection of the WECs and the
hydrogen production system and its auxiliaries is carried out. Based on the technical design,
chapter four manifests the cost analysis approach and the prices for the selected models
followed by the results of the carried out analysis. Finally, chapter five draws the conclusion
while addressing the limitations of the study, ending up by suggesting directions for future
research. The details of the carried out analyses are presented in five appendices.
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2 METHODOLOGY
2.1 PROBLEM STATEMENT
The Netherlands is seeking a rapid energy transition in the upcoming years to fulfill its carbonpositive promises by 2050 (The Government of the Netherlands, 2020a). With the current
technological development progress and with the existing barriers, the 2030 goals set by the
Dutch government seem to be practically impossible unless radical solutions are implemented.
The goal realization needs milestone achievements to alter the current progression trend. The
barriers towards the energy transition using the hydrogen as an energy carrier can be summed
up into five main categories; technological barriers, economic and market barriers, regulatory,
policy and social barriers, and environmental barriers. This research primarily focused on the
economic barriers as it can be understood from the presentation created by Wim van Hof, the
Electricity Directorate at the Ministry of Economic Affairs and Climate Policy, that the main
obstacle that hinders the Energy Transition is the economic barrier (Ministry of Economic
Affairs and Climate Policy, 2018). Nevertheless, the economic barrier could hardly be assessed
without taking the technical limitations into account. Therefore, the study focused on the
technical limitations which impose financial barriers to find the most feasible green energy
production approach.

2.2 RESEARCH QUESTION
The main Research Question:
To what extent can producing green hydrogen in the deep waters on the Dutch part of the
Continental Shelf in 2030 be technically feasible and economically costs competitive to the
costs of one MWh electricity generated by an offshore wind turbine park in deep water in 2030?
Sub-Research Questions:
1. What are the most up-to-date energy production systems that can be able to produce
green energy in the Dutch Exclusive Economic Zone (EEZ)? and what are the best
technologies in exporting energy back to the shore?
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2. What are the associated costs of the selected designs for the energy production and
transportation processes by 2020?
3. How could the technological advancements by 2030 for the selected energy systems
affect the economic feasibility of the selected approaches?

2.3 TYPE OF COLLECTED DATA
In this research, cost analyses’ results were a determinant factor for providing
recommendations. Accordingly, quantitative analyses using a cost-benefit model were pivotal
in the researching process. However, creating the financial model needed a technical design
reference to address cost-specific data. In this manner, a combination of qualitative and
quantitative data analysis methods was applied. This combination helped in delivering
pragmatic understanding due to the complexity of the collected data.

2.4 DATA ANALYSIS
The analysis was done by relying mainly on intensive desk research. The analysis aimed to
provide financial models to compare the conventional wind turbines farms approach that
utilizes a grid connection for energy transporting in an electric form and the hydrogen
production approach that converts the produced electricity into hydrogen before transporting it
back to the shore.
The data analysis will be carried out in the following sequence and summed up in the research
framework shown in Figure 2.1:
a) Before attempting to analyze the possible alternatives for a feasible offshore energy
production, a refinement step was carried out. The objective of this step is to determine
the most convenient location for the project. This step resulted in calculating important
parameters needed for the cost analysis. These parameters are the average water depth,
the distance to the shore, the distance to a planned-to-be-decommissioned platform.
b) The second step is carrying out an in-depth literature reviewing on the current offshore
energy markets, including the state of the art of the available offshore energy systems
with their associate investment costs, operation and maintenance costs, and the
Levelized Cost of Energy (LCOE). This step's goal is to identify the gap between the
5

capacity of the existing technologies and the ability to meet the energy positive goals.
This step resulted in defining the main areas of studies and the literature gaps.
c) The third step comprised four main tasks; strongly interlinked with each other. The first
task was designing the systems by selecting the most feasible technologies and studyproven to be able to produce hydrogen from offshore locations. These technologies also
reviewed from a technological-advancement-potential perspective After selecting the
models, the prices of each model were collected for the current year. The final task was
to analyze the potential of these technologies to advance and how this technological
advancement could affect the prices by 2030.
d) The fourth step was developing a trial simulation and four cost models. The trial
simulation is used to determine the most profitable farm size for the hydrogen
production approach. This simulation determined the number of the wind turbines and
the WECs using the 2020 prices. For the cost models, the study assumed that this size
is constant for all the models. Afterward, a cost model for the conventional approach
and a cost model for the hydrogen production approaches with the current prices are
developed. Another two cost models were developed by taking into account the
expected cost reduction by 2030. This analysis compared the LCOE for the
conventional and alternative energy production systems to understand which alternative
is more cost-competitive, especially in the future. Besides, to understand which
technologies are best suited for the locational requirements.
e) The final step is to conclude all the research analyses in formulating recommendations
that could be applied to help in accelerating the energy transition and to guide future
researches in this field.

2.5 DATA COLLECTION
The analysis started by attempting to design a system that can produce green hydrogen from
the deep waters in the Dutch EEZ by 2030 and to compare this design costs with the most
feasible conventional energy production approach that can be applied in the same location.

6

Figure 2.1 - Schematic presentation of the research framework
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Before starting the analysis, the energy production capacity of the systems needed to be known
to act as a reference point between the two approaches to compare the costs needed to produce
the same amount of energy. Nonetheless, assuming this number at the start of the analysis
without getting a better understanding of the technical design of the system and the energy
production capabilities and efficiencies will ignore the fact that the economic feasibility of any
energy production project is dependent on the total costs of the systems. In other words, this
assumptions overlook that the energy production from an offshore farm could be costly in terms
of total investments but profitable in terms of the LCOE and vice versa.
To overcome this limitation, the study assumed an initial value for the energy production based
on the minimum expected energy yield from the project that can add significantly to the overall
energy share in the Netherlands. However, this assumption is made only to help the researcher
in collecting the costs of the available energy production systems in the market. For
determining the feasibility, the most feasible energy yield from the systems is calculated using
the study’s cost model while ignoring the initial assumed value. In the research, the costs are
gathered based on assuming initially a project capacity of 600 MW power production. This
assumption was made based on an educated guess from the researcher returning to the fact that
the total energy consumption in the Netherlands in 2019 is about 120 bn KWh (CBS, 2020)
which is approximately 14000 MW. So a project share with around 24% of the total energy
production will be considered in accelerating the energy transition.
Afterward, the study attempted to prove from analyzing the journal articles which systems are
capable of producing renewable energy in deep waters with high energy density and
competitive prices in 2020. The reason why 2020 is selected as the reference year for prices
and not 2030 is the impossibility of finding exact technological state of the art with cost
components in future terms. After collecting 2020 prices, the study collected data regarding the
expected technological advancements in the selected energy components and the expected
resulting cost reductions to calculate the prices in 2030.
To analyze the combination of data, the research utilized some techniques for producing
meaning from the information such as making comparisons between the different models and
constructing a coherent chain of evidence. The numbers then were presented in the quantitative
analysis as they are typically associated with means of data collection as they are highly reliant
on the qualitative technical analysis.
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2.6 METHODS OF ANALYSIS
2.6.1 Energy Performance Assessment
Comparing the energy performances between diverse systems that depend on different
engineering concepts is subjected to different criteria. The aim of the study was not to analyze
the technical performance of the systems from an engineering perspective but to relate the
energy performance of the selected systems to its contribution in resulting to a more feasible
approach. Therefore, the criterion that was chosen in assessing the energy performances was
the ratio between the input energy to the system and the output one. However, this criteria is
not the only influencing factor because a system could have a low energy conversion efficiency
but with a low cost that can compensate for this weakness. This criteria still can highlight areas
for future improvements.
To commence the cost analysis, the study needed to verify the technical possibility of placing
systems that can produce green energy from deep waters in the Dutch EEZ either using offshore
wind turbines that can export electricity back to the shore or using a combination of offshore
energy production systems that can export green hydrogen back to the shore. This verification
process has done by setting several criteria while filtering the collected literature. The selected
models had to be equipped with the most up-to-date technologies, commercially available and
their technical specifications are compatible with the selected location for the project (See Site
Selection Assumptions subheading).

2.6.2 Cost Assessment
While thinking about the expense of energy projects, there are a few viewpoints and ways to
deal with it. Capital Expenditure (CAPEX) and Operational Expenditure (OPEX) are the
fundamental characteristics that need to be assessed to determine the economic potential. These
components are frequently used for auditing of large investment ventures, yet are not
appropriate for distinguishing between concepts with significant differences in their design
(Ågotnes, 2013). This is particularly obvious when assessing capital-intensive projects that will
amass the payments over a more drawn out period as the offshore industry projects. While
considering a wide time length, measurement of the costs in various phases gets significant
because of capital expenses, and risk identification. This is frequently analyzed in Life Cycle
Cost Analysis (LCCA) or Cradle to Grave (CG) and this method is a helpful way and generally
9

utilized to assess the potential profitability (Chozas, et al., 2012). In this study, LCCA is carried
out on each system because of its ability in presenting the findings per phase, and this can help
the in understanding the different phases the energy projects go through.
To build the centrality of the LCCA concerning the design examination, it is prudent to use a
levelised cost to characterize a comparative reference for estimation of cash at various phases
of the project (Ågotnes, 2013). It is advantageous to level the LCCA results by the anticipated
energy production. This takes into account a better analysis and risk assessment of all the
expenses during the lifetime and is regularly referred to as a LCOE Analysis. The comparative
reference estimation of cash is acquired by limiting the expenses to a given date by the annuity
strategy; which means to calculate based on the present values. Once acquired, the LCOE might
be estimated as the base unit cost of energy and is a reasonable variable to assess the presence
of various ideas.
The life cycle is divided into main four phases, which are;
•

Pre-installation phase

•

Implementation phase

•

Operation phase

•

Decommissioning

The procedure proposed depends on the life cycle cost approach and covers the full systems
life cycle expenses of the farms. The study uses the LCOE in this study as it is a common
measure by which numerous renewable energy production innovations are compared. Hence,
LCOE is estimated in Euro/MWh in genuine terms, and is illustrative of the break-even cost of
energy. In spite of the fact that the introduced cost technique can be applied to any area, the
LCOE measure is context-specific, as reflected in the situation study appeared in this study.
For the future cost models, many studies have been reviewed to decide the best cost reduction
predictions by 2030. Most of the studies lacked certainty and provided a large spectrum of
speculations. The study followed two main logical assumptions used by some studies. The first
assumption assumed that technological advancements will result in cost reduction in the current
wind turbines models as in IRENA’s Future of Wind report (IRENA , 2019a). The second one
assumed that technological advancement will accelerate the power generation capacity by
producing new models with a slight increase in the current prices as in Peterson & Miller, 2016.
10

The study followed the latter assumption path as the study was looking for maximizing the
energy production potential from the selected location regardless of the total investment costs.
The calculations are carried out using the Mathcad ® software by developing two models, one
for the conventional wind turbines approach and the other for the green hydrogen production
one in 2020. After selecting the cost reduction criteria for the energy systems, similar two cost
models were developed to represent the expected costs with respect to the energy production
by 2030. The operation and maintenance costs are estimated based on Myhr, et al. (2014) study
results that used the Operation and Maintenace Cost Estimator (OMCE-Calculator) tool
developed by the Energy Research Center of the Netherlands (ECN).

2.7 MODELING ASSUMPTIONS
All the analyses are based on a set of global assumptions that comprises a set of time-related
assumptions and a set of project characteristics.

2.7.1 Global Assumptions
•

Real (end-2019) prices.

•

Fixed exchange rates at the average for 2020 (EUR 1 is equivalent to USD 1.18) (XE
Currency Converter, 2020).

•

For the Net Present Value (NPV) calculation, the inflation rate is assumed to be constant
through the projects’ life with 2020’s value which is 1.4% (Trading Economics, 2020).

•

All the assumed values in this model are based on the best available technologies and
the most ideal operational conditions. All the equations are used with SI units.

2.7.2 Site Selection Assumptions
To select a realistic location for the proposed hydrogen production approach, the SeaSketch©
platform is used to represent the main hotspots in the Dutch EEZ. Figure 2.2 is developed using
the platform to show the key features that can impose conflicts with other authorities or
stakeholders. The main areas presented in the figure below are the Natura 2000 areas, the other
nature conservation areas, military zones, oil and gas platforms, subsea pipelines, and shipping
lanes. This challenge is addressed as it hinders any renewable energy production projects nd
makes the alternatives for selecting a site very limited (Ministry of Infrastructure and the
Environment, 2011).
11

Figure 2.2 - The Dutch EEZ map with the important features using SeaSketch© platform
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To solve this problem, the study decided to locate the project in the deepwater where little to
no interest conflicts can arise. Figure 2.3 shows the proposed location for the study in the purple
color. The selected area is free from any potential interest conflicts.

Figure 2.3 - The selected location for the study (the purple box)

The selected area for the project was not only chosen for its strategic location that can minimize
any conflicts with any other Dutch party but also due to its proximity to the K5-D gas platform
(see Figure 2.4). This platform has been commissioned in 1994 for a lifetime of 25 years.
Currently, this platform is on the decommissioning plan. What makes this feature unique in
this platform is the possibility of reusing it for the hydrogen production setup with no additional
platform or pipeline costs.

13

Figure 2.4 - K5-D platform location and characteristics

2.7.3 Distances Assumptions
For conducting a location-specific analysis, environmental data had to be collected. The study’s
scope and the time limitations constrained collecting up-to-date environmental data for the
selected location; however, data from several studies are collected to be used for the analysis.
Summary of the collected environmental data is shown in Table 2.1.
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More importantly, distances calculations are carried out before starting the analysis. These
distances included average distance from the site’s location to the nearest shipyard and the
average distance to the hydrogen production platform. These calculations are needed to
calculate the grid connection costs to the shore and the hydrogen production platform. The
location of the nearest shipyard is located using Google maps. The main shipyards are shown
in Figure 2.5 while the distance calculations are presented in Figure 2.6 and Figure 2.7.

Figure 2.5 - Shipyards locations in the Netherlands using Google Maps

Figure 2.6 - Average distance from the site's location to the hydrogen production platform
15

Figure 2.7 - Average distance from the site's location to the nearest shipyard

Table 2.1 - Site's Characteristics

Parameter
Average water depth (m)

Value

References

42

(Ministry of Infrastructure
and the Environment, 2011)

Mean wave height (m)

2.5

(George & Henk, 2019)

Mean wave period (sec)

5.5

(George & Henk, 2019)

Distance to the nearest shipyard (km)

165

Calculated using Seasketch

Distance to the hydrogen production platform (km)

56

Calculated using Seasketch
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3 TECHNICAL DESIGN OF THE SYSTEMS
This chapter attempted to design the most technically feasible wind turbines park in 2020 by
selecting the most efficient wind turbine foundation and model according to the selected
location characteristics with respect to the associated costs of these systems calculated in other
studies. Afterward, the design of the grid connection based on the best available technology is
selected to export the energy back to the shore. Since the study is more concerned with the
green hydrogen production as an energy carrier instead of exporting back the electricity through
grid connection, so a clear state of the art description about this technology is reviewed to
analyze the potential of the technology. While reviewing the state of the art, the researcher
found some problems in utilizing the electricity produced from the wind turbines, so a solution
of an energy combination is proposed by adding WECs to the wind turbines park approach
before selecting the design for the green hydrogen production systems. Similar to designing
the grid connection, the electrolyzer model and its auxiliaries are selected. Subsequently,
selecting the most technically feasible design that can be implemented in the deep waters of
the Dutch EEZ. For all the selected models, the engineering equations that calculate the energy
production are presented.

3.1 BACKGROUND
Offshore wind innovations permit countries to harness the higher, and in some cases, smoother
wind resources, while accomplishing gigawatt-scale projects near to the highly populated
coastal zones pervasive in numerous countries in the world (DNV GL, 2018). These
innovations make offshore wind a significant addition to the portfolio of low carbon advances
accessible to decarbonize the energy segment of numerous countries. Offshore wind energy is
one of the rising renewables technologies that has grown up in the last few years. This growth
is reasoned to the quick innovation enhancements, and production network efficiencies in
firmly connected markets in Europe have seen rapid cost reductions and the beginnings of
significant take-up in new markets (IRENA, 2019a). Prodded by policy support and fiscalrelated motivating factors, offshore wind is picking up energy as it gives a correlative
alternative to some of the challenges faced by onshore wind. Principally, concerning
transmission congestion and land constraints, that makes it all the more challenging to convey
onshore wind in certain areas (IRENA, 2019b).
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3.2 WIND FARM DESIGN
Offshore wind farm characteristics vary from the onshore ones as they need an extra step in
designing by selecting the most appropriate foundation that suits the environmental
characteristics. This section is attempting to select the best available foundation design and the
most technological model with their associated grid connection design.

3.2.1 Foundation Selection
The majority of the offshore wind parks are built with fixed-foundation wind turbines
(GlobalData, 2019). Contingent upon water depth and soil conditions, different models are
used; however, the most basic is the monopile. Nonetheless, at deeper waters, regularly around
30 m, the monopile configuration arrives at designing limits as for pliable diameters and wall
thicknesses (Myhr, et al., 2014). For deeper waters, the more costly jacket establishment is a
substantial alternative. It is constrained to a depth of under 50 m, not because of design
limitation, yet financial reasonability (GE Renewable Energy, 2018).
One may contend that the depth restrictions for fixed turbines narrow down the likelihood to
use the immense amounts of offshore wind assets. For deeper waters, investors should approach
diverse ideas, for example, the floating platforms. New ideas implemented in new areas may
include expanded costs but floating foundations may simultaneously offer valuable
perspectives as for improved wind conditions, diminished wave loading, decreased, and less
visual impact (Fazeres-Ferradosa, et al., 2019).
A study conducted by Myhr, et al. in 2014 analyzed nine different wind turbines concepts that
are reviewed to decide on the most feasible concept that can be implemented in a location that
shares many similar characteristics as the selected one for this research. This study investigated
life cycle cost assessments for many floating concepts under variant conditions, some of them
are similar project’s conditions to the studied one in this thesis.
The floating design concepts comprise of four spar ideas, a semisubmersible and, a tri-floater.
Stabilizer, displacement, mooring lines, or on the other hand a combination of these may
balance out a floating system. Floating frameworks become accessible in waters from 30 m
and more. The base fixed foundation ideas consist of a jacketed structure, used at average
depths (30 to 50 m), while a monopile reasonable for shallower water. The entirety of the
foundations is visually explained in Figure 3.1.
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Figure 3.1 - Illustration of the different concepts, from left to right; TLWT, WindFloat, TLB B, TLB X3,
Hywind II, SWAY, Jacket, Monopile and the onshore reference (Myhr, et al., 2014)

The Tension-Leg-Wind-Turbine (TLWT) used in this study accomplishes strength through
dislodging and securing lines. It is created by the International Design, Engineering, and
Examination Service (I.D.E.A.S) and independent on the Tension Leg Platform (TLP)
framework; a supported solution in the offshore oil and gas sector. The TLP idea is notable for
its performance using vertical ligaments to diminish the movements along the vertical pivot.
Be that as it may, the TLWT highlights an investigated and advanced structure and separated
tri-floater sub-structure. The TLWT may use a lot of three slanted tendons under explicit
conditions; however, the arrangement utilized in this work highlights three vertical tendons
held by suction anchors.
More importantly, the study showed that TLWT foundations are with one of the least
accumulative LCOE compared to the other foundations as shown in Figure 3.2. The figure
shows a diverse range of LCOE because of the different analyzed scenarios like different water
depths, different distance to shore, etc. After looking into the water depth and the distance to
the shore factors, a decision is made to select the TLWT wind turbine foundation model in the
cost analysis as the TLWT is found to be cheaper for depths range from 30 to 100 m.
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Figure 3.2 - LCOE for the reference wind farm for each of the concepts with indications on both best- and
worst-case scenarios (Myhr, et al., 2014).

3.2.2 Turbine Model Selection
Walney Extension project in the Irish sea is considered as the world’s largest operational wind
farm (Fazeres-Ferradosa, et al., 2019). Moreover, the project has utilized the world’s best
available wind turbine models as they can deliver 659 MW of electricity using 87 turbines. The
turbines models used are 47 x Siemens Gamesa 7 MW and 40 x MHI Vestas V164 8.25 MW
(Digital Journal, 2018). Accordingly, for the 2020 analysis, the study has selected the MHI
Vestas V164 wind turbine model as the turbine unit used in the energy production.

3.2.3 Wind Energy Production
Each turbine has a rated, cut-in and cut-out wind speeds. When the when speed is lower than
or above the cut-out wind speeds, the turbine cannot produce electricity (Jensen, 1983). The
rated wind speed of any turbine model can be calculated using Equation 3.1. These speeds
average for most of the models should be between 4 and 15 m/s (Jensen, 1983).
𝑃𝑤𝑖𝑛𝑑 = 0.5 𝜌𝑎𝑖𝑟 𝐴𝑠 𝑈 3 𝑐𝑝

(3.1)

Where 𝜌𝑎𝑖𝑟 is the air density at the turbine’s hub, 𝐴𝑠 is the swept area by the turbine’s blade,
U is the wind speed at the turbine’s hub and 𝑐𝑝 is the power coefficient. In this study, the power
coefficient is assumed to be 45%.
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3.2.4 Grid Connections Design
Firstly, it is obvious to differentiate between the inter-array cables and the export cables. The
inter-array framework is partitioned into strands, each is able to support five turbines with a 33
kV 400 mm2 of copper cable (ofgem, 2020). The separation in the reference grid is 1 km for
each turbine (Nambiar, et al., 2016). Interfacing between inter-array cables is assumed to be
1.4 km long (Fragoso Rodrigues, 2016). To adjust the length of the cables to the water depth,
the depth is added to the length. The inter-array cables will result in an energy loss of 0.68%
(Ågotnes, 2013). Alternatively, the export cables are considerably bigger and more costly than
the between inter-array ones. In terms of energy losses, the power loss due to the export cables
is approximately 5.8% (Fragoso Rodrigues, 2016). This study center around distant offshore
wind parks, therefore, Direct Current (DC) is the better alternative (Ågotnes, 2013). There is
also a need for stepping up the current to a suitable voltage in order to minimize the losses, in
this case, an onshore substation needs to be installed (Ågotnes, 2013). A schematic layout of
the wind farm layout is shown in Figure 3.3.

Figure 3.3 - The wind farm schematic layout

3.3 GREEN HYDROGEN PRODUCTION DESIGN
This section analyzes the level of maturity of the technology and the existing hindrance along
with discussing the available solutions to overcome them. The section highlights the synergies
that could be resulted from using different systems in producing energy while attempting to
design the most-effective and least-costly models available in the international market.

21

3.3.1 State of the Art
Hydrogen Production Status
Hydrogen is a perfect energy carrier that can play a significant role in the global energy
transition. Green hydrogen from renewable energy resources is a close to zero-carbon creation
course (Hydrogen Council, 2020). Significant cooperative synergies could exist between
quickened deployment of sustainable energy resources, and hydrogen creation and use.
Energy conversion to hydrogen could become an approach to transport sustainable energy over
long distances, particularly in those situations where the electricity grid has deficient capacity
or when it is illogical or costly to construct. This may be the situation with offshore wind,
where hydrogen could be created offshore, and it can be transported to the shore through subsea
pipelines, where the expenses are lower than those for laying subsea cables (IRENA, 2018b).
Today, around 120 million tons of hydrogen are created every year, of which 66% is
unadulterated hydrogen, and 33% is in blend with different gases. This equivalents 14.4
exajoules (EJ), about 4% of final worldwide energy and feedstock use, as per International
Energy Agency measurements (IEA, 2019). Around 95% of the hydrogen is created from coal
and natural gas, while the rest is created as a by-product of chlorine production through
electrolysis. As of now, there is no substantial hydrogen creation from sustainable sources
(IRENA, IEA and REN21, 2018).
Most by far of hydrogen today is produced and utilized on-site in industry. The creation of
ammonia and oil refining are the main purposes, representing 66% of hydrogen use (Hydrogen
Council, 2020). Ammonia is utilized as nitrogen compost and for the creation of different
synthetic compounds. At oil processing plants, hydrogen is added to heavier oil for transport
fuel creation.
While the present hydrogen use has secondary importance for the energy transition, it has
brought an abundant experience in hydrogen handling. Hydrogen pipeline crossing many
kilometers are in place in different nations and districts and have worked without incidents for
a considerable length of time. Additionally, there is a wide reputation for shipping hydrogen in
well-designed trucks. Large scope investment of hydrogen (or hydrogen-inferred energizes and
items) can result in an increment in the demand for renewable energy production. Altogether,
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it can be predicted that there will be a worldwide economic potential for 19 EJ of hydrogen
from renewable energy in the energy consumption by 2050 (IRENA, 2019a).
However, direct electrification through heat pumps is having a higher actual energy or an enduse efficiency than the hydrogen alternatives. For example, heat pumps can provide up to 270%
more energy services when compared to hydrogen boilers. Thus, hydrogen production
inefficiency has mainly resulted from the significant losses in the logistics chain as in the
liquification or the electrolysis phases, as the losses can reach up to 45%. This challenge
imposes a great challenge for this sector as it needs only to be utilized in a big scale where the
monetary value of the losses is less than the infrastructure needed for electricity connections
(Hydrogen Council, 2020).

Hydrogen Electrolysis
One of the most basic concepts in hydrogen production is water electrolysis. Water molecules
can be split into hydrogen and oxygen using an electrolyzer. The electrolysis can play an
important role in the green hydrogen deployment. Electrolyser can be concluded in three main
technologies, namely; Alkaline (ALK) electrolyzers, Proton Exchange Membrane (PEM)
electrolyzers, and Solid Oxide Electrolyser Cell (SOEC) (Hydrogen Council, 2020).
Alkaline electrolyzers work simply by immersing two electrodes in a liquid electrolyte when a
voltage is applied, and the hydrogen gas is released. This electrolyzer poses some problems as
it is unable to make efficient use of intermittent power supplies which means that it is
incompatible with renewable energy resources, i.e, not functional with the fluctuation in the
electricity production from wind turbines because of the unsteadiness in the wind supply. It
also compromises efficiency during storage as the produced hydrogen needs a huge tank or an
additional compressor (IEA, 2019). PEM electrolyzers works by using a solid polymer
electrolyte instead, which is the membrane responsible for protons production that separates
the hydrogen from oxygen and provides electric insulation from the electrodes. This
electrolyzer can make use of the fluctuating nature of the renewables power supply; however,
it has a prohibitively high cost because it uses gold, iridium, and platinum (IRENA, 2019c).
The ALK was not initially intended to be adaptable and has been operated at a steady load to
serve industrial demands. However, Ongoing advancement ought to be noted, making ALK
innovation perfect with the infrastructure of grid services on a short timescale. At present, ALK
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innovation stays less adaptable than PEM technology, which at last confines the measure of
additional income that the operator might collect from adaptability.
SOEC innovation holds the guarantee of more prominent efficiencies contrasted with ALK and
PEM. Nevertheless, SOEC is an immature technology, just showed at the lab-scale (IEA,
2019). Notwithstanding, the SOEC system requires ceramic and not many uncommon materials
for their stimulus layers, while PEM electrolyzers need huge amounts of platinum for their
layers (Meier, 2014).
With a counter-intuitive result, electrolyzers can operate with a higher efficiency at lower loads
compared to their maximum capacity, in contrast with most of the current energy systems. In
other words, lower load factors can result in a high Levelized Cost of Hydrogen (LCOH). In
comparison, at higher load factors, any reduction in the CAPEX will have a minimal impact
on LCOH values, assuming the current high electricity prices. For instance, the load factors
generally exceed 50% with the current investment level; however, the optimal hydrogen cost
is achieved at around 35% (IRENA, 2019c).
When directly associated with an off-grid Variable Renewable Energy (VRE) plant, the
electrolyzer should follow the VRE production fluctuations, which requires the adaptability of
a PEM electrolyzer. Consequently, the CAPEX part of the LCOH will be dictated by the load
factor of the VRE plant. Moreover, there is no increase in LCOH with increased consumption
for the off-grid systems. One of the most radical solutions for increasing the load factor of
electrolyzers in off-grid systems is a combination of different energy resources. This can
regulate the fluctuating nature of the energy production of an individual renewable energy
system (IRENA, 2018b).

Energy Technologies Combination
While examining the performance of the electrolyzer, the offshore wind park characteristics
must be thought of. offshore wind power is exceptionally variable. In any case, as indicated by
the European Wind Energy Association (EWEA), it is not discontinuous, which means that
significance sporadic and capricious changes or start/stop intervals in power yield on a minute
or even second basis do not happen. Momentary inconstancy (within the minute) is not an issue,
while varieties inside the hour are critical (Konrad, 2014). The variability is one of the most
significant factors for the designing of a hydrogen production plant, as it requires electrolyzers
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and systems to have the option to deal with this variety and force converters to convey the
correct voltage at various limits with the same effectiveness.
Wave energy presents many possibilities for the future, thanks to its enormous potential for
electricity production (Astariz et al., 2015). The wave energy potential globally has been
estimated at 10 TW, and by taking into account the exploitation ability, this can meet from 15%
to 66% of the total world energy consumption (Zheng et al., 2020). Must be remembered is the
technology’s immaturity level, regardless of the late research attempts on WECs (Astariz et al.,
2015). Additionally, it presents higher LCOE compared to a non-sustainable power source and
more than many renewables (Pérez et al., 2012). Along these lines, in due time, wave energy
is not economically feasible and might only be under subsidy schemes (DNV GL, 2018).
In principle, wave energy converters catch the energy contained in sea waves and use it to
create power. There are three principal classes, which are oscillating water columns, oscillating
body converters, and overtopping converters. The oscillating water column utilizes trapped air
pockets in a water column to drive a turbine. In contrast, oscillating body converters use the
wave movement (up/down, advances/ in reverse, side to side) to generate electricity.
Overtopping converters utilize reservoirs to make a pressure head so they can drive turbines
(Zheng et al., 2020).

Wave and Wind Combination
The integration of wave and wind energy systems comprises of different layouts, shown in
Figure 3.4. A point often overlooked that these systems do not offer the same foundation system
for the wind turbines and the WECs but only sharing the same marine space, connections to
the grid, and O&M equipment (Soares, 2016).
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Figure 3.4 - Classification of combined wave-wind technologies (Soares, 2016)

Numerous synergies could be exploitable to beat the hindrances that marine energies could
face to achieve competitiveness. Above all else, significant cost alleviations could be
accomplished during the arrangement of the energy farms provided that coordinated strategies
took place (Buchner, et al., 2010). A significant cost savings would be accomplished in the grid
connections, since the export cables can be unified. At the point when hybrid innovation was
created, significant cost reductions in the substructure foundation would be accomplished as
wave converter could share the same foundation with the offshore wind turbine (Smith et al.,
2012). Besides, the expense of O&M activities can be decreased in these farms since the
planned maintenance of wind and wave can be done simultaneously or in a ceaseless period
(Falcão, et al., 2016). An ongoing study (Astariz, et al., 2015) reported cost savings around
25% in the capital expenses and up to 14% in the operational expenses of integrated wave and
wind parks. Also, offshore energy companies pay for leases as per occupied areas, so covering
the same place with two systems decreases these expenses.
Equally important, the mix of two distinct innovations exploiting various energy resources at
a single site will expand the energy yield per unit and, in this way, add to a more practical
utilization of the renewable assets (Pérez-Collazo, et al., 2013). Besides, integrated systems
would decrease the economic expenses of remediating the environmental impacts of these
marine systems since the influenced area will be smaller compared with separate wind and
wave farms. Moreover, studies have presumed that presenting WECs in offshore wind farms
offset the power generation’s inconstancy and, forthwith, smooths the force yield (Stoutenburg
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et al. 2010). Based on these factors, adjusting costs could be diminished by up to 35% (Chozas,
et al. 2012). Besides, another study conducted by Chozas, et al. 2013, found that the power
yield of WECs is 35% more predictable than wind turbine power yield. Given these points,
engineers can take the monetary risks in their designs by synchronizing with wind projects.
Together with the mentioned synergies, other technological synergies could be achieved
through this integration, notably, the shadow effect. The operational limitations of offshore
vessels for O&M assignments are at a significant wave height of 1.5 meters (Bierbooms, et al.,
2002). At the point when this limit is exceeded, delays in maintenance activities follow, and
the downtime resulted from the delay adds more to the OPEX. On the other hand, WECs
launched at the wind park periphery could create a protecting effect over the area that broadens
the weather windows for O&M. Subsequently, this expansion in the accessibility to the turbines
gets significant cost savings around 25% of the O&M costs that would prompt a reduction in
overall project’s expenses equivalent to 2.3% (Scottish Enterprise, 2012)

3.3.2 WEC Model Selection
From the many wave energy devices, the Pelamis WEC is one of the first converters that has
arrived at a commercial scale (Dalton, et al., 2010). The reached milestone and the analysis
behind the Pelamis converter are uncommon and unparalleled by some other devices. The
device’s physical qualities and cost assessment can be utilized because of the huge literature
on the Pelamis to test the monetary feasibility of wave energy. It utilizes the movement of the
waves to produce power in an offshore location, working in water depth more than 50 m and
introduced somewhere in the range of two and ten kilometers from the shoreline (Kempener &
Neumann, 2014). Appraised at 750 kW, one machine ought to be equipped for giving adequate
capacity to meet the yearly power request of around 500 homes (Pelamis, 2014). Pelamis is
comprised of four cylinders connected by joints that permit two-dimensional flexing. It is semi
lowered and faces into the waves (Previsic, 2004). As waves go down the length of the
machine, the areas twist in the water and the development is changed over into electrical energy
by means of water-powered force take-off frameworks housed inside each joint of the gadget
(Pelamis, 2014). The gadget should be sufficiently secured to withstand the states of an
offshore environment. The securing comprises of a three-point mooring arrangement. It permits
the device to transform into the wave bearing inside its securing limitations (Previsic, 2004)
Table 3.1 records the specifications of the Pelamis gadget.

27

Table 3.1 - Pelamis WEC model specifications

Feature

Specification

Overall Length

150 m

Diameter

4.6 m

Displacement

700 Ton

Weight

380 Ton

Average Power

750 KW

Total Anchor Weight

14.5 Ton

Total Mooring Chain Weight

100 Ton

Mooring Type

Compliant slack moored
(site-specific
requirements).
Combination of steel wire,
chain, dead weights, and
embedment anchors.

Interestingly, the Pelamis can join a structure with a fast interface/disengage framework, which
facilitates a quick deployment and maintenance with relatively small vessels. The subsystems
and segments are structured so they can be lifted without the utilization of cranes and replaced
with advanced subsystems. The Pelamis device has remote checking abilities to identify any
faults and determine the specific reason. Sometimes, the deficiency might be redressed without
physical interference as the administrator checking the system can recognize the reason. In
increasingly complex conditions, major issues would require the Pelamis to be towed to a
protected site for maintenance (Pelamis, 2014). Therefore, the Pelamis WEC is considered as
the best option to be installed with the TLWT wind turbines. Though the Pelamis is the most
mature wave energy converting technology and the cheapest commercially available device,
the Pelamis models are now unlikely to be selected for energy projects because of the economic
barriers behind the devices. Nevertheless, the Pelamis acts as a benchmark for other WECs in
the development process. Since the Pelamis is the best alternative to overcome the power
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intermittence problem resulting from the energy fluctuation from the wind turbines, the study
tried to implement the solution on a limited scale with the least possible number of gadgets.

3.3.3 Wave Energy Production
The energy delivered by the farm is produced from the selected system models for the site,
their design (which decides their intuitive impacts on power production), and site-specific
energy availability. The energy production of the park (in MWh/year) is the entirety of the
wave energy delivered by the WECs and the wind energy delivered by the wind turbines), and
is efficiency on the productivity of transmission equipment.
The wave energy delivered by a WEC device can be determined either by utilization of the
WECs experimentally calculated energy matrix and the local environmental data matrix or by
the calculation of the accessible wave energy dependent on wave period and significant wave
height (Beels, et al., 2007). In this analysis, the latter technique is utilized using Equation (4.1)
due to the complexity of the first approach.

𝑃𝑤𝑎𝑣𝑒

𝜌𝑤𝑎𝑡𝑒𝑟 𝑥 𝑔2 𝑥 𝑇𝑒 𝑥 𝐻𝑚𝑜 2
=
64𝜋

(4.1)

Where 𝜌𝑤𝑎𝑡𝑒𝑟 is the seawater density, 𝑔 is the gravitational acceleration, 𝑇𝑒 is the significant
wave period, and 𝐻𝑚𝑜 is the significant wave height. Afterward, the available wave energy
available in the location is multiplied by the Pelamis model energy conversion factor.

3.3.4 Electrolyzer Model Selection
Brine solution electrolysis would be the most logical system as it utilizes a sodium chloride
(NaCl) water solution which is fundamentally a type of concentrated ocean water. Be that as it
may, there was near no information found on seawater electrolysis. This returns to the fact of
the impurities influence and the low concentration of NaCl (Buck, 2012). Therefore, this
system will not be examined in this study. Nevertheless, it is a normalized industry procedure
to deliver caustic soda with hydrogen as a byproduct. The most widely recognized electrolysis
process is Alkaline electrolysis that utilizes potassium hydroxide (KOH) - water solution,
which would require storage and transport of KOH and is subsequently not considered as
practical either (Williams, et al., 2009). The proton exchange membrane (PEM) electrolysis
cell and the SOEC are electrolysis systems which require just water as feed in.
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Similar to the selection methodology applied to the wind turbine foundation, the decision
between selecting PEM and SOEC will be made. Both picked electrolyzers use water as a feedin stream, however, there are differences in procedure and configurations. The SOEC requires
a steam generator and a high performing compressor as the resulting hydrogen is produced at
the atmospheric pressure (Konrad, 2014). The PEM operates at pressurized conditions so the
compressor requires less force and the input stream of the PEM electrolyzer is freshwater. The
SOEC ceramic material requires no noble and uncommon metals as the PEM, which makes it
conceivably less expensive (Konrad, 2014).
The examined study in this section is conducted by Konrad (2014), which examines the total
costs of hydrogen production from a Norwegian offshore wind park with a production of only
100 MW of electricity and not close to 600 MW as explained in chapter two. This is justified
by the author as wind parks are typically evolved with time, it is practicable to utilize a basic
number as a base case. Mathur et al. have demonstrated that the limit of 100 MW speaks to the
base limit with regards to monetarily plausible hydrogen creation utilizing offshore wind
(Marthur, et al., 2008). The study is selected due to the numerous similarities between the
reviewed base case and this study’s location characteristics as the shore distance, the water
depth, and both are located in the North Sea.
The study shows that the SOEC electrolyzer is relatively cheaper than the PEM in the base case
analyzed in this paper. The main factor contributed to this result is the price of the electrolyzer
itself while the other factors are almost with the same prices or negligible influence on the total
costs (see Figure 3.5).
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Figure 3.5 - Cost components influence on the total investment of PEM and SOEC electrolyzers (Konrad,
2014)

3.3.5 Array Layout
Following the same assumed layout in Clark et al. (2019) study, the wind turbines are laid out
in a sloping rectangle at an average depth of 42 m. The turbines were placed 560 m distant
from each other while the WECs were kept at a distance of 280 m from the wind turbines, and
198 m from each other. The study used the TLWT type platform as a foundation, and the MHI
Vestas V164 turbine model as in the conventional wind turbine approach discussed earlier in
the turbine model selection section.

3.3.6 Hydrogen Production Platform Design
The platform where all needed systems and machinery for hydrogen creation are based is the
primary vulnerability in monetary terms. Nevertheless, offshore platforms designing and
construction industries became very mature in the recent decades. The offshore oil and gas
industry construct platforms where modern systems, for example, chemical handling, treatment
processes, and living quarters, are set on the platform (Statoil, 2007).
Taking advantage of the numerous oil and gas platform placed in the North Sea, the study
selected a platform on the Dutch government decommissioning plan to install the needed
systems and auxiliaries for the hydrogen production process as described in Chapter 2.
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The hydrogen production process will start from consuming the electricity produced from wind
and wave integrated farm to supply mainly the SOEC stacks. Nevertheless, some auxiliary
systems are required for the hydrogen production process which operates with the electrical
supply. Since the SOEC stacks cannot process the seawater due to the high concentration levels
of salts and minerals, a desalination plant is required to provide a boiler-feed water quality for
the process (Ghaffour, et al., 2012). The desalination process can be done using reverse osmosis
or thermal treatment (Tewari, et al., 1990). The selected process here is the multi-stage flash
distillation as it produces better-quality water which requires much less post-treatment
processes. The problem with the post-treatment processes that they require chemical treatment
to react with the remaining dissolved ions and salts (Ghaffour, et al., 2012). Using chemicals
is challenging on a remotely-located offshore platform and adding significant extra costs in
delivering the needed chemicals regularly. On the other hand, The flash distillation requires a
nearby boiler to deliver the required heat for the process (Ophir & Gendel, 1994). Therefore,
the boiler is needed for heating the treated water influent into a steam for the SOEC’s
electrolyzing process beside the electricity supply (Ghaffour, et al., 2012). After the
electrolysis, the hydrogen is separated from steam to pass through the compressor as the
produced hydrogen’s pressure is atmospheric. The compressed hydrogen is transported back
to the shore then via the existing platform’s pipeline. A schematic of the process is shown in
Figure 3.6.
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Figure 3.6 - A schematic layout of the hydrogen production
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3.3.7 Hydrogen Production
The basic reaction for electrolysis is in Equation 4.2 (Tewari, et al., 1990).
𝐻2 𝑂 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 𝐻2 + 0.5𝑂2

(4.2)

This reaction is considered as an endothermic one; which means that it requires an external
source of energy. The required energy is presented in Equation 4.3.
∆𝐻 = 𝑇∆𝑆 + ∆𝐺

(4.3)

Where ∆𝐻 is the enthalpy change which is equal to the multiplication of the process
temperature (T) and the entropy change (∆𝑆) which represents the minimum required thermal
energy and ∆𝐺 which is Gibbs free energy which represents the minimum required electrical
energy (Ferrero, et al., 2013).
Based on the enthalpy change, the voltage for a SOEC electrolyzer cell to start operating can
be determined with Equation 4.4,
𝑉𝐶 =

∆𝐻
2𝐹

(4.4)

where F is Faraday's constant and 2 is the number of the electrons. The required enthalpy
change for a SOEC electrolyzer is equal to 119.93 kJ for each gram of hydrogen multiplied by
a hydrogen atom’s molar mass (Ferrero, et al., 2013).
Consequently, the amount of hydrogen (𝑚ℎ2 ) that can be produced is determined by Equation
4.5,
𝑚ℎ2 =

𝑃𝑡𝑜𝑡𝑎𝑙 𝑥 𝑀 𝑥 𝜂
𝑉𝐶 𝑥 2𝐹

(4.5)

where 𝑃𝑡𝑜𝑡𝑎𝑙 is the total power input, M is the molar mass of the hydrogen, 𝜂 is the electrolyzer
efficiency (El-Bassuoni, et al., 1982) which is 67% for the SOEC based on the current best
technology (IEA, 2019).
Sine the SOEC electrolyzer can not operate directly with the seawater, the water intake needs
to be treated. This water treatment comprises of purification and desalination. Based on the
reviewed literature, there was not any reliable data on how to calculate the required chemicals
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for the treatment and filling frequency. The researcher returned this to the fact that this
approach has not been used in hydrogen production for energy purposes. Therefore, the thermal
desalination option is selected for the analysis, thought the reverse osmosis can be considered
as a more efficient, it delivers a low-quality hydrogen that needs complicated post-treatment.
The energy needed for the heating process (𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 ) is calculated using Equation 4.6,
𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =

𝑚ℎ20 𝑥 𝐶𝑠 𝑥 (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 )
𝜂𝑏𝑜𝑖𝑙𝑒𝑟

(4.6)

where 𝑚ℎ20 is the amount of water needed for heating, 𝐶𝑠 is the specific heat of water, 𝑇𝑓𝑖𝑛𝑎𝑙
is the desired temperature from the heating process; which is assumed to be 110℃, 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 is
the seawater’s temperature and 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 is the boiler’s efficiency (Ferrero, et al., 2013); which is
assumed to be 99% (Konrad, 2014). The amount of water needed for the desalination 𝑚ℎ20 is
calculated with Equation 4.7,
𝑚ℎ20 =

𝑚ℎ2
𝑀
𝑀 ℎ2𝑜

(4.7)

where 𝑀ℎ2𝑜 is the molar mass of water.
For the desalination, the energy required for the process is 12 kWh for each cubic meter of
water (Konrad, 2014).
Since the SOEC operates at the atmospheric temperature, the produced hydrogen needs to be
compressed for transportation. The energy required for the compression (𝐸𝑐𝑜𝑚𝑝 ) is calculated
by Equation 4.8,

𝐸𝑐𝑜𝑚𝑝

𝑃𝑓𝑖𝑛𝑎𝑙
𝑚ℎ2
𝑥 𝑅 𝑥 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑥 ln (
)
𝑀
𝑃𝑖𝑛𝑡𝑎𝑘𝑒
=
𝜂𝑐𝑜𝑚𝑝

(4.8)

where R is the universal gas constant, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 is the ambient atmospheric gas temperature,
ln (

𝑃𝑓𝑖𝑛𝑎𝑙
𝑃𝑖𝑛𝑡𝑎𝑘𝑒

) is a logarithm of the ratio between desired pressure from the compression process;

which is assumed to be 100 bars, and the atmospheric pressure, and 𝜂𝑐𝑜𝑚𝑝 is the compressor’s
efficiency; which is assumed to be 70% (Konrad, 2014).
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3.4 DISCUSSION
The chapter analyzed the available technologies with respect to their costs to design two
approaches for producing energy from the deep waters and exporting it back to the shore. The
two approaches were approved to be feasible by the reviewed studies in this chapter. Though
the chapter described the energy performance for the selected models, it did not compare the
final energy that could be exported back to the shore from both approaches. The reason behind
that is the inability to determine the size of the farm at this stage as the most optimal farm size
is determined later in the study based on the collected costs.

4 COST ANALYSIS
After selecting the models which will be used in both approaches, this chapter presents the cost
components for the selected models by 2020 prices based on the LCCA which was described
earlier in the methodology chapter. These costs are calculated to compare the total investment
costs of each approach based on the present values with the final energy transported back from
the shore, in this way, the LCOE could be calculated for each approach. Afterward, the
expected technological advancement and cost reduction by 2030 is discussed to help in
calculating the future LCOE. Finally, the results of the carried out analyses in the five
appendices are presented starting from a trial analysis from the green hydrogen production
approach to calculate the farm size with the least LCOE value based on 2020 prices followed
by the results of the 2020 approaches then the 2030 ones. The farm size resulted from this trial
is assumed to be constant for the remaining cost models while ignoring the differences coming
from the reductions in the 2030 costs.

4.1 COST ANALYSIS BASED ON 2020 PRICES
4.1.1 Energy Production Costs
The energy delivered by the farm is produced from the selected system models for the site,
their design (which decides their intuitive impacts on power production), and site-specific
energy availability. The energy production of the park (in MWh/year) is the summation of the
wave energy delivered by the WECs and the wind energy delivered by the wind turbines.
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The described cost model in this section is applicable for both the wind-wave collocated farm
or the conventional wind farm. The extra costs of the WECs are included as well as the
influence of the WECs on other cost items.
The LCOE is equivalent to the costs (Ct) through the lifetime (t) of the project, divided by the
energy delivered in that time span as shown in Equation 5.1 (Gielen, 2012).
𝐿𝐶𝑂𝐸 =

𝑃𝑉 (𝑐𝑜𝑠𝑡𝑠)
𝑃𝑉 (𝑜𝑢𝑡𝑝𝑢𝑡)

(5.1)

The costs included over the project’s life cycle include the cost of pre-installation (Cpreinstallation),

implementation

(Cimplementation),

OPEX

(COperation),

and

decommissioning

(Cdecomissioning) phases described in Equation 5.2.
𝐶𝑡 = 𝐶𝑝𝑟𝑒−𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑑𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑖𝑛𝑔

(5.2)

Pre-installation costs
Pre-installations costs comprise mainly the costs related to the feasibility study, site selection,
permits, viewshed, legislative factors, engineering analysis, and GHG investigations described
in Equation 5.3 (Dalton, et al., 2010).
𝐶𝑝𝑟𝑒−𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑓𝑒𝑎𝑠 + 𝐶𝑒𝑛𝑔 + 𝐶𝑙𝑒𝑔 + 𝐶𝑑𝑒𝑠𝑖𝑔𝑛 + 𝐶𝑣𝑖𝑒𝑤𝑠ℎ𝑒𝑑 + 𝐶𝑝𝑒𝑟𝑚𝑖𝑡 + 𝐶𝐺𝐻𝐺

(5.3)

The collected pre-installation costs are summarized in Table 4.1.
Table 4.1 - Pre-installation phase costs

Description

Costs (euros)

Reference

Engineering analysis

570000

(Astariz & Iglesias, 2015)

Feasibility study

100000

(Castro-Santos, et al., 2016)

Legislative factors

475000

(Castro-Santos, et al., 2016)

Layout Design

5141382

(Myhr, et al., 2014)

Initial costs

Summation of the previous costs
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-

Viewshed

3% of initial costs

(Chiang, et al., 2016)

Permits

2% of initial costs

(Bedard, et al., 2004)

GHG Investigations

0.5% of initial costs

(Chiang, et al., 2016)

Implementation Costs
The costs of implementation include the costs of transportation, designing of the wind turbine
model, designing of the WEC model, construction of the wind turbines, construction of the
WEC devices, mooring costs, inter-array cables, export cable to the hydrogen production
platform or to the shore, installation of the wind turbines and the WEC device and the onshore
substation. Summary of cost terms presented in Equation 5.4
𝐶𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑑𝑒𝑠𝑖𝑔𝑛 + 𝐶𝑏𝑢𝑖𝑙𝑑 + 𝐶𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑐𝑎𝑏𝑙𝑒 + 𝐶𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛

(5.4)

Designing, construction, and transportation costs are considered here to be separate for WECs
and turbines, albeit there could be some components that share expenses (MacGillivray, et al.,
2014). Therefore, the costs of the co-located systems are the summation of these expenses for
WECs and turbines as shown in Equation 5.5 and Equation 5.6.
𝐶𝑏𝑢𝑖𝑙𝑑 = 𝐶𝑏𝑢𝑖𝑙𝑑𝑡𝑢𝑟𝑏 + 𝐶𝑏𝑢𝑖𝑙𝑑𝑤𝑒𝑐

(5.5)

𝐶𝑑𝑒𝑠𝑖𝑔𝑛 = 𝐶𝑑𝑒𝑠𝑖𝑔𝑛𝑡𝑢𝑟𝑏 + 𝐶𝑑𝑒𝑠𝑖𝑔𝑛𝑤𝑒𝑐

(5.6)

The costs of the cable connection is the sum between the inter-array cables and the export ones.
𝐶𝑐𝑎𝑏𝑙𝑒 = 𝐶𝑐𝑎𝑏𝑙𝑒𝑖𝑛𝑡𝑒𝑟 + 𝐶𝑐𝑎𝑏𝑙𝑒𝑒𝑥𝑝𝑜𝑟𝑡

(5.7)

Summary of the implementation costs are shown in Table 4.2.
Table 4.2 - Implementation phase costs

Description

Costs (euro)

Reference

Transportation

220000 per km

(Myhr, et al, 2014)

WEC design

245371

(Bosserelle, et al., 2015)
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TWLT

240000

(Myhr, et al, 2014)

5500000 per device

(Bosserelle, et al., 2015)

Foundation
design
WEC
Construction
Wind

turbine 1480000 per MW of electricity production (Ørsted, 2018)

Construction
Mooring

560592 + (1096 per meter of water depth)

(Clark, et al., 2019)

Inter-array

307 per meter distance

(ofgem, 2020)

500000000 per each 50 kilometer

(Hans, 2019)

cables
Export cables*

*The distance used in the calculations is the distance to the shore in case of the conventional wind turbine farm
or to the hydrogen production platform used in the calculations in case of the hydrogen production cluster.

Operation Costs
Operational costs are mainly the O&M costs during the lifetime of the project. Insurance and
administration costs are also included in this phase as in Equation 5.8.
𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑂&𝑀 + 𝐶𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒 + 𝐶𝑎𝑑𝑚𝑖𝑛𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛

(5.8)

Insurance and administration costs are calculated by multiplying the annual costs by the
project’s lifetime. O&M costs are also calculated by multiplying the annual maintenance
activities costs for each system by the project’s lifetime. Since the presence of the WECs will
create a shadow effect that will increase the maintenance vessels’ operational window, the
O&M costs will be reduced as discussed in Chapter 4. This cost reduction is accounted for 18%
of the total O&M costs (Astariz & Iglesias, 2015). Table 5 summarizes the operational costs.
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Table 4.3 - Operational phase costs

Description

Costs (euros)

O&M for the turbines

13300

for

References
each

production per year
O&M costs for the WECs

228564

for

each

MW (van

de

Pieterman

&

Asgarpour, 2014)
MW (Bosserelle, et al., 2015)

production per year
WECs insurance

4020843 per year

Wind turbines insurance

17500

for

each

(Castro-Santos, et al., 2016)
MW (Astariz & Iglesias, 2015)

production per year
Administration

3000000 per year

(Castro-Santos, et al., 2016)

Decommissioning Costs
The decommissioning costs include the costs of the dismantling, transportation, and processing
between the site’s location and the nearest port. These costs can be calculated as a percentage
of the total project’s cost as shown in Equation 5.9 (Clark, et al., 2019).
𝐶𝑑𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑖𝑛𝑔 = 0.03𝐶𝑡

(5.9)

4.1.2 Hydrogen Production Costs
The objective of this cost assessment is to determine the price of the kilogram of hydrogen for
the proposed system. Based on the collected data for all each as a function of the needed energy
for operating, the total investment costs through the project’s lifetime can be calculated. Table
4.4 sums the used prices in the analysis. The electrolyzers price is based on the best available
technology price while the auxiliaries and the maintenance costs are collected based on a case
study with similar features to the study’s one.
Table 4.4 - Hydrogen production costs

Description

Costs (euros)

Reference

SOEC Electrolyzers

2810 per kW

(Schmidt, et al., 2017)
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Compressors

950 per kW

(Konrad, 2014)

Desalination units

1450 per kW

(Konrad, 2014)

Boilers

1215 per kW

(Konrad, 2014)

The operation and maintenance costs for the systems is for these systems are 2% of the total
project’s CAPEX per year according to Konrad’s study in 2014.

4.2 2030 COST REDUCTION
4.2.1 Wind Turbines
Based on IRENA predictions, the wind turbines radii will jump from 164 m in 2020 to 230 m
by 2030 (IRENA, 2019a). The study assumed that the costs of the two models will be the same,
and the only variable parameter is the influence of the inflation rate. This assumption is applied
only to the CAPEX. For the operation and maintenance, as technological advancements are
expected to reduce O&M costs. A study conducted by van de Pieterman and Asgarpour in 2014
is reviewed that predicted a cost reduction on the total operational phase of 10.58% by 2030.

4.2.2 Electrolyzers
Many experts believe that the SOEC electrolyzer will become a dominant technology by 2030
instead of the Alkaline electrolyzers (Bazzanella & Ausfelder, 2017). A study conducted by
Schmidt et al. (2017) calculated the expected cost reductions in the upcoming years based on
the experts’ judgments and the anticipated R&D fundings in the SOEC electrolyzers
development. The study matched the beforementioned predictions of the high-cost potential of
the SOEC electrolyzer by 2020 and reasoned it due to the insufficient funding in developing
the SOEC.
The study categorized the experts' estimates who were interviewed as a function of the R&D
funding. The categorization comprised of three multiplier; 1x, 2x and 10x. Each multiplier
represents the multiplication factor of the funding. Furthermore, for each multiplier, costs based
on percentiles are calculated. 50th percentiles are the data points while 10th and 90th percentiles
represented the uncertainties. Based on the authors' arguments on the most reliable cost
estimates, the 2x multiplier case with the 50th percentile is selected to carry out the project’s
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cost prediction. Therefore, the capital cost in the study after selected these two criteria is € 1450
per kW. The cost is based on the monetary value of the Euro in 2016, so the inflation rate is
considered.
The expected technological advancements will not only affect the total investment costs, but
also the electrolyzer power consumption efficiency. A study conducted by Peterson and Miller
(2016) showed an improvement potential in the SOEC efficiency to reach around 77% by 2030.

4.3 RESULTS
4.3.1 Determining the Optimal Farm Size
Determining the most profitable wind turbines number on the farm is an iterative process.
Therefore, an array of wind turbines number is assumed starting from 5 turbines up to 100.
Afterward, a complete cost analysis is carried out to determine the number that produces the
most hydrogen with the cheapest price of hydrogen. The analysis showed that the more wind
turbines, the cheaper the final price of hydrogen. Accordingly, this thesis attempted to
determine the number of turbines where the slope of the price decrease is steady enough so that
no more significance on the final price but mainly adds to the total costs. The number of the
attached WECs is a function of the number of wind turbines. The analysis is carried out on the
2020 hydrogen production scenario and the results of this simulation are assumed for the other
scenarios. As shown below, Figure 4.1 presents the price of one kilogram of hydrogen in euros
for each wind turbines number and Figure 4.2 shows the equivalent LCOE. The analysis of this
simulation is attached in Appendix I.
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Figure 4.1 - LCOH against the number of wind turbines
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Figure 4.2 - LCOE against the number of wind turbines

To find the most optimal farm size, approximate equations were created to describe the trend
of the LCOE and the LCOH against the number of the wind turbines. Then the first derivate
was taken for these equations with respect to the number of wind turbines variable to determine
the slope of each point followed by comparing each point’s slope to its previous and next one
to locate the point with the least relative drop rate compared to the previous point. It is found
that the optimal farm size is 38 turbines. Increasing the turbines number after this point will
not affect the LCOH or the equivalent LCOE significantly but will increase the project’s
hydrogen production capacity.

4.3.2 2020 Cost Analysis
The suggested cluster for hydrogen production total costs with its present value is € 2.755
Billion. The costs for the electricity generation from the wind and wave collocated farm are €
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1.564 Billion while € 1.191 Billion are for the hydrogen production investment. A summary of
all the cost components is presented in Figure 4.3.
This project will be able to produce 279 MW from the wind turbines and 12 MW from the
WECs. The produced electricity will be able to produce 825000 tonnes of hydrogen through
the project’s lifetime with an LCOH of € 4.814 per kg. The equivalent LCOE is € 122.13 per
MWh. The system’s main energy flow components are shown in Figure 4.4. The analysis of
this scenario is described in Appendix II.
On the other hand, the conventional wind turbines farm total costs are 2.472 Billion. This farm
will be able to produce 293 MW of electricity. Two Extra turbines were added on the wind
farm on the hydrogen production scenario to approximately equalize the electricity production
from both scenarios. Taking into account the electrical losses in the transmission cables, only
275 MW of electricity will be delivered. The LCOE of the conventional approach is € 4.463
per MWh. Figure 4.5 shows a summary of the total investment costs needed for the project and
the energy flow is described in Figure 4.6. The analysis of this scenario is explained in
Appendix III.

4.3.3 2030 Cost Analysis
The hydrogen production platform investment costs are € 0.89 Billion while the wind and wave
collocated farm investment costs are € 2.06 Billion. These two cost components adding up a
total investment of € 2.87 Billion. The cluster will be able to produce 1679502 tonnes of
hydrogen from a total electric energy input of 560 MW from the farm. The LCOH is 2.52 per
each kg. The equivalent LCOE is 64 per MWh. Summaries of the main cost components and
the energy components are shown in Figure 4.7 and Figure 4.8 respectively. The analysis of
this scenario is described in Appendix IV.
The conventional wind approach costs € 3.06 Billion with a final energy delivery of 528 MW.
The LCOE of the system is 40 per MWh. The main cost components are summarized in Figure
4.9 and the energy flow is illustrated in Figure 4.10. The analysis of this scenario is explained
in Appendix V.
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Figure 4.3 - Cost flow of the 2020 hydrogen production scenario
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Figure 4.4 - Energy flow of the hydrogen production process in the 2020 scenario
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Figure 4.5 - Cost flow of the 2020 conventional approach scenario
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Figure 4.6 - Energy flow of the conventional approach in the 2020 scenario
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Figure 4.7 - Cost flow of the 2030 hydrogen production scenario
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Figure 4.8 - Energy flow of the hydrogen production process in the 2030 scenario
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Figure 4.9 - Cost flow of the 2030 conventional approach scenario
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Figure 4.10 - Energy flow of the conventional approach in the 2030 scenario
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4.4 DISCUSSION
The results of the cost analysis in 2020 shows a noticeable difference between the LCOE values
of the hydrogen production and the conventional wind farm approaches. Despite the fact that
the offshore platform and the pipeline costs were eliminated in an attempt to make the LCOE
value of the hydrogen approach competitive, and with including all the best available
technology efficiencies, its value did not even come close to be competitive with the wind farm
approach. However, the LCOE and the LCOH values of the hydrogen production approach
could be considered relatively cheaper with respect to the values reviewed in the literature from
studies based on previous years’ prices.
By taking a closer look at the grid connection costs at the conventional approach and total
hydrogen production investment, it is found that the grid connection investments are more
expensive than the total hydrogen production. This comparison for the first while can give the
impression that the hydrogen production solution is more feasible than installing grid
connections to transport the energy back to the shore. In fact, this comparison does not take the
energy losses in the hydrogen production process into account. The energy losses from the
transporting the energy in electrical form is about 6.2% of the total energy while in the
hydrogen production reaches up to 39.8%.
Considering an increase in the SOEC electrolyzer efficiency and the expected significant
capital cost reduction by 2030, the LCOE value of the hydrogen production approach got much
closer to the LCOE value of the conventional wind farm approach than in the 2020 scenario.
Nevertheless, the conventional approach is still cheaper in terms of LCOE than the hydrogen
production one.
Interestingly, the LCOE value reduction percentage of the hydrogen production approach from
2020 to 2030 is 47.6% while the cost reduction in the conventional one is 38%. Moreover, the
total hydrogen production investment costs are less than the grid connection costs in the
conventional approach by 51% while in the 2020 prices by only 28%. Thought the energy
efficiency differences are still a significant factor, the reduction in transportation costs using
hydrogen production instead of grid connections could be an important factor in selecting this
approach. The energy efficiencies included in this study are limited to the upstream scope. The
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utilization of the delivered energy in further processes in not analyzed. For a thorough
feasibility evaluation, the form of the delivered energy should be considered.
The WECs are added to the hydrogen production system to compensate for the discontinuous
energy supply problem from the wind turbines. Adding WECs to the system increases
significantly the total costs with a slight contribution to the energy output. From a mere
monetary perspective, the presence of the WECs is not profitable. However, the study did not
technically investigate the impacts of the discontinuity problem on the hydrogen production
process and hence on the total investments.

5 CONCLUSION
5.1 CONCLUSION
The study demonstrated that green hydrogen production could be feasible against its
counterpart approach of exporting the energy through the grid connections by 2030 but too far
from that with the current prices. Nevertheless, the 2020 cost model for green hydrogen
production is already cost-competitive compared to the current offshore wind parks in the
Netherlands which were installed to accelerate the energy transition. For instance, the LCOE
range between € 170 per MWh for Hollandse Kust (Zuid) sites III and IV, and € 280 per MWh
for IJmuiden Ver (PBL Netherlands Environmental Assessment Agency, 2019), while the
LCOE for the green hydrogen approach in the 2020 model is € 122.13 per MWh. The reason
behind this competitiveness is the Walney Extension project prices. This project has been
proven to be successfully decreasing the LCOE of the offshore farms projects. As shown in the
study’s analysis, the 2020 conventional approach LCOE using 38 turbines is considered as very
competitive with respect to the current electricity prices; however, the total investments could
be considered relatively high.
The study proved that producing green hydrogen from deep waters in the Dutch EEZ is
technically feasible with the current level of technology maturity. The Dutch government
acknowledged that already as it is trying to measure the potential of this technology but in
shallower waters as the Dutch continental shelf is the first place on the planet where a pilotlevel project to construct an offshore hydrogen plant is arranged. Around ten kilometers off the
shoreline of The Hague, an oil and gas platform will house a plant that will deliver green
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hydrogen from the energy that is produced by wind and sun (TNO, 2020b). This project can
help the Netherlands significantly in its energy transition goals. However, the only limitation
addressed by the government of the Netherlands and discussed in chapter four is the cost
limitation.
In conclusion, regarding the hydrogen production approach in 2030, even if lower electricity
prices are available, the main challenge is to increase the efficiency of the electrolyzer with
high load factors (Roussanaly, et al., 2019). Technical considerations were not a limitation in
designing the process, but the associated costs impose challenges for investors. Nevertheless,
with the expected abatement of both electrolyzer costs and sustainable power costs in the longterm, the electrolyzer load factor will be less significant, and hydrogen from renewables will
be or less expensive than all types of hydrogen production from petroleum products.
Additionally, higher capacity factors at wind parks that could result from innovation upgrades
are a significant factor in diminishing total expenses. Accordingly, the question here is how
early competitiveness is to be accomplished given the anticipated improvements in the various
parameters, and to what degree corresponding innovations can or will support this
development.

5.2 RECOMMENDATIONS AND STUDY LIMITATIONS
To bridge the gap between the 2030 targets and the current situation, the Dutch government
can build on the success of the Walney Extension project. However, the study did not develop
a complete capital costs analysis for the selected technologies, as the study’s primary goal was
not analyzing the financial engineering benefits but to compare the current state of various
offshore energy technologies. This returns to the fact that the financial engineering models will
require complete technical engineering models, while the study aims to provide estimated costs
for the already-designed systems. In other words, this study is providing an overview of the
potential of investing in the green hydrogen production technology but without specific
technical analysis for these systems in the Dutch deep waters.
The environmental data, the yield and wake effects, and cost functions are either neglected or
collected based on simplified approaches. In reality, these data should be further explored, and
detailed site investigations should be performed. Moreover, given the uncertainties instigated
by the study’s simplifications, the researcher considers small differences to be insignificant;
however, the subtle differences between the current LCOEs and the calculated ones in the study
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approve the overall ‘gut-feeling’ about the effects of the limitations and the assumptions and
therefore contribute to the overall reliability of the taken approach.
The study is created on comparing the LCOE for the given alternatives. The main reason why
the study selected this parameter is that it allows for a reasonable comparison between the
different alternatives. It includes the NPV of all costs that an investor could consider to
construct and operate a wind park divided by the predicted yield. The assumption is that each
MWh produced has a comparable value. This is a reliable assumption if a subsidy policy is
applied to ensure a minimum price for the energy or electricity. Practically, the business
feasibility studies of an offshore wind farm is mainly determined by the internal rate of return
(IRR), which decides the feasibility of an investment. The IRR depends on the expected income
from the energy sales and subsidy if available subtracted from all costs to construct and operate
the park but this price varies with time contingent upon the market’s demand and supply. In
the study, the income aspect in the energy sales is neglected. Possible fluctuations in the market
value of a unit of energy yield are not taken into account.
Additionally, the results contained in this study can be changed by different assumptions
regarding capital costs, like the willingness of the Dutch government to accept lower returns in
order to increase its green hydrogen share rather than producing electricity. In this case, the
total investment costs will not be the only variable to be evaluated. Some key factors are
examined like the inflation rate while other factors will not be explored which could also have
a significant effect on the results but have not been examined in the scope of this current
analysis. These factors are including import tariffs, generation distribution related to stranded
costs, future network upgrades, or other development costs; and complying costs with the
Dutch environmental regulations. Moreover, this research did not address the associated
ecological and social boundaries.
Therefore, the study recommends to research further on the influence of a variable energy price
on the income differences between variants for an unsubsidized wind park and also the effect
of different environmental conditions on the energy production. For instance, a lower energy
yield under high wind speeds conditions could intensify the differences in total costs between
the different alternatives and hence, affect the decision-making process. Furthermore, locationspecific technical analysis on the selected energy components is highly recommended to
highlight the technical barriers concerning the Dutch capabilities as most of the reviewed

57

studies were not conducted for the Netherlands but with very similar characteristics to the
chosen location.
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