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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.
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August - 2020



TABLE OF CONTENTS

LIST OF FIGURES ...t ee e e e e e e e e e e e e e e e e eeeaeeeeeeeneees 11
L IST OF T ABLES ...ttt ettt eeteesseessssnssesesseensnsnennnnnnnnnnnes v
LIST OF ACRONYIMS ..ot ee e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeees \Y
1 INTRODUCTION ..o s 1
L1 BACKGROUND oo e 1
1.2 RESEARCH OBIECTIVE .iiiiieeeeeee e e e e e e e e e e e e s e e s e e e e s e s e e e s e e e s e s s e e sessse e e e s aasaaeaaaaaes 3
1.3 B THICS STATEMENT ettt et eeeeeete e e e e e e e et eee e e e e eeeeeeee e e e e e eeeaeeeenseranseeeeereeennnanseeens 3
S I Ty KSR 7 ] U 1 3

2 METHODOLOGY ..o 4
2.1 PROBLEM STATEMENT ..ottt 4
2.2  RESEARCH QUESTION ...coutiiiiiietiesitienieesiteesteesiteesteessbeesbeessseesseessbeessessnseesnessnneenneas 4
2.3  TYPEOF COLLECTED DATA ..o 5
28 DATA ANALYSIS oeeeeeeeeeeeeereeeseseeteresesseeeeseseeeeseesesessseeseeeseeeeseeeesesessesseeesesees 5
2.5 DATA COLLECTION . .t eettteettte et e e e e e eeees e aseeeeseseasesasseeesseeessnssseeeseeessrnaraseeeeeeens 6
2.0 IMIETHODS OF ANALYSIS ..eeeeeiuueeeeeeeeeeeeeeeasseeeseseasenassseeesssesssnasssesereeennnaassseeereeens 9
2.6.1 Energy Performance ASSESSMENT.......cc.civuiiiuieiiieeiee e esiee st see s 9
2.0.2  COSE ASSESSIMEBNT ... e eeeeeeeeee e e ettt e et e e e e e et e e e e e e e e e eree e e e reeeearen——raaas 9

2.7  IMODELING ASSUMPTIONS ..eevtttutteeeeeteeesteasseeeseseessseassessssssessssassssssseesssraaseeees 11
2.7.1  Global ASSUMPLIONS .....couviiiieiirieice e 11
2.7.2  Site Selection ASSUMPLIONS........ccvoiiiiieeiie e 11
2.7.3  DiStances ASSUMPLIONS. ........c.eieririiriiieieie ettt 14

3 TECHNICAL DESIGN OF THE SYSTEMS. ... 17
3.1 BACKGROUND ..eeetttteee e e ettt e e e e e e e e e e e eeeaeeeeeeeee e e aaseeereeeeesnaaaseeeeeeeeennraareeees 17
3.2 WWIND FARM DESIGN. ... eiiiiieeeteee et ettt et e e e e et e e e e e e e e e e e et e e s e e e eeeeeernraneeaeas 18
3.2.1  Foundation SEIECHION ....oooeeeeeeeee 18
3.2.2 Turbine Model SEIECHION .......eeeeeeeeee et 20
3.2.3  Wind Energy ProduCtion.............ccoueiiieiiieiesiesese st 20
3.2.4  Grid Connections DESIGN........ccueiierieiierieeieseese e ste e sre e e e e 21

3.3  GREEN HYDROGEN PRODUCTION DESIGN .....ceeiiieeeeeeeee e 21
3.3 L StAE OF TN AT ettt e e e e e 22
3.3.2  WEC Model SEIECHION .o 27
3.3.3  Wave Energy ProducCtion ...........cccocveiiiieciic i 29
3.3.4  Electrolyzer Model SEIECtioN .........ccccviieiieiiieieie e 29
3.3.5  AITAY LAYOUL ....coiiiii ettt 31
3.3.6  Hydrogen Production Platform Design .........cccceeereriniiienieienese e 31
3.3.7  Hydrogen ProducCtion...........c.cccueiieiiiieiecie e 34

3.4 DISCUSSION ....eeeeeeeee et e e e e e et e et e e e e e e e e ee e e e e e e eeeee e et aeeeeeeeeeennnaaaeees 36

A COST AN ALY SIS ..ottt aeaeasaaesssesssensnsssssnsnsnnnnnnnnnnnnnes 36
4.1 CoOST ANALYSIS BASED ON 2020 PRICES.....cceeeeeieeeeeeeeeeeeeieee e eeeeeeeieeeaeeeeaneeens 36



4.1.1  Energy Production COSES.........cccieeiieiiieiiesie st 36

4.1.2  Hydrogen ProducCtion COStS..........cccuriririeirriinienesie s 40

4.2 2030 COST REDUCTION ietttttniiieeeteeessiiisssseessessssassssessssessssnnssseessseesssnnnasreesseeens 41
A.2.0 VNG TUIDINES .t seeeseessesneenennsssnsnssnnnnnnns 41
4.2.2  EIECIIOIYZEIS ..oveeeee et 41

. 3 RESULT S it iiteeet e ee e e e e e ettt teeaeeeeee e e e e et aaseseaeeeeeeenaaasseeeeeeenssnnasseeeeeeennnnnassseeeeeeens 42
4.3.1 Determining the Optimal Farm Size..........ccccccooviiiiiiiciic e 42
4.3.2 2020 COSt ANAIYSIS.....couiiiiiiiiiieite st 44
4.3.3 2030 COSt ANAIYSIS.....cciiiiiiieiieciie e 45

N B | ST o{ U 1] [0 ] TR 54

B CONCLUSION . 55
T R 00| N o U] (o] N AR 55
5.2 RECOMMENDATIONS AND STUDY LIMITATIONS ieevtttiiieeeeeeeeeeiiieseeeeeeeeessrnnseeeas 56

B REFERENCES ... 58
APPENDIX 1. FARM SIZE ANALYSIS ..o eeeeaeeeeaeenennnnes 63
APPENDIX I1. 2020 HYDROGEN PRODUCTION APPROACH ANALYSIS....68
APPENDIX I11. 2020 CONVENTIONAL APPROACH ANALYSIS .....ccevevenen.. 72
APPENDIX 1V. 2030 HYDROGEN PRODUCTION APPROACH ANALYSIS...76
APPENDIX V. 2030 CONVENTIONAL APPROACH ANALYSIS.....cccevvvnenene. 80



LIST OF FIGURES

Figure 1.1 Contribution of renewable energy resources in the Netherlands in

February 2020 (Energieakkord, 2020) .........ccocovieneniniieiece e 2
Figure 2.1 - Schematic presentation of the research framework...................... 7
Figure 2.2 - The Dutch EEZ map with the important features using

SeaSKetch© platform ........cccooe i 12
Figure 2.3 - The selected location for the study (the purple box)................... 13
Figure 2.4 - K5-D platform location and characteristics.............cccccvevverurenne. 14

Figure 2.5 - Shipyards locations in the Netherlands using Google Maps...... 15
Figure 2.6 - Average distance from the site's location to the hydrogen

Production PIAtFOrM..........coiiiiii e 15
Figure 2.7 - Average distance from the site's location to the nearest

SNIPYAIT .. 16
Table 2.1 - Site's CharaCteriStiCS ........c.cvurvrirereiise s 16

Figure 3.1 - lllustration of the different concepts, from left to right; TLWT,
WindFloat, TLB B, TLB X3, Hywind IlI, SWAY, Jacket, Monopile and the
onshore reference (Myhr, et al., 2014) ........cccooiieieriinieie e 19
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). ...... 20

Figure 3.3 - The wind farm schematic layout .............ccccoovvevviieiiece e, 21
Figure 3.4 - Classification of combined wave-wind technologies

(S0AIES, 2016)....ccuueirieirieieeie sttt et 26
Figure 3.5 - Cost components influence on the total investment of PEM

and SOEC electrolyzers (Konrad, 2014)........ccccooeiieiierecieseese e 31
Figure 3.6 - A schematic layout of the hydrogen production......................... 33
Figure 4.1 - LCOH against the number of wind turbines.............cccccocvvernnnne. 43
Figure 4.2 - LCOE against the number of wind turbines..............ccccocevenne 44
Figure 4.3 - Cost flow of the 2020 hydrogen production scenario ................ 46
Figure 4.4 - Energy flow of the hydrogen production process in the

2020 SCENANIO. ... veveeveetiesieie ettt sttt ettt bbb r ettt e sne e 47
Figure 4.5 - Cost flow of the 2020 conventional approach scenario.............. 48
Figure 4.6 - Energy flow of the conventional approach in the 2020 scenario 49
Figure 4.7 - Cost flow of the 2030 hydrogen production scenario ................ 50
Figure 4.8 - Energy flow of the hydrogen production process in the

2030 SCENANO. ... eeueeereeteeieetiesiee e eree st e teereesteesteaseesaeesteeseesreesteeneeaneenaeeneennee e 51
Figure 4.9 - Cost flow of the 2030 conventional approach scenario.............. 52

Figure 4.10 - Energy flow of the conventional approach in the
2030 SCENANIO. ...c.vevieveetierieie ettt sttt ettt st st sttt e et nbe bbb 53



LIST OF TABLES

Table 2.1 - Site's CharaCteriStiCS ........c.cvuurrrirereiiie s 16
Table 3.1 - Pelamis WEC model specifications.............cccceveienenincnicnnninne 28
Table 4.1 - Pre-installation phase COStS.........cccveiiiiieiieieeie e 37
Table 4.2 - Implementation Phase COSES..........ccovririiiniiieieie e 38
Table 4.3 - Operational Phase COSES .........cccvevueiiieiieeie e 40
Table 4.4 - Hydrogen production COSES .........cueiuerieirieenenieseesiesee e e 40



LIST OF ACRONYMS

LCOE Levelized Cost of Energy

WEC Wave Energy Converter

DNV GL Det Norske Veritas and Germanischer Lloyd
IPCC Intergovernmental Panel on Climate Change
GW Gigawatt

KW Kilowatt

KWh Kilowatt per hour

MW Megawatt

MWh Megawatt per hour

TW Terawatt

EX Exajoule

CAPEX Capital Expenditure

OPEX Operational Expenditure

uUsD United States of America Dollar
O&M Operation and Maintenance

VRE Variable Renewable Energy

LCOH Levelized Cost of Hydroge

SOEC Solid Oxide Electrolyzer Cell

ALK Alkaline

PEM Polymer Electrolyte Membrane
IEA International Energy Agency

NPV Net Present Value

TLWT Tension Leg Wind Turbine

TLB Tension Leg Buoy

TLP Tension Leg Platform

IDEAS International Design, Engineering and Examination Service
IRR Internal Rate of Return

EEZ Exclusive Economic Zone

LCCA Life Cycle Cost Analysis

CG Cradle to Grave

kv Kilovolt

DC Direct Current

EWEA European Wind Energy Association
NaCL Sodium Chloride

KOH Potassium Hydroxide



1 INTRODUCTION

1.1 BACKGROUND

The reduction of energy-related CO- 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).



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.



2 METHODOLOGY

2.1 PROBLEM STATEMENT

The Netherlands is seeking a rapid energy transition in the upcoming years to fulfill its carbon-
positive 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?



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



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 study-
proven 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.
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Figure 2.1 - Schematic presentation of the research framework



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.



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
(Agotnes, 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



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 (Agotnes, 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;

e Pre-installation phase
e Implementation phase
e Operation phase

e 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

e Real (end-2019) prices.

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

e Forthe 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).

e 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 Sl 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).
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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.
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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.
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Figure 2.5 - Shipyards locations in the Netherlands using Google Maps
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Figure 2.6 - Average distance from the site's location to the hydrogen production platform
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Figure 2.7 - Average distance from the site's location to the nearest shipyard

Table 2.1 - Site's Characteristics

Parameter Value References

Average water depth (m) 42 (Ministry of Infrastructure
and the Environment, 2011)

Mean wave height (m) 2.5 (George & Henk, 2019)
Mean wave period (sec) 55 (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. 