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Preface

There is one certainty in life, the future is uncertain. We are not able to predict the
future, but everyone wants to try to predict it as close as possible. Think about the
energy transition in which we are replacing conventional energy sources such as oil for
solar and wind. What do we need in the near future to support this energy transition
at sea? What kind of vessels are necessary to install the utilities for generating this
type of energy? How fast is this energy market changing and what kind of impact
has this on the vessel lifetime, design, and the investment? That is where this thesis
is all about.

The master Marine Technology at TU Delft offers the opportunity to develop as
marine engineer in various directions. My personal interests are to perform research
in how we could better design vessels for the unknown future. What are the possible
future drivers and how do these relate to the vessel design? I got the opportunity at
Heerema Engineering Solutions (HES) to dig deeper in this topic, while also touch
on a bit of programming and visualizing all the different parameters towards an
interpretable output.

Of course this all was not possible without the help of my mentors at the TU
Delft and the support of my supervisors and colleagues at HES who gave me the
opportunity to work on the methodology and related model. I appreciate the input
from Royal IHC regarding the cost model. I am also very grateful for the support
from my girlfriend, family, and friends throughout my graduation.

Casper van Lynden

Delft, July 2021






Summary

The world is trying to move towards a more sustainable future [1]. One of the hot
and important topics is the transition of conventional energy towards sustainable
energy sources. An energy source that plays a major role is offshore wind [2]. To
keep up with the increasing installation demand in this sector new offshore wind
installation vessels are needed [3]. This fast developing offshore wind market reduces
the vessel life time due to the changing vessel requirements. This introduces risks for
potential investors [4]. Therefore, there is a need for more certainty and predictability
regarding the requirements of the future offshore wind installation vessels. To get
more insight in the driving factors behind the future design and therefore reducing
risk the following main question is defined:

What are the important aspects in the vessel design of offshore wind
installation vessels over the next 10-15 years in order to reduce the costs
and to be competitive in the offshore wind installation market?

Currently market reports only give insights in possible developments related to energy
producing costs or installation capacity, not to requirements of future offshore wind
installation vessels. To translate the market developments towards input variables for
future vessel concept designs, the methods 'needs analysis’ and ’concept exploration’
from the systems engineering framework are applied. When applying the 'needs
analysis’ the changing turbine power rating, the increasing water depth, and the
changing distance from wind farm to port are identified as key developments. As the
future in this market is uncertain and very dynamic the ’concept exploration’ phase
involves both scenario modelling and parametric modelling. Epoch-era analysis is
selected as scenario modelling method to capture this uncertain and the fast changing
market by generating various future possibilities each posing different vessel require-
ments. In the parametric model a set of vessels is defined by their length, beam,
depth, crane capacity, speed, and transport strategy. This set is used to define ship
characteristics (geometry, lightweight, deadweight, stability properties, resistance,
power estimation, engine configuration, deck space, crew, and crane properties).
These ship characteristics indicate if a vessel meets the requirements and how long it
takes to complete a project (transport, installation, and idle time of a vessel). The
vessel properties and project time can be translated towards vessel costs which is a
measure of the performance of the vessel.

The case study shows that the application of Epoch-era analysis and parametric
modelling is capable of generating insights in important aspects for designing fu-
ture offshore wind installation vessels. In the case study the costs performance of
monohull vessels installing monopile foundations is analysed in four different eras.
In each of these eras the key uncertainties turbine power rating, water depth, and
distance from wind farm to port change over time. This methodology provides an



opportunity to investigate the impact of the fast changing market at the vessel
design by showing the vessel performance during its lifetime, while also informing the
user about the constraints that are being set for the investigated vessel properties.
From the case study it can be concluded that the main dimensions of the vessels
are being influenced by the size of the cargo, the necessary vessel stability, and the
costs. The needed crane capacity is a function of the expected cargo weight, which
increases when the power rating of the turbine or the water depth increases. The
implementation of an upgradable crane has been investigated in order to deal with
the market uncertainty. An upgradable crane will have an advantage in the short
term but will be outperformed by crane capacities that do perfectly fit future needs.
In terms of transportation a feeder strategy is not recommended. It has been found
that it is preferred to sail at a ship speed of around 7 kts, while using a shuttle
strategy.

In real life the selection of the most optimal design might not only rely on the costs
of a vessel, but for example also on the total project time. The strength of this
method is that it has the flexibility to select different key performance indicators but
also provides the opportunity to incorporate the importance of short term against
long term goals. It can therefore be tailor-made to a stakeholders strategy. Applying
their wishes while analysing many different options results in robust input variables
for the concept vessel design.

The current implemented model is a first step, but more steps are needed to further
exploit this potential. It would be beneficial to develop new empirical methods that
are specifically for offshore wind installation vessels. More accuracy of the estimated
installation time can be reached by extending the workability calculation in such
way that it also includes possible delays due to bad weather, maintenance, and other
unforeseen issues. It is possible to compare different vessel types, cargo types, and
supply chains by adding additional parametric models and model components. By
adding these possibilities an extended overview of the available strategies for various
stakeholders becomes visible. When scaling up this methodology it is advised to
investigate data analysis techniques for multi dimensional data.

To conclude, this research shows that the methodology has a lot of potential of
generating insight in future offshore wind installation vessels. A base framework has
been developed and challenges lay ahead to refine this framework.
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Introduction

The energy transition is a topic that you experience everywhere as the world is trying
to move towards a more sustainable future [1]. The most important development of
this dedication is the signed Paris Agreement, meanwhile signed by 197 countries
all over the world, in which they agreed that the increase in average temperature
worldwide at the end of this century should be less then 2 degrees Celsius compared
to 1850-1900 [5]. The energy transition involves the replacement of the conventional
energy sources (gas, oil, coal, or nuclear energy) for sustainable energy sources
(hydro power, bio energy, geothermal, wind, and solar energy). A sustainable energy
source that plays a big role in this energy transition is offshore wind energy [2].
The installation of wind turbines in an offshore environment requires vessels. This
research will investigate the impact of the fast changing offshore wind market at the
these installation vessels.

This research will be carried out in collaboration with Heerema Engineering Solutions
(HES). HES is an engineering company that supports its customers by providing
offshore engineering, installation engineering, and automation knowledge. HES is
currently shifting its focus to the offshore renewable energy sector and in particular
the offshore wind industry. They are interested in the developments of the installation
vessels in this market in order to develop knowledge that can be used to support
client decisions in the offshore wind market. This also provides HES an overview
of the opportunities in the offshore wind market in which their knowledge can be
useful.

The problem description and objectives of this research can be read in chapter 2: the
problem statement. An overview of the offshore wind industry and in particular the
developments that have impact at offshore wind installation vessels are presented
in chapter 3. Chapter 4 introduces the current offshore wind installation fleet that
is used for installing wind turbines and its foundations and discusses the impact of
the market trends at these installation fleet. This chapter also shows the upgrades
for the current fleet, vessels on order, and announced concept vessels. Chapter 5
presents the systems engineering methodology that is used during this research.
Afterwards, chapter 6 discusses the method that has been used to help predict the
possible requirements for future offshore wind installation vessels. In chapter 7 a
description of the parametric model used for generating a large amount of concept
designs is given. The case study conducted in this research can be found in chapter
8. The conclusion and the discussion are presented in chapters 9 and 10. Finally, an
afterword can be found in chapter 11.
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Problem statement

The main purpose of this chapter is to introduce the research topic, the gaps
identified during the literature review, and the objective of the research. First of
all, the importance of the offshore wind market and the gap regarding the design
of offshore wind installation vessels identified in this market will be described in
section 2.1. Subsequently, the objectives of this research will be given in section 2.2.
Then, section 2.3 discusses the main question and the sub questions used as guidance
during this research. Finally, the scope is defined in section 2.4.

2.1. Problem description

The global energy sector is moving towards a more sustainable future [1]. An
example of this shift is the goal set by the Paris Agreement that limits the global
temperature rise to a maximum of 2 degrees Celsius this century compared to the
average temperature in 1850-1900 [5]. In order to become more sustainable and
accomplish this goal a change in the current global energy landscape is required. This
change involves the replacement of conventional for sustainable energy generation
methods [6]. A sustainable energy resource that is expected to take a key role in
this transformation is offshore wind [2].

In the upcoming years it is therefore expected that the installed amount of offshore
wind turbines will increase by 13% per year [7]. In order to keep up with this increasing
demand there is a necessity in expanding the current offshore wind installation fleet
8].

Apart from the growing demand in installation capacity there is also a drive to reduce
the levelised cost of energy (LCOE) of offshore wind. By reducing the LCOE offshore
wind becomes competitive against the conventional and stays competitive against
other sustainable generation methods, which is of importance in order to secure
future investments [2]. The increasing demand in new offshore wind farms and the
drive to reduce the LCOE cause the offshore wind market to evolve. This is visible in
the fact that the turbine sizes and weight increase, the distance from the wind farm
towards port increases, and the depth at which wind turbines are installed increases
[9]. As will be explained in section 4.3 the changing market impacts the vessels used
during the installation of offshore wind farms. For example, the increasing demand
in installation capacity and the drive for a lower LCOE indicate a need for new and
more cost effective vessels. These new vessels need to be capable of handling the
harder requirements due to the changing market. In order to get more insight in
these aspects the offshore wind installation vessel will be the focus of this research.
A gap that will be identified in section 3.7 is the lack of available methods to predict
the future requirements for offshore wind installation vessels. The current forecasting
reports available do mainly focus on the costs and the annual installation rate of the
offshore wind industry. They do not give a lot of insight about the underlying aspects



that are used to define the forecasts. As it is important for naval architects to know
for which requirements the vessels needs to be designed and on which assumptions
these predictions are based, it is of importance to provide more information regarding
predicting the future requirements for offshore wind installation vessels.

A second gap that will be identified is related to the fast changing offshore wind
market. Due to the rapid developments the lifetime after which offshore wind
installation vessels receive a refit is reduced to 10 years instead of a more sustainable
25 years, which will be explained in sections 4.3, and 4.4. For designers it is important
to find the best design that is not over designed and too expensive, but also not
under designed and therefore not capable of performing the required operations
when it is delivered to the market [10]. As explained by Doerry there are two design
strategies that can be applied when requirements are uncertain over the lifetime of a
vessel: a robust design and an modular adaptable design [11], see figure 2.1. At the
moment no research has been conducted in the offshore wind market regarding the
best design strategy in order to take in to account this fast changing market and
prevent over and under designing the installation vessels.

Robust Design Design

(service life allowance Fixed

Optimized

Point Design Build in capability to meet

(many commercial ships threatover service life)
& Navy Auxiliaries)

Modular

Adaptable .
(Mission Modules Desllgn
Flexible Infrastructure etc. Flexible
Morph ship to match threat
Over service life)

Requirements Requirements
Fixed Changing

Figure 2.1.: Design strategies [11]

The last gap that will be identified in sections 4.3 and 4.4 relates to the concept
development of new offshore wind installation vessels. First of all, there is a limited
amount of information publicly available regarding the design choices and process
for offshore wind installation vessels. Secondly, the reports and concepts that are
available all design from a static scenario, for example one specific wind farm or one
specific installation method. Using this method gives no additional insight in the
trades off that a ship designer has to make during the design process and the impact
of these choices.

2.2. Research objective

The objective of this research is to get a better understanding about the driving
factors behind the design of an offshore wind installation vessel over the next 10-15
years to be cost effective and competitive in the fast changing market. Before it



is possible to fulfil this main objective the gaps defined in section 2.1 need to be
addressed, by solving the following sub objectives:

» The first sub objective is to fulfil the need of a method that can be used in
order to determine possible future vessel requirements. This is necessary as
the first gap defined indicates that there is a need for better insight in the
requirements for the future offshore wind installation vessels in order to prevent
over or under designing. Additionally, the second gap mentions the problem of
the reduced economical life time of a vessel due to the fast changing market and
thus requirements. The method used for predicting possible future situation
should therefore also be capable of handling the aspect of a fast changing
market.

» A second sub objective is the application of a model that is capable of handling
dynamic market inputs. As mentioned by the third gap in section 2.1 the
current concept designs are build using a specific wind turbine or a specific field
location. More insight can be generated by using a dynamic situation instead of
a static situation. Moreover, the concept generation method should be capable
of handling not only the selection of the main parameters of the vessel but also
the selection of the transportation strategy based on the input variables. It is
important that the transportation strategy is involved as the distances that
have to be traveled from port towards the installation site increases, which has
a big impact at the costs, see section 3.5.

o The third objective is to combine the methods that determine the future vessel
requirements and the concept vessels in order to assess the performance of
the different concepts that are generated. This assessment needs to be carried
out in such a way that the costs and competitiveness of the vessels can be
compared.

« The final sub objective is to investigate how the vessel performance and the
defined future market situations could provide feedback about the different
aspects that are of importance for the future offshore wind installation vessels.
By completing this final sub objective an answer can be given to the main
objective of this research.

For an overview of the relations between the gaps identified and the sub objectives
described above see figure 2.2.
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Figure 2.2.: Relation between gaps and objectives

2.3. Research questions

The main objective from section 2.2 is translated into a main question:

What are the important aspects in the vessel design of offshore wind
installation vessels over the next 10-15 years in order to reduce the costs
and to be competitive in the offshore wind installation market?

In order to guide the research and to be able to answer the main question, the
following sub questions are identified based on the sub objectives described in section

2.2:

1. How is the offshore wind industry evolving and what is the impact at the

requirements of the current type of installation vessels?

2. How can systems engineering support the designer in defining the important

requirements that need to be predicted?

3. Which scenario modelling method can be applied to predict a set of possible

future requirements for offshore wind installation vessels?

4. Which method and variables can be used to generate offshore wind installation

vessel concept designs?

5. How can the performance of a concept installation vessel being assessed for

the different sets of scenarios?

6. How can a combination of scenario modelling and concept design generation

provide more insight into future offshore wind installation vessels?



2.4. Scope of the research

The following boundaries are defined for this research:

» The types of operations in the offshore wind industry considered in this research
are the installation of foundations and wind turbines.

o This research will only focus at the concept development stage of systems
engineering.

o The research will use foundation size and weight, distance from farm to port,
and water depth as input parameters for creating the various scenarios.

« A baseline vessel will be selected from the current fleet for the parametric
model that is used for generating concept designs.
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Offshore wind

The goal of this chapter is to provide an overview of the offshore wind market and
to get an understanding of the developments in the sector that are of importance for
offshore wind installation vessels. First of all, section 3.1 introduces the concept of a
wind farm as a sustainable energy plant. Then an overview of the different life cycle
stages of a wind farm will be given in section 3.2. An involvement of the different
stakeholders at each life cycle stage will be given in section 3.3. The importance of
the offshore wind industry is explained in section 3.4. The trends in the offshore wind
market will be presented in section 3.5. The important technological developments
are presented in section 3.6. Insight about the offshore wind market prediction
methods is given in section 3.7. Finally, a chapter conclusion is given in section 3.8.

3.1. Offshore wind farm

An offshore wind farm is a sustainable power plant that converts the air flow (wind)
in the atmosphere into electrical energy, which is transported via the electrical grid
towards its end users [12]. The conversion in the offshore wind farm from kinetic
energy towards electrical energy is possible because of the usage of the wind turbine.
The wind turbines used in a wind farm need to have a sufficient amount of spacing
between each other in order to reduce wake effects on other wind turbines in the
field and therefore prevent an efficiency reduction [13]. Therefore, the wind turbines
are positioned in an array which gives the offshore wind farm a typical look as can
been seen in figure 3.1.

Figure 3.1.: Offshore wind farm grid [14]



An offshore wind farm has two main tasks: the production of electricity and the
transportation of the generated electricity towards shore [13].

Production of electrical energy

The wind turbine is the component in the offshore wind farm that is responsible for
converting wind into electrical energy. The electrical energy is generated by the lift
principle. The wind introduces an airflow over the blades of the wind turbine, which
creates lift and causes a rotational motion of the rotor. This rotational motion is
transferred towards the generator in the nacelle in order to convert the rotational
motion in electrical power [15].

The rotor and the generator in the nacelle that are responsible for generating the
electrical energy are located on top of the wind turbine tower. The tower is supported
by a foundation that keeps the tower above the water surface. See figure 3.2 for the
main components of an offshore wind turbine.

Rotor blade
Hub. When
mounted with
three blades, it
is called the ~__
rotor. ) —— MNacelle

............. — Turbine tower

Offshore platform

[

Figure 3.2.: Wind turbine main components [16]

Offshore foundation

Transportation of electrical energy

After the generation of the electrical energy it has to be transported towards the
final user. For the transportation of the energy a couple of components are used.
First of all, array power cables are used for the transportation of the electrical
power from the turbine to the substation located in the offshore wind farm grid.
Secondly, the offshore substation adapts the voltage of the electricity in order to
reduce the electrical power loss during the transportation towards shore. Then export
power cables are used to transport the energy from the offshore substation towards
the onshore substation. Finally, the onshore substation ensures that the provided
electrical energy can be used by the users that are connected to the onshore electrical

grid [13].

For an overview of the different components and the interconnection between the
components, see figure 3.3.
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Figure 3.3.: Offshore wind farm main components [17]

3.2. Life cycle

To get better insight in the possible applications of an offshore wind installation vessel
during the life time of an offshore wind farm, it is of importance to understand the
different processes that take place during the life time of an offshore wind farm. This
is important because an overview of the life cycle can generate a better understanding
in the different opportunities that arise in the offshore wind market. In general the
total development of an offshore wind farm takes around 7 - 10 years [18][19]. The
following four main phases in the life cycle can be identified [20][21]:

Project management and development

The project management and development phase involves the necessary procedures
and surveys in order to prepare for the approval and installation of the offshore wind
farm. Examples of processes involved in this phase are an early feasibility study
which will be followed by a more extensive research into financing, site investigation,
project approval, tender process, wind farm design, testing, and production.

Installation and commissioning

The installation and commissioning stage is the stage on which this research is
focused, as it involves the application of offshore wind installation vessels. In
this stage the various wind farm components described in paragraph 3.1 will be
transported from their production location towards the site location using vessels.
When the components arrive at their location they are installed by an offshore
wind installation vessel. Finally, after installing the equipment the commissioning
procedures starts in which everything is tested before going to a fully operational
stage.



Operation, maintenance, and service

This is the stage in which the offshore wind farm generates electrical power. During
this stage it is of importance to keep the offshore wind farm in good condition in
order to ensure an optimal generation of electricity. During this stage there are
two main activities to be done. First of all the management of the various assets
that are necessary for the operation of an offshore wind farm. Think of the required
people, equipment, and procedures. Secondly, maintenance is carried out in order to
prevent a break down of the wind turbine and service repairs are conducted in case
of failure. During this stage, dedicated operation and maintenance vessels are used
for transporting the required personnel and equipment.

Decommissioning

A typical offshore wind turbine is designed to have a life time of around 20 years [22].
After reaching the end of its life time a few options are available. First of all the
operational life time can possibly be extended by carrying out a risk assessment and
replacing the components that do impose a high risk according to the assessment.
Secondly, the site can be used to install new turbines. In this situation the foundations
and turbines are replaced while the electrical grid of the former wind farm is used.
The final option is to fully decommission all the components.

3.3. Stakeholders

The stakeholders are discussed in this section as they provide an overview of the
different parties that have an influence at the offshore wind market and the parties
that are influenced by the offshore wind industry. Each of these parties has a different
point of view at the offshore wind market and therefore different interest. Examples
are an interest in a low energy price, interest of earning money, or the interest in a
more sustainable installation approach. The main actors are the government, grid
operators, wind farm developers, wind turbine manufacturers, wind farm owners,
offshore contractors, engineering firms, and end users [23][24].

Government
The government gives vital agreement for the development of the offshore wind farms
and is a key actor in the planning of new offshore wind farms. Support is given by
assigning wind farm locations and receiving the necessary permits in order to install
the wind farm.

Grid operators

The grid operators are responsible for the integration of the wind farm in the national
electrical grid. They have to ensure that there is enough capacity to handle additional
energy supply from the wind farm.

Wind farm developers

These companies are key players in the development of the offshore wind farm. They
carry out the first surveys, determine the feasibility, and define the first concept
designs for the wind farm and its components. The wind farm developers will
mainly influence the project management & development and the installation &
commissioning process.



Wind turbine manufacturers

The manufacturers are responsible for the design and the production of the wind
turbines. They will mainly be involved during the installation phase, but also have
an influence on the operation and maintenance phase due to the design choices they
make.

Wind farm owner

The wind farm owners are responsible for the operation and maintenance (O&M) of
the offshore wind farm when the wind farm is running. They will also be responsible
for arranging the decommissioning of the offshore wind farm.

Offshore contractors
These are companies that provide services and equipment during installation and
maintenance in order to be able to transport, install, and replace components.

Engineering firms

Engineering firms will support the parties mentioned above by giving advice based
on the in house knowledge available. As mentioned, the research is carried out in
collaboration with HES. HES is an engineering firm that supports various companies
in the offshore wind industry. In particular during the concept development, turbine
and foundation installation, and the decommissioning phase by applying the in house
offshore engineering knowledge.

End users
The end users are the users that do consume the electricity that is produced by the
offshore wind farm.

Other stakeholders
Apart from the actors mentioned above there are other stakeholders that influence
the process but will not be discussed in detail. Examples are universities, researchers,

environmental organizations, sea ports, fishing industry, shipping industry, and other
North Sea users [24].

Possible conflicts between stakeholders

Conflicts between the above mentioned stakeholders could arise [24]. First of all
you have the parties that favour the installation of the wind farms, for example
the government in order to reach its sustainability goal or the engineering farms as
this gives them the opportunity to earn money. However, there are also examples
of stakeholders that benefit less from the installation of offshore wind farms. An
example is the visual pollution for the local community that is caused by the wind
farms or the fishing industry that gets less space for their activities.



3.4. Energy demand

The development of the wind industry is of importance in order to decarbonise
the global economy and to meet the sustainability targets. It is expected that the
wind industry will be one of the key players in this process and will be one of the
important sustainable energy resources in 2030 [2], see figure 3.4 for the generation
capacity of the various resources. The COVID-19 pandemic does have an impact at
the current electricity demand, which has decreased by 6% this year [25]. Moreover,
research by DNV-GL indicates that COVID-19 might cause a short-term impact at
the installation rate of new renewable production facilities. Although COVID-19
introduces a new market uncertainty, it is expected that the offshore wind market
will keep growing in the long term aiming to reach the sustainability targets [26].
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Figure 3.4.: Global Energy mix 2030 [2]

The wind industry includes both wind farms onshore and offshore. The current
onshore wind industry has a capacity of 594 GW and is much larger compared to the
28 GW installed capacity of offshore wind farms [27]. However, the growth potential
of the offshore wind market is much larger compared to the onshore wind market.
This is due to a reduction in the available new sites onshore and the favourable wind
conditions offshore which improves the capacity factor of the wind turbine [28]. The
capacity factor indicates the ratio between the amount of power that is generated
by an energy plant compared to the maximum amount of power it would be able to
generate in the same time [29].

The interest in the offshore wind industry is visible in the rapid growth of this
industry, between 2010 and 2018 there has been a yearly grow of around 30% in the
installed capacity. It is expected that this increase continues as there are already
more than 150 new projects scheduled for the upcoming five years [7]. The need to
fulfil this demand and comply with the targets set in the Paris Agreement leads to
an increase in necessary installation rate. The current installation rate needs to be 6
times larger by 2030 and 10 times larger by 2050 [6], see figure 3.5.
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The current offshore wind market is mainly taking place in Europe and Asia. Around
84% of the total offshore wind capacity is installed in Europe, while the other 16% is
mainly installed in Asia [30]. Over the next 40 years it is expected that the market
outside Europe will evolve a lot, especially in various countries in Asia who currently
focus on offshore wind, see figure 3.6. These countries are China, Japan, India,
Chinese Taipei, Vietnam, the Republic of Korea, Indonesia, and the Philippines.
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Figure 3.6.: World wide installation capacity [6]



Competitiveness

There are a lot of different energy generation methods available which can be
compared based on their costs. The primary metric used is the levelised costs of
energy (LCOE). By reducing the LCOE offshore wind becomes a bigger competitor
of the conventional energy generation methods [31], see figure 3.7 for a comparison
between the LCOE values. It is even essential to reduce the LCOE in order to secure
future investments and to keep both public and political support [2]. Therefore,
the aim to reduce the LCOE is one of the main factors of the developments in the
offshore wind sector [32].
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Figure 3.7.: Comparison between LCOE of different energy sources [7]

The LCOE method determines the overall costs and the total amount of electricity
produced in its life time in order to get an average costs per unit of energy. By
having a standard method for defining the cost different energy generation methods
can be compared. For a simplified calculation method of the LCOE see equation 3.1
[33].

Zn L+ M+ F;t
t=1

1
- Eft’“t (3.1)
t=1 1+4r

I = Investment, M = Operation and maintenance costs, F = Fuel costs, E = Electricity
generated, r = Discount rate, t = current year, n = life time

Equation 3.1 shows the various components that are of importance in case of reducing
the LCOE. For the offshore wind industry the fuel costs are almost zero as no fuel
is used to run the wind turbines. The investment costs of offshore wind farms are
high. This indicates that the discount rate has a large influence on the LCOE [33].
In order to reduce the LCOE the industry strives to improve the following aspects:

« Investment costs: a reduction improves the LCOE. By improving the instal-
lation vessels the 15-20% [9] investment costs due to the installation can be
reduced leading to an improved LCOE;, see figure 3.8.

« Operation and maintenance costs: by reducing the yearly O&M costs the
LCOE of offshore wind can be improved. At the end of 2015 the O&M costs

were around 20% of the total cost compared to 32% in 2001 [2].



« Capacity factor: as explained, the capacity factor is a ratio between its
electricity production and the maximum amount of electricity (based on power
rating) it could have produced in the same time span [29]. This indicates that
a higher capacity factor relates to more energy production and a lower LCOE.
An increase in capacity factor has been measured between 2010 and 2018 from
an average percentage of 38 toward 43. For 2030 it is expected that the capacity
factors of new wind farms will be between 36 and 58% and increase further
towards values between 43% and 60% in 2050 due to improved turbine designs

[6].
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Figure 3.8.: Overview costs offshore wind [7]

3.5. Key trends and future forecasts

Due to the interest in the offshore wind industry and the drive to reduce the LCOE
the offshore wind market is changing. From literature the following three main trends
in the offshore wind market are identified that have an impact on the installation
vessels: increasing turbine sizes, increasing distance from wind farm to port, and
increasing water depth.

Increasing turbine size

Since 2014 the offshore wind turbine rating is on average growing by 16% each year.
This has led to an average installed turbine rating of 7.1 MW for in Europe in 2019
new installed offshore wind turbines [9]. There are two main reasons that the turbine
sizes did increase. First of all, in between 2001 and 2015 manufacturers did start
designing wind turbines specifically for the offshore wind industry [2]. A second
reason is the importance to improve the energy generation capacity and efficiency
of a turbine in order to reduce the LCOE [27]. See figure 3.9 for the growth of the
maximum turbine sizes available in recent years.
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Figure 3.9.: Development offshore wind turbine size [7]

The improved energy generation capacity due to the bigger wind turbines is not the
only aspect of the new turbines that help reducing the LCOE. The increasing size
also helps to reduce the costs that are faced during the installation and operation
of the wind farm. This is based on economy of scale, as around the same amount
of installation time and maintenance is required for each individual turbine, while
one turbine may have a much higher power rating [27]. It is also visible that the
increasing turbine sizes relate to an increase in the installed capacity in an offshore
wind farm. See figure 3.10 for the size of the installed wind turbines and the used
turbine power rating.

The increasing turbine size introduces a new challenge. Due to the increasing size
of the turbine the weight of the components increases, which introduces new vessel
requirements for the lifting and transportation stages [34]. It is uncertain what the
power rating will be in the next couple of years and what the specifications of these
future wind turbines will be. But research regarding the new 15 and 20 MW turbines
gives an indication of the increasing mass and height of the various components. The
increasing mass and height of the hub may poses challenges for the current fleet of
offshore installation vessels and their crane capabilities [35][36]. For a summary of
the results, see table 3.1.

Table 3.1.: Forecast weights future wind turbines, based on table published by Hoogen-
doorn [37] summarizing Peeringa et al. [35] and Gaertner et al. [36]
Power rating Units | 10 MW 15 MW 20 MW

Tower mass mT 987 1300 1600-1780
Blade mass mT 41 65 99

nacelle mass mT 674 1017 1730
Rotor diameter | m 178 240 252

Hub height m 119 150 168
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Figure 3.10.: Wind farm size and installed power rating [38]

Increasing distance from wind farm to port

During recent years the location and therefore site circumstances have changed. The
trend that is visible is the increasing distance from wind farm towards the nearest
port, see figure 3.11. Between 2018 and 2019 the average distance from farm to port
in Europe has increased from 35 km towards 59 km [9].
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Figure 3.11.: Average distance to shore offshore wind farm [2]



The trend of moving further from the ports can be explained by the reduced availabil-
ity of sites close to the various ports [9] and the favourable wind conditions further
offshore [7]. See figure 3.12 for the trend in which proposed locations move further
from ports. The increase in distance introduces extra challenges during installation.
First of all, the costs for the transportation and the operation and maintenance will
increase when the distances vessels have to travel towards their location increases
[38]. As vessels are the most expensive asset during this process it is important to
evaluate what the most optimal solutions for their application is in order to reduce
the transportation costs [34]. An example is the application of feeder vessels [39].
Additionally, by moving further offshore the environment in which installations have
to be carried out becomes harsher. This means that the installation process will
become more difficult and that there is a bigger chance on delays during this process
as there are less weather windows available, which also increases installation costs.
The industry therefore, indicates that it will be beneficial to have an offshore wind
installation vessel that is capable to perform installations in harsher environments

[34].
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Figure 3.12.: Offshore wind farm locations Europe [40]

Increasing depth at wind farm location

Apart from the increase in distance there is also an increase in water depth in which
the wind farms are installed, see figure 3.13. The average water depth of the installed
offshore wind farms in Europe in 2019 was 33 meters, which is an increase of 3 meter
compared to 2018 [9].
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Figure 3.13.: Average water depth offshore wind farm Europe|2]

The increase in water depth may have a future impact on the properties and type
of foundation that the vessels will need to install. The properties such as size and
weight of the foundation are mainly driven by the water depth. Therefore, it directly
impacts the requirements for the installation vessel. Examples are deck space and
strength in order to transport the foundation and crane capacity in order to handle
the necessary weight [41]. At the moment the monopile is the type of foundation
that is used mostly because of its relatively low installation costs and the design
improvements. These design improvements have led to the possibility of using the
monopile in deeper waters and in combination with larger wind turbines. However, in
deeper waters or in areas with a rocky soil the monopile might be facing competition
from the jacket type of foundations [32]. An overview of the currently used type of
foundation and the max depth at which it is used is given in table 3.2.

Table 3.2.: Foundation types in Europe [9][42][43]

Foundation type | Amount installed Market share 2019 [%] Water depth [m]
Monopile 4258 80.98 0-40

Jacket 468 8.90 5-80

Gravity base 301 5.72 0-30

Tripod 126 2.40 25 - 50

Tripile 80 1.52 40

Spar 6 0.11 Floating > 50
Semi-sub 2 0.04 Floating > 50
Barge 1 0.02 Floating > 50
Others 16 0.30

3.6. Technological opportunities

The trends mentioned in the previous section introduce challenges and possible
deficiencies for the current offshore wind installation fleet. Apart from the trends
there are also technological opportunities that may impact the installation vessels.
Research by the International Renewable Energy Agency (IRENA) has indicated



four technologies which are marked as having a high potential to reduce the LCOE or
have the capability to open up new markets. These four technological developments
are related to tasks carried out by installation vessels and are: future generation
turbines, floating foundations, repowering of sites, and the integration of turbine and
foundation installation [6]. A more detailed analysis of the impact of the trends and
the technological opportunities at the current offshore wind installation vessels will
be carried out in chapter 4.

Future generation turbines

The technological developments in the drive train, the control technologies, and the
blade will push the efficiency and reliability of future turbines even more. Therefore,
the power capacity increases and the LCOE decreases. As explained in section 3.5
these developments will lead to wind turbines of which the hub heights increase to
150-168 meters in 2030 and of which the mass of the turbines is expected to grow, see
table 3.1. The development in size and weight poses threats on the current offshore
wind installation vessels as these have to be able to handle these increased sizes and
weight.

Floating foundations

Most of the current new build offshore wind farms are located at sites with a
maximum depth of 60 meters. This means that these sites are perfectly suited for
using fixed foundations. However, there are also a lot of potential areas available in
waters exceeding a water depth of 60 meters in which the use of fixed foundations will
introduce a lot of technical and economical challenges. A more promising solution
for the application of offshore wind in these areas is the application of floating
foundations [33]. Additionally, floating wind can reduce the installation costs as
specialised vessels such as heavy lift vessels are not necessary to install this type of
foundations. Cheaper alternatives such as tugs can be applied in order to reduce
installation costs [2]. The current development projects in the floating wind show a
lot of progress. However, it is expected that the commercial projects with floating
foundations are at least more than five years away [32]. Even though it will take
at least five more years before the projects will be commercially interesting, it is
important to take this development in consideration as this will mean that sites that
were inaccessible before will become available [2]. Possible areas of interest for the
floating wind industry are the United States of America and Japan as these countries
have deep water regions that are located near areas which are having a high power
demand [33].

Repowering of sites

An option during the decommissioning phase is to replace the old turbines and its
foundations by new models, as explained in section 3.2. The new models most likely
will have a higher power rating compared to the first models installed on site. This
results in less wind turbines needed to install in order to reach the same power output,
which is also beneficial in reducing the O&M costs. Moreover, as the transmission
network is still intact a lot of investment costs are saved. The repowering market
is expected to grow from 2030 onward as many offshore wind farms from the first
generation will then reach their end of life time [6].



Integrated turbine and foundation installation

A reduction in LCOE can be achieved by moving the installation operations as
much as possible towards shore. After the installation onshore a pre-assembled wind
turbine or a combined floating foundation and wind turbine can be transported
towards site for installation. For this transportation process tugs or customized
vessels can be used [6].

3.7. Predicting the future needs

The previous sections show that the offshore wind market has changed during recent
years. It indicates that these changes will continue and that there are technological
opportunities for further market developments. These changes and opportunities in
the offshore wind market have an impact on the vessels used during the installation
phase and will be explained more in detail in chapter 4. Due to the changing market
there is a lot of uncertainty regarding the future vessel requirements. To get better
insight in the current forecasting methods used to predict these necessary future
capabilities of offshore installation vessels market reports are selected and analysed.
These reports are analysed on the approach and the factors they include to forecast
the future of the offshore wind industry, see the subsection below. The high level
results of these reports will not be discussed here but are mentioned in the previous
sections 3.5 and 3.6. From this analysis it can be concluded that no report does
include a specific analysis regarding the development of the vessel requirements. The
reports do mainly focus at the costs and annual installation rate.

International Energy Agency

The International Energy Agency (IEA) works together with multiple countries to
research the current offshore wind industry and to forecast its future [7].

The development of the installed amount of offshore wind turbine power and the
LCOE for the period of 2018-2040 have been forecast in the IEA research. In order
to determine the installed capacity in 2030 and 2040, two scenarios are used. A
policy scenario and a sustainable development scenario. The policy scenario analysis
the current and announced political goals and makes a cautious estimation of their
implementation. The sustainable development scenario involves the political goals
but also uses the current international agreements in order to assess what the grow
in the market should be in order to comply with these agreements [44].

Another aspect of the report involves the analysis of suitable regions for offshore
wind. This analysis gives an indication of the possible regions in which offshore wind
may develop in the future. The analysis is carried out by first excluding the different
areas assigned to for example shipping, military, fishing, oil and gas production, and
cables. Then wind data are analysed to determine the potential capacity factor at
each location available. Finally, a cost estimation is carried out for each location in
order to get a LCOE value. This LCOE value can be used to compare the different
regions on their potential.

Additionally, the research briefly addresses the increasing power rating and size of
the wind turbines. Moreover it indicates an expected power rating of 15-20 MW
and a rotor diameter of 230-250m in 2030, see figure 3.9 which describes the expect
maximum turbine sizes in 2021 and 2030. These future values are based on the
targets set by the industry.



International Renewable Energy Agency

As an intergovernmental organisation the International Renewable Energy Agency
(IRENA) gives support towards countries in the energy transition by providing their
expertise about renewable energies [45].

The forecast research published by IRENA involves a forecast of the annual installa-
tion rate, the total installed capacity, and the LCOE for 2016-2045 [2]. In order to
forecast these variables the research has first determined a central scenario for the
LCOE under the assumption that the offshore wind industry will be an important
part of the energy mix. This central scenario is based on the different technological
developments (wind farm design, turbine, foundations, electrical interconnection,
installation, and O&M), the changing site conditions, and other impacts related to
financing the projects, and policies. The trend of this LCOE is then validated using
the trends that have been seen in the onshore wind industry in the past. Based on
the trends of the LCOE a forecast for the annual installation rate is determined.
Additionally, a high and a low scenario have been created by increasing/decreasing
the costs with 10% compared to the central scenario.

Apart from the forecast the research also addresses the availability of the different
sites. It indicates that they expect that the shallow water location will no longer
be available after 2040. Moreover, it mentions the low amount of shallow water
locations in the USA and Japan and the potential of using floating turbines in these
regions.

WindEurope

WindEurope is an organisation that works together with different stakeholders from
the offshore wind industry to improve the interest and knowledge in offshore wind
worldwide. Stakeholders involved are for example offshore wind farm operators,
offshore contractors, classification societies, and universities [46].

WindEurope has forecast the annual installation rate in Europe for 2020-2030 by
applying a bottom-up approach [47]. This bottom-up approach indicates that the
data have been collected at each individual country. Additionally, information is
collected by contacting various national energy associations and stakeholders in the
offshore wind industry. Based on the information gathered via the sources above
three scenarios have been created, a central scenario, a high scenario, and a low
scenario. For each of these scenarios it is indicated what the necessary policies are in
order to fulfil them.

Gap between forecast reports and vessel requirements

The research and market forecast mentioned above share a lot of similarities. First of
all, it can be concluded that all of the reports do apply a similar forecasting strategy
in which they define 2 or 3 scenarios. The central scenario is in all cases based on the
current policies and technological developments. A limited amount of information is
publicly available regarding the policies and numbers these forecasts are based on.

Additionally, the forecast variables that are mostly focused on are the costs and the
expected annual installation rate. All of the reports do indicate the trends related
to turbine sizes and changing wind farm site conditions. However, no forecasts are
being made regarding these variables. As explained in section 4.3 these variables
do have a big impact at the vessel design and need to be known for the designer in
order to optimise the design. This indicates that there is a gap between the current



market forecasting reports and the future vessel requirements.

To conclude, the market reports analysed mention that the forecasts are based on the
current policies but do not elaborate in detail what these policies are. The important
variables for determining the vessel requirements are not being forecasted, only the
variables costs and annual installation rate are described.

3.8. Conclusion

From this chapter it can be concluded that the offshore wind market is a market
that did grow fast in recent years and is expected to continue growing in the
upcoming years. This grow does introduce a need for an increased installation
capacity. The large trends in the market that have an impact on the installation
process are an increase in turbine size, an increase in distance between offshore
wind farm site and port, and an increase in water depth. Apart from the trends
some technological opportunities have been identified for the offshore wind market
which are the introduction of floating foundations, repowering wind farms, and the
installation of integrated turbine and foundation installation. All these developments
and opportunities do introduce uncertainties about the future offshore wind market.
There are market reports available that do give insights in the possible developments
of the offshore wind market under this uncertainty. However, the variables predicted
are related to the costs or the necessary installation capacity. The market reports
do not give insight in the requirements that are needed for future offshore wind
installation vessels, which is the first gap identified in this research.
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Installation vessels

In the previous chapter it is concluded that the offshore wind market is a market
that is evolving. It involves a lot of factors that will change in the next couple of
years which have an impact at the vessels currently being used during the installation
process. To get a better understanding of this impact, the installation process and
current installation fleet will first be described in sections 4.1 and 4.2. Afterwards
section 4.3 will discuss the impact of the trends presented in section 3.5 at the current
offshore wind installation fleet. Section 4.4 will give insight in the current methods
used for designing new vessels for the future offshore wind market, by describing the
current market prediction and concept development methods. Finally, section 4.5
will give the conclusions of this chapter.

4.1. Offshore wind installation process

A first overview of the actions to be carried out during the manufacturing, installation,
and decommissioning of the offshore wind farm are visible in figure 4.1.

Figure 4.1.: Offshore wind farm installation [48]

Figure 4.1 contains both the onshore and offshore activities. The involvement of
offshore contractors starts at the transportation of the different components from
the manufacturing site towards the installation site [20]. This research will focus on
the transportation and heavy lifting & installation phases as mentioned in figure 4.1.



This involves the transportation of the components and installation of the foundation
and the wind turbine. Cable laying and the installation of the substation will not be
included as it is not expected that a lot of changes will occur in the requirements for
the necessary installation vessels.

Transportation

The foundation and the wind turbine installation phases both require the trans-
portation of components. These components are the foundation, the transition piece,
the tower, the nacelle, the hub, and the blades, see figure 3.2. Kaiser and Snyder
described different transportation strategies [39]:

+ One installation vessel: the selected installation vessel is responsible for
transporting and installing the components. Therefore, it is expected to sail
towards and from the installation site.

« Multiple installation vessels: in this situation there are multiple installation
vessels working on the same offshore wind farm installation project. As these
vessels do work independently on the same project, the installation time reduces.

« Feeder concept: this strategy involves an installation vessel that stays at the
installation site while another vessel (the feeder vessel) supplies the components
from port. The advantage of this method is that costs can be saved as the
installation vessel does not need to travel to pick up the components. However,
this method does also introduces a risk as the components need to be transferred
from the feeder vessel towards the installation vessel.

Extra care should be taken when applying a feeder for the installation of the
wind turbine due to the vulnerability of the nacelle (for example acceleration
limits [2]) [49]. Therefore, a self lifting vessel is necessary in order to assure
a stable platform when transferring the components from the feeder vessel
towards the installation vessel [49].

The trade off whether or not to apply a feeder concept in general is determined
by the carrying capacity and transit speed of the installation vessel, the distance
from installation site to shore, and the size of the various components [39].

Foundation installation

The foundation installation method depends on the type of foundation used [50]. A
general overview of the installation methods will be given for the monopile, jacket,
and floating foundation types, see figure 4.2. These types are selected as these are
the most common used type of foundations (table 3.2) or have a big future potential
(see section 3.6).

« Monopile: after transportation the monopile is up-ended at the installation
site and placed at the seabed using a crane and a gripping tool. The monopile
is secured by driving it into the seabed using a hammer [51]. The installation
of monopiles is currently carried out by jack-up vessels or floating vessels [20].



« Jacket: the installation of jackets involves a pre-piling phase in which a set of
piles are installed at the seafloor. After the pre-piling phase the jacket is lifted
from the deck and installed over the piles pre-installed and secured by grouting
the two components together. Both jack-up vessels and floating vessels can be
used for this operation [20].

+ Floating: wind turbines using floating foundations are pre-assembled near
shore and then towed towards their installation location [50].
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Monopile Jacket Floating Structures

Figure 4.2.: Foundation types [52]

Additionally, the installation of the transition piece is carried out during foundation
installation phase. This involves the transportation of the transition piece and the
installation using a crane [20].

The important vessel requirements during the foundation installation phase as
described by Kaiser and Snyder are the water depth at which the vessel can operate
and its crane capacity in order to handle the weight of the foundation. The maximum
lifting height is not indicated as limiting factor as the foundation only need to be
lifted slightly above the main deck of the vessel [39].

Wind turbine installation

The installation process of the wind turbines can vary due to the degree of pre-
installation. At the moment the general approach is to transport the tower, nacelle,
and blades as separate parts towards the installation site. The components are then
installed in the following sequence [20]:

1. Tower: the pre-installed tower is lifted and installed at the transition piece.
2. Nacelle: the nacelle and the hub are together installed at the top of the tower.

3. Blades: finally, the blades are separately installed and connected to the hub.



The method described above is currently the preferred method in the offshore wind
sector. It should be remarked that there are more installation sequences available
differentiating on the amount of pre-installation of the components [20][39]. An
interesting installation sequence for the future offshore wind market is the installation
of fully onshore assembled wind turbines as this reduces the amount of lifts offshore
[20]. Moreover, it has the potential to reduce the LCOE as work will be shifted
towards shore locations, as explained in section 3.6.

The vessel types currently used for the installation of the turbines are jack-up vessels
[49]. The current market has not used heavy lift vessel a lot for the installation of
wind turbines because of the motions that do occur during the lifting operations at
the heights at which the turbines need to be installed [39]. However, it is mentioned
that an improvement in installation time can be achieved when floating vessels can
be used for installing wind turbines [20].

The vessel characteristics that are indicated to be important during this installation
phase are the cargo carrying capacity of the vessel that determines the amount of
components it can carry, the maximum lifting height which impacts the maximum
hub height of the turbine it can install, the crane capacity which relates to the weight
of the turbine, and the water depth at which the vessel can operate [39].

4.2. Current installation fleet

The current offshore wind installation fleet can be characterised by the following
two main types of vessels: the jack-up vessels (used for installing wind turbines and
foundation) and floating heavy lift vessels (used for installing foundations) [50].

Jack-up vessels

Jack-up vessels are characterised by the capability of lifting their hull out of the
water, see figure 4.3. This is possible due to a set of legs which are being placed
at the sea floor in order to lift the vessel [50]. Within the jack-up vessel fleet a
distinction can be made between self-propelled and non-propelled type of vessels [39].
In recent years the jack-up fleet has evolved towards vessels that are self-propelled,
have an efficient hull shape in order to reduce the resistance, and have an optimised
deck area in order to transport as many components as possible [50].

Figure 4.3.: Jack-up vessel Pacific Osprey [53]



Examples of current state of the art jack-up vessels used for the offshore wind industry
are the Pacific Orca, the Vole au vent, and the Aeolus. For their capabilities, see
table 4.1. To put the numbers in perspective, the crane capacity of the Pacific Orca
is sufficient to install a nacelle having a weight of 500 tonne at a hub height of
around 120 meter. Moreover, the deck area is sufficient to carry twelve offshore wind
turbines having a rating of 3.6 MW [54]. When the rating increases, the amount of
turbines that can be carried decreases.

The vessels mentioned in table 4.1 indicate the current capabilities of the fleet and
help identify whether or not the current fleet is capable of installing the growing
offshore wind turbines.

Table 4.1.: Specifications state of the art offshore wind jack-up vessels

Unit | Pacific Orca [55] Vole au vent [56] Aeolus [57]
Owner SPO Jan de Nul Van Oord
Year built 2012 2013 2014
Length overall [m] 160.9 169.3 139.4
Breadth overall [m] 49.0 60.0 44.5
Draught [m] 6.0 7.5 8.6
Speed [kts] | 13.0 12.0 10.5
Maximum water depth | [m] 60 50 40
Hook height above deck | [m] 97 115 109
Maximum lifting capacity!| [mT] | 1,200 1,500 1,600
Cargo area m?] | 4,300 3,535 3,775
Cargo capacity mT] | 8,400 6,500 5,955

! Max lifting capacity is lower at max hook height

See figure 4.4 and 4.5 to get better insight in the spread of lifting and transportation
(deck area) capacity in the jack-up fleet.
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Figure 4.4.: Jack-up fleet main crane capacity
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Figure 4.5.: Jack-up fleet deck area

Floating heavy lift vessels

Another type of vessel that is used in the offshore wind industry are floating heavy
lift vessels. Most of these vessels have served the offshore oil and gas industry, but are
recently also serving the offshore wind industry [50]. These vessels do not have the
capabilities to lift themselves out of the water, but are equipped with high capacity
cranes. The installation of wind turbines is seldom carried out by heavy lift vessels.
These types of vessels are more often used to install the foundations, substation,
or a fully pre-assembled wind turbine [39]. Four types of heavy lift vessels can be
distinguished within the offshore wind industry [58]:

« Barges: a barge is a vessel type that is used both for offshore installation
and transportation. Generally these types of vessels do not have a propulsion
system on board and therefore require a tug. In case of offshore installation
a crane can be installed permanently or temporally in order to carry out the
required lifting operations [50].

« Monohull vessels: these are vessel types that have a single hull and are
self-propelled. A crane is installed at the deck of the vessel to provide the
heavy lift capabilities.

« Semi-submersibles: a semi-submersible vessel is a vessel that is capable of
submerging itself which can be used during lifting operations. For an example
of a semi-submersible vessel, see the Sleipnir in figure 4.6.

» Sheerlegs: a sheerleg is a vessel that has a similar hull shape as a barge at
which a heavy lift crane is installed. A big difference between the barge and
a sheerleg, is that the crane of a sheerleg cannot rotate separately from the
vessel [41].



Figure 4.6.: Heavy lift vessel Sleipnir [59]

Examples of heavy lift vessels that are currently state of the art vessels in the offshore
wind market are the Seaway Strashnov, the Asian Hercules III, and the Sleipnir. For
the technical specifications and capabilities of these vessels, see table 4.2.

Table 4.2.: Specifications state of the art offshore wind floating heavy-lift vessels

Unit | Seaway Strash- Asian Hercules Sleipnir [65]
nov [60][61][62]  III [63][64]

Owner Seaway 7 Boskalis Heerema
Year built 2010 2015 2019
Vessel type Monohull Sheerleg Semi-
submersible
Length overall [m] 183.0 106.4 220.0
Breadth overall [m] 47.0 52.0 102.0
Draught [m] 8.5 5.5 12.0
Speed [kts] | 12 7 10.0
Hook height above deck! | [m] 130.2 120 165
Maximum lifting capacity?| [mT] | 5,000 5,000 10,000
Cargo area m?] | 3,950 - 12,000
Cargo capacity mT] | 14,228 5,041 20,000

! For the Oleg Strashnov and Sleipnir it indicates height above water level
2 Only the max capacity of one main crane is included in case of multiple installed

In order to get a better insight in the lifting capabilities of the overall floating heavy
lift fleet, see figure 4.7. From this figure it can be concluded that the floating heavy lift
vessels do outperform the current jack-up fleet in terms of lifting capacity. However,
it should be remarked that the installation of the wind turbines is a challenging task
for floating heavy lift vessels due to the introduced motions [49].
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Figure 4.7.: Floating fleet main crane capacity, data based on [66]

4.3. Impact of the changing offshore wind market on
the installation fleet

The trends and technological developments in the offshore wind industry described in
section 3.5 and 3.6 do introduce new requirements for the offshore wind installation
fleet. It can be concluded that the currently announced future requirements tend to
be higher than the current capabilities of the fleet, which indicates the need for new
vessels in the future. Moreover, vessels already received upgrades 4 to 8 years after
they were built due to the fast changing market. See the subsections below for a
more in depth analysis of the impact of the trends at the current fleet.

Impact of increasing component size and weight

The increasing turbine sizes and increasing water depth at which the wind farms
are installed do increase both the size and the weight of the various components, as
explained in section 3.5.

An example is the increasing weight of the monopile foundations. In 2002 monopiles
having a weight between 180 and 230 tonnes are used for the installation of the
Horns Rev field in Denmark (2.0 MW turbines, water depth 6-14 meters [67]). The
monopiles used in 2016 for the installation of the Galloper wind farm (6.3 MW
turbines, water depth 27-36 meters [68]) had a much bigger weight of up to 2,000
tonnes [69]. The current fleet of jack-up vessels is not capable of installing these
2,000 tonnes monopiles, see table 4.1. The heavy lift vessels, however have the
lifting capabilities of handling these weights, see table 4.2. In order to be able to
handle these increasing weights various jack-up vessels have performed upgrades. An
example is the Aeolus, which has received a crane update in 2018 from 900 towards
1,600 tonnes [70]. It should be remarked that the Aeolus is built in 2014 and already
needed a crane update after 4 years in service to keep up with the unexpected market
developments, while in general a more sustainable life time for a vessel is around 25



years [10].

Another aspect that introduces a big challenge for the future installation vessels is
the height at which the nacelle need to be installed [71]. This installation height
increases due to the increase in hub height and the increase in water depth and
may pose problems for the current jack-up fleet, see figure 4.8. The current hub
heights for the introduced 10 MW turbines is around 119 meter, while future 20
MW turbines may reach hub heights of around 168 meter, see table 3.1. The current
maximum hook height above deck of the various jack-up vessels that carry out these
operations is 115 meter, see table 4.1. As the current jack-up fleet is designed to
install at max 6 to 10 MW turbines new vessels or upgrades are necessary to account
for these increasing heights [20]. There might be a point in the future when floating
vessels become more interesting for the installation of nacelles as these do not have
dependency on the water depth [71] or will be capable of installing the nacelles faster
compared to jack-up vessels [20].
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Figure 4.8.: Trends of hub height and water depth [71]

Because of the increasing weight of the foundations and the limitations in lifting
capacity for the current jack-up fleet a shift is going on in the type of installation
vessels used for installing the foundations. In previous years the foundation and wind
turbine installation were performed by jack-ups. However, in recent years floating
vessels have become more interesting. First of all, these are capable of lifting the
heavier components. Moreover, they save time as there is no need to jack up the
vessel and therefore are more cost effective and reduce the LCOE [20].

Impact of increasing distance from offshore wind farm to port

In recent years the distance from the installation site towards ports have increased.
This means that the installation costs will increase and that various transportation
strategies and vessels specifications for these strategies need to be reconsidered in
order to stay cost effective [38]. The possible transportation strategies are presented
in section 4.1.

As mentioned before, the choice between these transportation strategies is a combi-
nation between the distance, transit speed of the vessel, and its carrying capacity,
see section 4.1. The carrying capacity is dependent on both the area available for



transporting the cargo and the size of the component. The Pacific Osprey, see figure
4.3, that has similar specifications as the Pacific Orca is originally designed to carry
twelve 3.2 MW turbines. This vessel built in 2012, already received a crane update
in 2020 in order to install and transport turbines of 12 MW. However, the amount of
12 MW turbines it is capable to transport is reduced to 3, because of the increasing
size of these turbines [72].

Reducing the LCOE

The offshore wind market is trying to reduce the LCOE as much as possible to be
competitive with other energy sources. As explained the LCOE can be lowered by
lowering the installation costs by having a vessel that is being cost effective.

An opportunity mentioned in section 3.6 is the installation of pre-installed wind
turbines in order to reduce the amount of lifts and offshore working hours. This
opportunity introduces new types of vessels that are purposely build for this task. An
example is a concept by Huisman Equipment, the Wind Turbine Shuttle. The design
focuses on improving the installation efficiency by having a vessel that is capable of
fast transport and installation. Therefore the design involves the transportation of
two fully-assembled wind turbines at high speed, and a design that has favourable
motion characteristics for the installation process [73].

Figure 4.9.: Wind turbine shuttle [73]

The drive to reduce the LCOE also leads to the fact that owners are pushing towards
more efficient vessels. Research shows that the most optimal vessel in terms of costs
is a vessel that is perfectly fit for the specific foundation, turbine, site conditions,
water depth, and soil conditions. In order to stay competitive in the whole offshore
wind industry and potential other offshore industry, owners prefer a vessel that is as
efficient as possible, but still has some flexibility [49].



Demand and supply

The current offshore wind installation fleet consists out of approximately 137 vessels
of which 82 vessels are jack-up vessels and 55 vessels are heavy lift vessels. Around
61% of the installation fleet is based in Europe while the other 39% of the fleet
is based in Asia, mainly China. At the moment there are 16 jack-up vessel under
constructions of which 8 will be delivered towards the Chinese market, 4 towards the
European Market, 3 towards Japan, and 1 towards the US [8].

The current supply in the European market is sufficient. Worldwide there are only 9
vessels that have the capability of installing turbines exceeding a power rating of 10
MW. Only 4 vessels are capable of installing the 12 MW turbine model announced
[74]. In order to keep up with this increasing demand, it is necessary that more
vessels are built or upgraded in such a way that they can handle these sizes [8][20].

4.4. Current concept development process

The two previous sections describe the need for new and upgraded vessels. The goal
of this section is to get a better understanding of the announced and performed
vessel upgrades, the ordered vessels, and the requirements on which these are based.
In order to accomplish this goal announced upgrades of the current fleet, new vessels,
new concepts, and published design reports will be discussed.

Upgrades for the current fleet

The fast changing market causes a situation in which current vessels are not capable
of meeting the requirements for installing the new wind turbines, as explained in
section 4.3. In order to be able to install these new wind turbines some vessels in the
fleet do receive crane updates in terms of lifting capacity and height. It should again
be remarked that the problem of not reaching a more sustainable lifetime of 25 years
due to the fast developments in the market is a general problem in the offshore wind
industry [10]. See the examples below for some vessels that received an upgrade or
will receive an upgrade:

Aeolus
The Aeolus of Van Oord received a crane update in 2018 just 4 years after its launch
to increase the lifting capacity from 900 to 1,600 tonnes [70].

Blue Tern
This vessel is acquired as the Seafox 5 by Fred. Olsen Windcarrier [75]. The Seafox
5 is originally built in 2012 and received a crane upgrade in 2018 to extend the boom

length to have the capability of installing 6.0 MW turbines in Germany at the wind
farm Merkur [76].

Brave Tern

The Brave Tern, a vessel operated by Fred. Olsen Windcarrier and built in 2013 will
receive a crane upgrade in 2022. This new crane will improve the lifting capacity
from 800 to 1,600 tonnes. The maximum hook height increases to 165 meter above
deck at which it will be capable of lifting 400 tonnes. This prepares the vessel for
the hub heights required for the future 12 MW turbines [77].



Pacific Osprey

A vessel operated by SPO and built in 2013 received a crane update in 2020 resulting
in a lifting capacity of 1,200 tonnes and a lifting height of 132 meters above the deck.
This gives the vessel the capability of installing the recently announced 10, 11, and
12 MW turbines [72].

Ordered and concept vessels

As the current fleet is struggling with installing the new announced 12 MW turbines,
new vessels are ordered that are able to handle these new turbine sizes more efficient
[78]. The new vessels that enter the market and the wide spread of concept vessels
that are announced can be separated in the following four segments: floating vessels,
jack-up vessels, vessels for installing pre-assembled wind turbines, and equipment.

Floating vessel - Alfa lift

Floating vessels that are specifically built for the installation of offshore wind
foundations and component transportation are entering the market. An example is
the Alfa lift from OHT.

The Alfa lift is a vessel that is expected to be operational in 2021 and is specifically
built for installing offshore wind turbine foundations, see figure 4.10. It combines a
semi-submersible vessel design with a large crane of 3,000 tonnes and an available
deck area of 10,000 m?. This gives the vessel the opportunity to transport and install
up to eleven monopiles and transition pieces each having a weight of 2,000 and 400
tonnes. Moreover, it provides the vessel with flexibility in ways that it is also capable
to operate in the oil and gas industry and the heavy transportation market [79].

Figure 4.10.: Alfa lift [79]

Jack-up vessel - Voltaire

The design of the current operating jack-up vessels has improved to handle the new
increased turbine sizes. An example of a future jack-up vessel is the Voltaire ordered
by Jan de Nul.

This vessel, designed to install both foundations and wind turbines is scheduled to
be delivered in 2022, see figure 4.11. The vessel is designed in such a way that it can
work in deeper waters of up to 80 meters, can lift the turbines to higher heights of
165 meter above water level, and is capable of handling weights of 3,000 tonnes [80].
These specifications are a large increase when comparing this vessel with the current
state of the art vessels described in table 4.1.



Figure 4.11.: Voltaire [81]

Vessel for pre-assembled wind turbines - Wind Turbine Shuttle

More vessel concepts are being published that have the capability of installing fully
pre-assembled wind turbines. An example of a concept that has these capabilities is
the Wind Turbine Shuttle by Huisman Equipment that has been introduced earlier
in this report, see figure 4.9.

As explained the Wind Turbine Shuttle is capable of installing and transporting two
fully assembled wind turbines. By reducing the amounts of lift offshore and having a
transit speed of 14 knots it is capable of increasing the installation efficiency [73].

Equipment - Offshoretronic

Various types of equipment are introduced in the offshore wind market in order to
increase the efficiency of the lifting operations and the installation process in general.
An example is an add on developed by Offshoretronic.

Offshoretronic has developed an add on for one of their vessels which gives the vessel
the flexibility of both installing and transporting foundations (without add-on) and
fully-assembled wind turbines (with add-on, see figure 4.12) [82].

Figure 4.12.: Concept design offshoretronic [82]



Research in future offshore wind installation vessels

Only a limited amount of information is publicly available regarding research about
future offshore wind installation vessels.

A first research is carried out under project LEANWIND. This project has the goal
to reduce the life cycle costs of an offshore wind farm and is a collaboration between
European industry and various academical partners [34]. The design approach used
in this report is the design spiral. However, the design spiral approach does not
contain a requirement definition phase [83]. Therefore, four different wind farm sites
are determined in this research based on the input of the various industry partners.
At each of these sites a suitable foundation type and wind turbine is selected,
which together define the requirements for the future vessels [49]. Based on these
requirements, the current fleet, and the current known technological developments
three concepts have been generated [34]:

« FTILJ: a jack-up specialised for the transport and installation of foundations
« WTIJ: a wind turbine installation and transportation jack-up

« FTIV: a floating vessel for the transportation and installation of foundations

Another approach that is being used to define new concepts for the offshore wind
installation market is to design a vessel for a specific installation method. Examples
are two reports that describe solutions for the installation of fully-assembled wind
turbines in order to have a more efficient installation process [37][84]. Both reports
indicate that an expected size and weight for future offshore wind turbines is selected
for which the vessel is designed. The final design proposed by Hoogendoorn involves
a semi-submersible with an adapted aft on which two cranes are installed, see figure
4.13. Krishnakanth proposes to use a small waterplane area twin hull (SWATH)
vessel for the installation of fully assembled wind turbines.

|

Figure 4.13.: Parallelogram wind turbine installation vessel [37]



4.5. Conclusion

In this chapter the current offshore wind installation fleet is discussed and the impact
of the changing offshore wind market at these vessels. By combining the findings in
this chapter and chapter 3 an answer on the first sub question can be given: How s
the offshore wind industry evolving and what is the impact at the requirements of the
current type of installation vessels? From sections 3.5 and 3.6 it can be concluded
that the offshore wind industry has changed in recent years and is expected to change
further in the next years. Apart from future technological opportunities such as
floating wind turbines and fully pre-assembled wind turbines these changes are visible
in the increasing turbine sizes and the increasing distance from wind farm to port.
In recent years the power rating of the wind turbines has increased from a maximum
of 3 MW in 2010 towards 12MW in 2021. The impact of this increase is that the
hub heights at which the components need to be installed by the installation vessel
increases to a height of 119 meters. At the moment there are only 4 vessels capable
of installing the announced wind turbines having a power rating of 12 MW. The
increase in distance from wind farm to port indicates that the installation vessels
need to travel larger distances, which increases the installation costs. Additionally,
the increasing component size cause a decreasing transportation efficiency as less
components can be carried in one trip.

From the analysis in this chapter it can be concluded that the current offshore wind
fleet needs to be expanded because of the increasing demand for more installation
capacity and the harder requirements because of the wind turbine developments.
The changes in the offshore wind market are going at such a pace that the life time
for vessels reduces from 25 to 10 years or even less. At the moment there are no
clear guidelines available for designers to face this problem. This is a gap in the
literature which need to be solved in order to prevent under and over designing the
vessels. It can be concluded that the design reports available use as starting point
a static situation. They choose one specific wind farm or one specific installation
method. However, more insight can be given in the trade offs in the ship design
when a dynamic input situation is used.
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Methodology

From the problem definition it can be concluded that the focus of this research
is to create a framework that provides the ship designer a better insight in the
impact of the changing market on the future design of offshore wind vessels. It is of
importance to select a design approach that contains both an analysis of possible
future vessel requirements and vessel concepts. A commonly used design approach is
the ship design spiral, which visualizes the design process. However, this method only
describes how the design process should be, not what the requirements for the vessel
should be [83]. An approach that does take into account the requirement definition
and concept designs in its design approach is systems engineering [83]. This method
is very suitable to get more insight in the future aspects of wind turbine installation
vessels.

This chapter will introduce systems engineering and describes how systems engineering
will be applied in this research. First of all, the systems engineering process will
be described in section 5.1. Afterwards section 5.2 will give the implementation for
systems engineering in this research. Section 5.3 discusses the conclusion of this
chapter.

5.1. Systems engineering process

In order to get a better understanding of the requirements of the vessel design
systems engineering uses a system thinking approach. This is an approach that solves
problems by taking a holistic approach, it sees problems as a component of a bigger
system and investigates the relationships within this system [83]. By investigating the
system the objectives of the vessels are discovered. These objectives are then used to
define the necessary vessel functions and the environment in which the vessel should
be capable to carry these out. This is used as input for the vessel requirements.

In systems engineering approach three main parts can be identified [85], see figure
5.1:

+ Concept development: In this phase the problem is analysed using the
systems thinking approach. This results in system functional specifications
(a set of requirements for the design in order to comply with the needs) and
defined system concepts.

« Engineering development: This phase ensures a proper transformation from
concept design towards a feasible detailed design that meets all the requirements.
Resulting in the system production specifications and the production system.

« Post development: Involves the production, the commissioning, the opera-
tion, and the support of the final design. By delivering the installed operational
system and its operations and maintenance documentation as output.
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Figure 5.1.: Systems engineering process [85]

In this research the focus will be on the first stage of systems engineering, the concept
development stage. It will only focus on this stage because it meets the goals defined
in this research. First of all, it is capable of handling the changes in the offshore
wind market as inputs. Secondly, the output of this stage is a set of functional
specifications which can be used in combination with the input to analyse the impact
of the market changes at the installation vessel requirements.

Concept development
The concept development phase consists out of three separate stages, the needs
analysis, the concept exploration, and the concept definition stage [85], see figure 5.2:

+ Needs analysis: the input values for the needs analysis are operational
deficiencies (for example the growing wind turbines that impose a deficiency
for the current installation fleet) and technological opportunities (for example
the introduction of floating wind turbines). These inputs are used to define
the system operational effectiveness (the objectives that the design should
accomplish) and system capabilities (it is feasible that there is a system that
accomplishes the objectives).

« Concept exploration: In the concept exploration phase the output of the
needs analysis, the operational effectiveness, is used as input to explore possible
concepts that provide a solution for the defined problem (for example various
vessel designs that all meet the objectives). Based on the concept exploration a
set of candidates that solve the problem will be given as output. Additionally,
the operational effectiveness input will be used to create more detailed set of
requirements by involving the requirements of subsystems (for example the
requirements for the crane on the vessel instead of the general objective that
the vessel should be able to lift cargo).

« Concept definition: This phase of the concept development is about the
analysis of the different candidates from the concept exploration phase. A
set of defined functional specifications will be used to give an insight in the
performance of each candidate. The performance assessment makes it possible
to select the most suitable candidate for this problem.
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Figure 5.2.: Concept development process [85]

5.2. Research approach

The approach of this research will follow the first two stages of concept development
mentioned in section 5.1. The offshore wind market is the driving factor behind
the operational deficiencies and technological opportunities due to the developments
mentioned in section 3.5 and 3.6. These development are the increasing turbine
size, the increase in distance between wind farm site and port, the increasing
water depth at site location, the possible introduction of floating foundations, and
the introduction of integrated turbine and foundation installation. In the needs
analysis, these developments will be used to define the methodology to predict
future requirements, a key performance indicator (KPI) depending on the selected
stakeholder, and a baseline design for the parametric model. Using a baseline design
can poses restriction on the exploration of the design space, as only a limited space
around this baseline design will be explored. Therefore, a pre-concept exploration will
be conduced in order to select the baseline design. During the concept exploration
stage the selected scenario modelling method, Epoch-era analysis, is used to predict
a set of possible requirements which change over time. Additionally, a parametric
model is used to generate a set of concept vessel designs. Finally, the similarities
and differences between the concept designs for each set of future needs are analysed.
The goal of this analysis is to generate more insight in the impact of the changing
offshore wind market at the installation vessel design. For a schematic overview of
the research approach, see figure 5.3. For a more detailed description about the
method selected for predicting the future requirements see chapter 6. A description
of the parametric model is available in chapter 7.
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5.3. Conclusion

This chapter provides an answer on the following sub question: How can systems
engineering support the designer in defining the important requirements that need to
be predicted? The system thinking approach that is involved in systems engineering
forces the designer to take a holistic approach when investigating the offshore wind
market. By investigating the offshore wind market and the way installation vessels
interact with this market using the systems engineering method, the needs of the
offshore wind market can be identified. These needs are related to a set of objectives
that the offshore wind installation vessels will need to accomplish. The objectives
that need to be fulfilled can be translated into the important requirements for the
offshore wind installation vessels.
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Predicting requirements

The purpose of this chapter is to select a method to help determine possible future
requirements for offshore wind installation vessels. First of all, the difference between
forecasting and scenario modelling, two types of future prediction, are discussed in
section 6.1. Secondly, the different steps for scenario generation will be given in
section 6.2. Then, the main variables and their corresponding level of uncertainty
are described in section 6.3. Section 6.4 will include an overview of various scenario
modelling methods and the choice for the scenario modelling method that will be
applied in this research. The application of the chosen scenario modelling method is
described in 6.5. Finally, a conclusion of the chapter is given in section 6.6

6.1. Forecasting and scenario modelling

The future can be characterised as being uncertain, it is not possible to predict the
future for one hundred percent correctly. However, there are methods available that
can help predicting future events in order to aid the decision making process [86].
There are two main types of prediction methods that can be characterised:

» Forecasting is applied in regions where the probability of future events can
be determined based on historical data. In this type of scenario modelling it is
assumed that the behaviour structure of the system stays similar over the next
years. Therefore, the goal of forecasting is to use historical events to predict
the most likely future [87].

» Scenario generation operates in areas where the behaviour structure of a
system does change and no statistical data is available to define probabilities
for future events [87]. The aim of this method is to construct a set of possible
futures that are relevant for the strategical decision to make [88]

The region in which forecasting (F) and scenario generation (S) do operate are made
visible by Van der Heijden [87], see figure 6.1. Figure 6.1 shows that when trying
to predict further in the future, uncertainty increases and predetermined events
decreases. It shows that forecasting can be used best for short-term prediction, while
the strengths of scenario generation relates to the long-term prediction. Finally,
an area is defined after which predicting the future will not provide any beneficial
information (H).
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Figure 6.1.: Forecasting and scenarios [87]

One of the sub goals of this research is to get a better understanding of the future
requirements of the offshore wind installation vessels. As explained in sections 3.4
and 3.5 the offshore wind market can be defined as a complex market due to the
many technological, political, and regional changes that take place. Van der Heijden
mentions that when the complexity of a market or system increases, the time in
which the structural behaviour can be assumed to be constant reduces [87]. So,
forecasting becomes less applicable as this method assumes a constant structural
behaviour. Additionally, another sub goal is to better inform the naval architect
in order to prevent under and over designing the vessel. Scenario generation can
support this goal as it provides insights for future strategies and design choices. This
is possible because this method creates an overview of different possible scenarios
which can be used to test various aspects of strategic decisions such as robustness,
effectiveness, and reliability [89].

To conclude, scenario generation will be used in this research to predict the future
offshore wind market in which the offshore wind installation vessels have to operate,
as this method best aligns with the sub goals defined in section 2.2.

6.2. Scenario modelling approach

There are different descriptions available for the process of generating scenarios.
An abstract description based on the definition by Mifller-Behr is given by Kosow
and GaBner [89] and will be used in this research as guideline for building different
scenarios, see figure 6.2.
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Figure 6.2.: Steps scenario generation [89)

The approach follows the following steps [89]:

1. Scenario field identification is the step in which the purpose of the scenario
modelling is determined. In this research the purpose is to get more insight
in the design aspects of the future offshore wind installation vessels in order
to be competitive and cost effective in the offshore wind market, as defined in
section 2.2.

2. Key factor identification involves the selection of a set of key factors such as
variables; trends, or developments that have the biggest likelihood to influence
the future and can be used during the process of generating scenarios. The key
factors that are selected for the scenario modelling are turbine size, distance
from wind farm site to port, and water depth, see sections 3.5 and 3.6.

3. Key factor analysis concerns the analysis and definition of the possible values
that the selected key factors can have in the future. A high level analysis of
these key factors is presented in section 6.3.

4. Scenario generation is the step in which a scenario generation method is
selected based on the characteristics of the input values and the objective of
this research. Afterwards it is combined with the boundaries and key factor
variable ranges defined in the previous steps to generate a set of scenarios. The
selection of the scenario generation method will be addressed in section 6.4,
and its application in section 6.5.

5. Scenario transfer is the last phase in which the created scenarios will be used
for the assessment of the performance of different vessel designs, see section
6.5. The execution and results of this steps will be discussed in detail during
the case study in chapter 8.



6.3. Key factor analysis

The key parameters that will be used as input for the scenario modelling method
are selected from the trends and technical developments defined in section 3.5. The
selected variables are:

o Turbine size and weight
o Distance from offshore wind farm to port

o Water depth at offshore wind farm location

These variables are selected as they tend to be varying over the next years and are
related to the different vessel requirements such as crane capacity, crane height, vessel
stability, and transit speed [49][41]. During the key factor analysis the possible range
and therefore uncertainty of each input variable will be determined. The uncertainty
definition as published by Marchau et al. [90] will be used in this research, see figure
6.3.

In a situation in which the future is perfectly known it is labeled as complete certainty.
Level 1 indicates a situation in which the future is clear enough and no prediction
method is necessary. Level 2 describes an uncertainty in which the future can be
described using probabilistic data, which are being used in forecasting methods.
Level 3 indicates an uncertainty in which there is a bounded set of options which
cannot be given an probability. Level 4 relates to deep uncertainty and is split in to
level 4a (many options but the bounds can be guessed) and 4b (many options but
there is a lack of knowledge to determine a bounded region). The last level indicates
total ignorance of the uncertainty.

Complete Level 1 Level 2 Level 3 Level 4 (deep uncertainty) Total ignorance
determinism Level 4a Level 4b
Context (X) A clear enough Alternate futures (with | A few plausible | Many plausible Unknown future
future probabilities) futures futures *
A :: ® -
; \ <+ -»>
System model A single A single (stochastic) A few Many Unknown
(R) (deterministic) system model alternative alternative system model;
system model system models system models know we don’t
know
System A point estimate | A confidence interval A limited range | A wide range of | Unknown
outcomes (O) for each for each outcome of outcomes outcomes outcomes; know
outcome we don’t know
Weights (W) A single set of Several sets of weights, | A limited range | A wide range of | Unknown
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Figure 6.3.: Levels of uncertainty [90]

Turbine size and weight

In recent years an increase in maximum turbine size has taken place, from 3 MW
in 2010 towards 12 MW in 2021 [7]. As discussed in section 3.5 it is expected
that this increase will continue towards 15-20 MW in 2030. However, as figure
3.9 indicates, the exact power rating and size at that time will depend on the
technological developments. As mentioned by Rosenberg technological development
is a process in which a lot of uncertainty is involved and in which development time



can vary a lot between different innovations [91]. There are researches available
that do assign probability to these technological developments. An example is a
research by Kana et al. in which probability is used to assess if a container vessel
should switch towards LNG under the uncertainty of possible future regulation [92].
Another example is a research by Zwaginga in which probability is used to model the
uncertainty in the offshore wind foundation installation market [93]. In this research
there will not be given probabilistic values to the technological developments. This
choice has been made as it gives designers the opportunity to involve out of the
box situation that can be helpful for future strategies and design choices. In this
research a bound will be defined for this variable and it will be modeled as a level 3
uncertainty.

Distance from offshore wind farm to port

The distance from offshore wind farm to port depends on the selected location of the
wind farms, and the ports that can be used by the installation vessels.

The selection of the wind farm location is carried out by the national authority
[94], while taking in consideration other sea users as defined in the maritime spatial
planning (MSP) [95]. These MSPs can vary over time and therefore introduces
uncertainty about future locations. An example is the MSP of the Dutch government,
which will be revised once every 6 years [96]. As indicated in section 3.4 offshore
wind will become one of the important sustainable resources in the future. Many
countries are expanding their plans of installing offshore wind farms, which introduce
new site locations [7].

Policy can have an impact at the distance from offshore wind farm to port as well.
An example is the Jones Act in the USA. This law prevents installation vessels built
outside the USA to pick-up materials in a USA port, which means that a feeder
concept has to be used or the vessel has to use ports in surrounding countries [97][98].
Finally, as mentioned in section 3.6 the introduction of floating foundations will
open up even more accessible locations for offshore wind which introduces additional
options regarding the distance towards port.

To conclude, there are many aspects that determine the distance from the offshore
wind farm to port, all adding uncertainty. This uncertainty is so high that no small
set of options can be defined, therefore this variable is defined to be level 4.

Water depth

As mentioned in section 3.5 the average water depth at which wind farms are
installed is growing during recent years. However, figure 3.13 shows that there is
a wide spread around this average, which indicates that there are a lot of different
water depth options. These set of options will possibly grow even further with the
introduction of floating wind turbines that do not have the water depth limitations
that fixed foundations have, see table 3.2. It should be remarked that technological
developments have impact on these limitations and could push the water depths
even further. To conclude, for fixed foundations it is possible to define a bound of
water depths. But the options within this bound are still endless. Therefore, this
variable can be identified as level 4.



6.4. Selection scenario modelling method

The purpose of the application of scenario modelling in this research is to get a
better understanding of the possible future requirements offshore wind vessels will
face. To accomplish this goal, the scenario modelling method applied should comply
with the following requirements:

« It should be capable of handling non-probabilistic input variables (uncertainty
of level 3 and higher)

» It should be capable of handling dynamic uncertainties over time because of
the changing market

» The method should explore the uncertainty space to get a better understanding
of the possible future changes in the market.

» The output should aim for a robust main vessel

« The output must be able to assess flexible vessel equipment such as a crane

Various methods are available that can be used to generate future scenarios. Examples
of possible methods that can be applied in this research are listed below [90][99]:

« Epoch-era analysis (EEA)

+ Engineering option analysis (EOA)
« Info-gap decision theory (IG)

« Markov decision process (MDP)

« Robust decision making (RDM)

+ Real option analysis (ROA)

Out of the above mentioned methods RDM and EEA are selected for further analysis
regarding the applicability in this research. EOA is not selected as the main purpose
of this method is to assess the implementation of flexibility over the lifetime of a
design instead of aiming for a robust design in the first place. The info gap method
is not applied as this method handles very high levels of uncertainty related to level
4b. When applying this method a risk is taken that the outcomes are not adding
information to the objective defined. Finally, MDP and ROA are not selected as these
two methods do not comply with the requirement of non-probabilistic input variables
[90]. For a comparison between RDM and EEA see the following subsections.

Robust decision making

RDM is a method that uses various processes and computational tools to define a
myriad set of scenarios which are used to stress test a set of proposed designs [90] in
order to select a robust design. An example of this method in the maritime industry
is a research by Teriin, that applies RDM in order to get more insight in a robust
ultra large container vessels design for alternative fuel types [100].



Epoch-era analysis

EEA creates different scenarios by constructing different time lines (era’s) using a
set of different short term time lines (epoch’s) that are connected to each other. By
applying this method EEA involves both short and long term uncertainties in the
generation of different scenario’s [101]. Gasper et al. did apply EEA in the maritime
industry to design an Anchor Handling Tug Supply vessel [102].

Scenario method used in this research

An comparison between EEA and RDM has been carried out by Moallemi[101]. The
main difference identified between the two methods are:

+ Goal of the method: The goal of RDM is to get more insight in the most
robust design over a variety of scenarios. A second aim of RDM is the analysis
of potential weaknesses in the proposed designs, by stress testing these designs.
EEA on the other hand has as goal to find an optimal design that provides the
most robust performance over its lifetime while facing dynamic uncertainties,
such as changing requirements. Additionally, EEA is also being used for
assessing the impact of adding flexibility in the design.

To conclude EEA focuses more at finding an optimal robust design while RDM
does focus more at robustness and identifying possible threats of a design.

« Handling uncertainty: The main difference between EEA and RDM is that
EEA uses short and long term uncertainties which makes it possible to have
dynamic uncertainties over the life time of the design. RDM on the other
hand only has a fixed uncertainty space during the life time of the design.
Moreover, there is a difference in the levels of uncertainty these models do
handle. RDM can handle level 4b uncertainties, while EEA handles situations
in which parameters have probabilistic inputs (level 2) or bounded inputs (level
3 and 4a).

+ Experts opinion: Both methods involve stages where the opinion of the
designer is used. RDM uses this opinion in the first step of the process where
the objectives, a set of design solutions, and uncertainty variables are selected.
EEA uses the opinion of the designer when selecting the range of the input
variables for the system and during the construction of the various era’s by
defining so called consistency rules [102].

When comparing the differences of the methods and the objective of this research
EEA is selected as method to be applied in this research. First of all both methods are
capable meeting the requirements regarding the ability of handling non-probabilistic
input variables, the exploration of the uncertainty space, and an output that focus
on robustness. However, a difference between the two methods occurs regarding the
handling of dynamic uncertainty over time and the possibility of having a flexible
concept design. EEA is capable of accomplishing these two objectives, while RDM
is not. The fulfilment of these two objectives is of importance to cope with the
dynamical aspect of the offshore wind market.



6.5. Application of Epoch-era analysis

The EEA method is selected as scenario generation method in this research. By
combining the scenario modelling approach provided in section 6.2 and the EEA
steps described by Curry and Ross [103] the following necessary EEA steps are
identified for this research.

o Defining epochs: values will be assigned to the identified key uncertainties in
order to indicate the state of that uncertainty in a specific epoch. For example
the amount of MW of an offshore wind turbine.

o Generating eras: in this phase various potential epoch combinations will
be analysed in order to define various eras. This analysis and construction
of various eras can be conducted using statistical models or knowledge from
experts [104].

« Epoch and era analysis: analyse the performance of the generated designs

in the various epochs and eras. There are two forms of analysis that can be
applied [103]:

— Single: analyse the design in a specified epoch or era

— Multi: use a set of epochs or eras to analyse the proposed designs

The application of the above mentioned process is visualized in figure 6.4. In this
example two key uncertainty factors power rating turbine, and distance to farm
are given together with a set of states. The combination of the states of the two
uncertainty factors generate 9 unique epochs, which are labeled in figure 6.4. By
combining the various epochs a set of eras can be generated, see eras 1, 2, and 3 in
figure 6.4.
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Figure 6.4.: Epoch to eras - Based on a figure by Gaspar et al [105]

During the analysis the performance of the vessels will be assessed in the defined
epochs and eras in order to assess the vessel performance in the changing environment.



This assessment is based on the costs of the vessel in each epoch. In order to determine
the performance of the vessels over a certain era, the costs in each epoch is added
together to determine the total costs of a vessel over a whole era [102], see equation
6.1.

Oera = Uepoch 1 + C’epoch 2+ Cepoch?) (61)

where: C/,, ..+ = Costs of component 'name’ [€]

6.6. Conclusion

The information discussed in this chapter answers the following sub question Which
scenario modelling method can be applied to predict a set of possible future require-
ments for offshore wind installation vessels? During this chapter advantages and
disadvantages of various scenario modelling methods have been compared. After
this comparison it has been concluded that EEA will be used as scenario modelling
method in this research. Another sub question that is partially answered in this
chapter is the following: How can the performance of a concept installation vessel
being assessed for the different sets of scenarios? In this chapter it is shown that a
scoring system that is based on the costs can be used to assess the performance of
the concept designs.



This framework is capable of
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Model

This chapter will introduce the model that is being proposed as part of the method-
ology to provide insight in the future offshore wind installation vessels. One of the
goals of this chapter is to provide insights in the generation of a set of vessel designs,
which helps answering the following sub question: Which method and variables
can be used to generate offshore wind installation vessel concept designs? Another
goal is to elaborate on the answer given in chapter 6 concerning the following sub
question: How can the performance of a concept installation vessel being assessed
for the different sets of scenarios? In order to answer these sub questions the model
structure and input variables are first discussed in section 7.1. The following sections
7.2 till 7.7 discuss the various components of the model. Finally, section 7.8 gives an
answer on the two sub questions. The verification and validation tests of the various
sub components in the model can be found in appendix A.

7.1. Model structure and input variables

The main purpose of the concept exploration phase is to transform the scenario
characteristics from the scenario model, such as power rating and water depth towards
a set of good performing vessels in terms of costs using a parametric model. The
variables that are used to perform the above mentioned step are summarized in table
7.1.

Table 7.1.: Source of chapter pictures
Model level Variables
Scenario model Power rating turbine
Water depth
Distance to port
Amount of cargo
Region
Exploration model | Length, Beam, Depth
Crane capacity
Ship speed
Transport strategy

The model used in the concept exploration phase consists of two stages, a preparation
stage and an exploration stage, see figure 7.1. In the preparation stage the turbine
power rating and the water depth are used to determine the cargo properties. These
cargo properties are of utmost importance for the parametric model as these define
the objects that the offshore wind installation vessels should be able to handle. For
more details regarding the definition of the cargo properties see section 7.2.



The exploration stage consists out of a beforehand determined set of input variables,
a parametric model that translates the design variables towards vessel performance,
and a module for analysing the vessel performance.

Preparation

Main input

Power rating turbine
Water depth
Distance to port
Amount of cargo

Parametric model input

Power rating turbine
Water depth
Distance to port
Amount of cargo
Region

Cargo size
Cargo weight

Region
v

Determination of cargo

. >
properties
Exploration
Design variables Y Performance
> Parametric model
Length Costs
Beam
Depth
Crane capacity
Vessel speed I -- Analyse «—
Transport strategy
Y
Main output

Design variables
Costs

Figure 7.1.: Overview model

An overview of the parametric model as defined in figure 7.1 is given in figure 7.2. As
mentioned before, the goal of the parametric model is to determine the performance
of the different vessel designs in each scenario. This performance will have to be
assessed based on the costs related to building and operating the specific vessel
design in a certain scenario. To determine the vessels costs the following necessary
sub components are identified:

Ship model: to specify the ship properties necessary for the other sub com-
ponents, see section 7.3

Mission constraints: assess if the vessel can carry out the project, see section
7.4

Transport: determines the necessary transport time of the vessels used in the
project, see section 7.5

Operability: defines the installation time and idle time of the vessels involved,
see section 7.6

Cost calculations: a module that determines the vessel build costs, general
operational costs, and voyage expensive costs related to the project based on
the operational profile (transport, installation, and idle time) of the vessel, see
section 7.7.



e Analyse: this component analyses the results from the parametric model in
order to select the vessel having the lowest costs according to the equation also
described in section 7.7.

Parametric model input Mission constraints -
If fail: add penalty
Power rating turbine Stability @~ === e e e e e e e e e e e e e e m e e e e e e E e mE e — - - - - 1
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Dea(fi\(\/eight ) » Transport time installation vessel !
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Resistance A A 4
Power estimation Costs
Engine configuration
Deck space CAPEX
Crew > OPEX
Crane properties VOYEX
Design variables Lemmm e Al < Performance
Length Costs
Beam ¢
Depth Main output
Crane capacity
Vessel speed Design variables
Transport strategy Costs

Figure 7.2.: Overview parametric model

7.2. Cargo properties

The main goal of the preparation stage is to transform the power rating and the
water depth towards cargo size and weight. In the case study monopiles will be used
as cargo, and therefore this section will focus on the monopile properties. Other
cargo types have not been implemented in this model. First of all the length of the
monopile is determined based on the water depth, see equation 7.1. This equation is
a linear trend line that is based on a data set published by Negro et al. [106].

LmanOpile =1.65- Twater +21.3 (71)

where: Ly, onopile = Length monopile [m], and Tyater = Water depth [m]
The width of the monopile on deck depends on the power rating of the turbine and an
additional width to incorporate the seafastening, see equation 7.2. In this equation

a value of 1.25 is used as ratio between the turbine power rating and the monopile
diameter [107].

Prurvi
Bmonopile == %’gﬂe + Badd (72)
where: B, onopile = Monopile width on deck [m], and Py ypine = Turbine power rating [MW] B, 44 = Additional width sea fastening
[m)
After determining the length and width of the monopile on the deck, the weight can
be determined by assuming an average wall thickness of 100 mm [108] and applying
equations 7.3, 7.4 and 7.5.



Amonopile =T (7“2 - T2 ) (73>

monopile monopile—wallthickness

Vmonopile - Amonopile : Lmonopile (74>

”monopile = Vimonopile * Psteel (75)

where: Ay, onopile = Surface area top of monopile (m?], T'monopile = Radius monopile [m], Vi onopile = Volume monopile [m3],
Lionopile = Length monopile [m], Wy, onopite = Weight monopile [mT], and pgtee; = Density steel [mT/m3]

7.3. Ship model

This is a model component that defines vessel characteristics such as: geometry,
lightweight, deadweight, stability, resistance, power estimation, engine configuration,
deck space, crew, and crane. In order to assure that plausible input variables are
used when generating the set of vessels, the Aegir a Heerema Marine Contractors
(HMC) vessel is used as reference vessel.

Geometry

In the geometry module different geometry characteristics of the vessel are determined.
These characteristic are necessary as these will be used as input for other components
in this model.

Draft, freeboard, and displacement

The first characteristic is the vessel draft. In this research two different drafts are used,
the draft during transit and the draft during lifting. The draft in these two situations
is defined as a percentage of the selected vessel depth. During this research it is
assumed that the trim of the vessels is zero. It is assessed whether or not the vessel
has enough freeboard available to comply with the freeboard regulations according to
the ICLL 1966 [109]. If a certain draft does not provide enough freeboard, the draft
is adapted in such a way that the vessel does comply with the freeboard constraint.
Based on the main dimensions of the vessel and the vessel draft, the displacement in
the transit and lifting condition is calculated using the relation described in equation
7.6

V=L-B-T-C (7.6)

where: V = Displacement [m3], L = Vessel length [m], B = Vessel beam [m], T = Vessel draft [m], and C;, = Block coefficient [-]

Hull characteristics

In order to calculate the vessel resistance an indication of the mid ship, waterplane
area, and prismatic coefficient are required. Empirical methods are used to estimate
these necessary coefficients, see equations 7.7 [110], 7.8 [111], and 7.9 [112]. The
calculation of the resistances will be described later in this chapter.

1
On = T a— oy (7.7)
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Cup = — (7.8)
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“=1B.7.C, (79)

where: C,, = Midship coefficient [-], C; = Block coefficient [-], Cip = Waterplane coefficient [-], V = Vessel displacement [m3], L

= Vessel length [m], B = Vessel beam [m], and T = Vessel draft [m]

The wetted area of the vessel design is calculated using the approach described by
Holtrop and Mennen [113]. For the longitudinal location of buoyancy a fixed number
is selected based on the reference vessel Aegir.

Vessel components

Apart from the main dimensions information regarding accommodation, deck, and
bow size are of importance. First of all, to assess the transport capabilities of the
vessel. Secondly, to determine the wind area of the vessel for resistance during
transport and for counteracting external wind force during DP situations. The sizes
of these various components are based on the dimensions of these components on the
Aegir and are scaled with the vessel length and the crane capacity. The application
of the accommodation size in the calculation of the resistance, external wind force,
and carrying capacity will be discussed later in this chapter.

Lightweight and deadweight

The calculation of the lightweight services two purposes. As part of the vessel costs,
because the vessel costs are very much related to the weight of the ship and its
components [114]. Secondly, to estimate the amount of weight the vessel can carry
as cargo.

A first insight in the vessel lightweight can be generated using the vessel length,
beam, and depth. However a more accurate result can be found by for example
estimating the weight separately [114]. In this research the choice has been made to
use a more accurate estimation of the vessel weight and related costs by splitting
the various weight components of the vessel. Input data for this approach has been
based on data provided by Royal IHC [115]. Using the provided data the following
weight components are identified:

o Hull

o Outfit

« HVAC

e Accommodation
o Electrical systems

o Machinery

Based on the input data from Royal IHC and the ship design variables length, beam,
depth, person on board, and installed power a weight estimation of the various



components is calculated. All the components together form the lightweight of the
vessel, see equation 7.10.

nghtwezght - WHull + WOutfit + WHVAC + WAccommodation

7.10
+WE‘lectrical5ystems + WMachinery ( )

where: W, ., = Weight of component 'name’ [mT]

The second purpose of the determining the vessel lightweight is to calculate the weight
the vessel can carry (deadweight). The deadweight is calculated using equation 7.11,
in which the displacement is the maximum displacement during transit condition.

Deadweight =V - pyater — Ligthweight (7.11)

where: V = Displacement [mg], and pyater = density water [mT/m3]

Stability

Sufficient stability of the vessel is necessary to keep it floating up right, during both
sailing and installation. Due to the importance of the stability for these type of
vessels and the need for determining a detailed GZ curve an approach has been
selected that involves the application of the software DAVE [116]. DAVE is a program
that can be used to determine the stability of the vessel by using a mesh of the hull
and the COG of the various vessel and monopile components.

Hull shape

For this research a basis hull shape is being used to create a variety of desired hull
shapes. The hull of the Aegir is used as basis for the mesh that is being scaled
towards the various desired vessel dimensions. For the used mesh, see figure 7.3.

Figure 7.3.: Mesh of hull shape

Center of gravity

The center of gravity of the vessel is an important input value for determining the
stability of the vessel. In this research the center of gravity of the lightweight, the
crane, the anti heel tanks, the wing tanks, the center tanks, and the load has been
taken into account, see figure 7.4. The center of gravity location of the various
components is based on the Aegir and scaled according to the size of the vessel design.
The vertical center of gravity (VCG) of the lightweight and tanks are scaled using
the depth of the vessel. It is assumed that the transverse center of gravity (TCG) of
the lightweight and the center tank is zero. The transfers location of gravity for the
wing and heel tanks is assumed to scale with the width of the vessel. The size of the
crane is not scaled. Therefore, the center of gravity of the crane and the load is only
moved in order to assure that the bottom of the crane is placed on the deck of the
vessel.
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Figure 7.4.: Center of gravity of vessel components

Ballast

Ballast is used to influence the heel and the draft of the vessel during transit and
lifting. The ballast system of the vessel is modeled out of three compartments, the
anti heel tanks, the wing tanks, and the center tanks, see figure 7.5. The capacity of
the various tanks are scaled based on the length, width, and depth of the vessel. The
anti heel tanks are a type of tank in which a port side and a starboard side ballast
tank are connected. The amount of water in these tanks cannot be changed, only
the distribution of the water over the two tanks. The other tank types, the wing
and center tanks can be filled.

Wing tanks Anti heel tank Wing tanks

Center tanks

Wing tanks Anti heel tank Wing tanks

Figure 7.5.: Ballast tanks

The ballast process is carried out in two stages. In the first stage an attempt is made



to bring the vessel to a position in which the heel is zero. The second stage uses
ballast to bring the vessel to the required draft.

The first step in reducing the heel of the vessel is the application of the anti heel
tanks. Equation 7.12 is used to determine the combined TCG of the anti heel tanks.
This required TCG indicates the distribution of weight between the two tanks, see
equation 7.13, and 7.14.

TCGship . Wship + TCGload : I/Vloacl

TCGheet = — (7.12)
Wheel tanks
W . TCGheel tanks * Wheel tanks — TCGheel starboard * Wheel tanks 1
heel port — TOG TCG (7 3)
heel port — heel starboard
Wheel starboard — Wheel tanks — Wheel port (714)
where: TCG/,, ..,/ = Transfers center of gravity of 'name’ [m], and W, , ., = Weight of component 'name’ [mT]

If adapting the anti heel tanks does not bring the heel of the vessel to zero degrees,
the wing tanks will be used in accordance with equation 7.15. If the vessel still
experiences heel after using the full capacity of the available tanks the vessel will
find an equilibrium in which it experiences heel.

o _TCGsh'lp : Wship - TCGheel tanks * Wheel tanks — TCGload : I/Vloowl
Wwing port — TOG
wing port

(7.15)

where: TCG/,,,.,.s = Transfers center of gravity of 'name’ [m], and W, . = Weight of component 'name’ [mT]

For the next stage the wing tanks and the central tanks are used. First of all the
required additional weight is determined to bring the vessel to the selected draft
using equation 7.16.

Wrequired for draft — A Pwater — Wship - Wheel tanks — Wwing tanks — I/Vload (716)

3

where: V = Displacement [m®], pyater = Density water [mT/mS], and W/, ; = Weight of component 'name’ [mT]

name

The first tanks used for drafting the vessel, are the wing tanks. In order to bring the
vessel to its required draft without introducing a new heel, it is of importance to fill
the wing tanks in such a way that the total TCG of the vessel stays zero. Therefore,
both port and starboard side will be filled with the same amount of ballast. The
available ballast in these tanks after the heeling stage is determined using equation
7.17.

Wwing available — 2 : (Wwing max ~ Wwing port) (717>

where: W, ., = Weight of component 'name’ [mT]

The center tanks of the vessel will be used if additional ballast is required after
having fully loaded the wing tanks. Finally, the new TCG and VCG of the vessel is
determined based on the defined ballasting plan which is used for calculating the
stability.



Stability calculations

As mentioned above the software package DAVE is used to assess the stability of the
vessel designs. DAVE is used to calculate the carene table for the lifting and transit
draft. Additionally, the program is use to determine the GZ curves of the vessel.
The carene table is created by ’cutting’ the vessel at different drafts and calculating
hydrostatic properties of the vessel at this draft. It provides for example information
regarding the vertical center of buoyancy (KB) and the metacentric radius (BM).
These two measurements can be combined with the center of gravity of the vessel
to determine the metacentric height, which is used as an indication of the initial
stability of the vessel. See equation 7.18 for the calculation of the metacentric height
[117].

GM = KB+ BM — KG (7.18)

where: GM = metacentric height [m], KB = vertical center of buoyancy [m], BM = metacentric radius [m], and KG = vertical

center of gravity [m]

The GZ curve is an indication of the righting moment of the vessel at various heel
angles. The points that form the GZ curve are calculated by forcing an angle to the
vessel, see figure 7.6. At each angle the necessary moment is calculated to reach a
static equilibrium with the buoyancy and gravity force. By repeating this procedure
for multiple angles the GZ curve is created.

L

Figure 7.6.: GZ curve calculation - Forced rotation

Resistance and propulsion

The resistance of the vessels is calculated in order to assess the fuel expenses during
transit. As mentioned by Larsson and Raven [118] resistance calculation in early
design stages should be rapid and should assists in exploring a set of main dimensions
for the vessel designs. The method that fits this situation best is the application
of empirical models, as these are able to give a fast and a reasonable estimation of
the resistance. The empirical method used for determining the resistance in this
research is the method published by Holtrop and Mennen [113]. In order to get an
estimation of the power consumption the calculated resistance is transformed into
required power generation by the main engines. The efficiency ratios of the different
components on the drive train are used to transform the resistance towards required
power, see equations 7.19, 7.20, and 7.21 [119].



Pp=R-V, (7.19)

P
Pp=_— £ (7.20)
No *NR - NH
P
Pp=—2"— (7.21)
Ns - NGB

where: Pp = Effective towing power [kW], R = Resistance [kN], Vs = Speed [m/s], P, = Propeller power [kW], n, = open water
efficiency: 0.6 [-], n, = Relative rotative efficiency: 1.0 [-], ngy = hull efficiency: 1.0 [-], Pg = Brake power [kW], ns = Shaft efficiency:

0.99 [-] and ng B = Gearbox efficiency: 0.98 [-]

Installed power and engine configuration

The current fleet of offshore wind installation vessels uses a dynamic positioning
(DP) system to keep position during the installation operation. It is assumed that
the installed power on board of these type of vessels is determined by a combination
of required propulsion power and its hotel load, see equation 7.22.

Pinstalled = ma:v(PDp, Ppropulsion) + Photel (722)

where: P,/ = Power of component 'name’ [kW]

The required propulsion power is defined as the maximum of the power necessary
during transport and DP operation. The calculation regarding the transport power is
discussed, in the section above. The necessary force from the DP system is calculated
using the DP guidelines described in the DNV-GL standard [120] and multiplied
by two to guarantee redundancy. In case of a sailing condition, the sailing speed is
used to transform the force towards engine capacity. However, a DP situation is a
stationary situation in which the vessel speed is zero. Therefore, a fixed force/power
ratio of 13 kg/hp ~ 0.17 kN /kW is applied in accordance with the DP capability
guidelines of IMCA [121]. The hotel load is based on the reference vessel and fixed
in this research.

For the engine configuration a fixed specific fuel consumption is selected for all three
operational profiles (transit, installation, and idle).

Deck space

The deck space layout is based on vessels that are currently active and build for
the offshore wind installation market, such as the Orion, Alfa lift, and Les Alizés
[122][79][123]. Common characteristics between these vessels are the accommoda-
tion/bridge area that is located at the bow of the vessel, the crane which is placed
at the side of the vessel, and the availability of a flat deck spanning a big part of the
vessel. Using these common characteristics the following four different area types are
identified for the modelled vessels. The bow, the accommodation/bridge, the cargo
deck, and the crane. For the various areas and their length and beam definitions, see
figure 7.7
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Figure 7.7.: Deck space

As seen in figure 7.7 there are two decks 1.A and 1.B defined. Both decks are on the
same level, which makes it possible to place cargo over the common edge of deck
1.A and 1.B. The reason these two decks are split is related to the calculation of
the amount of monopiles that can be loaded on the vessel. For the details regarding
loading the vessel, see section 7.4.

Crew

Determining the maximum crew on board of the vessel provides insight in the
accommodation size of the vessel [115]. Therefore, current fleet data has been used
to research possible relations between vessel dimensions and crew on board. No
significant correlations have been found between vessel dimensions and crew on board.
In order to assess whether the vessels equipment has an impact on the maximum
crew on board a relation between the crew and crane capacity is considered. Again
no clear relation has been found. Therefore, the choice is made to define a fixed
amount of crew for all vessels.

Crane

In this research a crane is used as the mission equipment that is responsible for
carrying out the installation operation from the vessel. In this model there are two
different strategies available with respect to the crane; a fixed crane and a changeable
crane.

In case of a fixed crane the crane capacity is constant over the life time of a vessel.
The capacity will be determined by the model input variables that are selected.

In the second situation the vessel is capable of upgrading its crane during its lifetime.
In this situation the model will check the required crane capacities during the various
scenarios the vessel will face. If a crane upgrade is required the crane capacity will be
increased and additional costs will be added. For the details regarding the additional
costs, see section 7.7. The crane capacity will never be decreased during its lifetime.



7.4. Mission constraints

In order to ensure that the created vessel is capable to accomplish its mission of
installing components for the offshore wind farm, a set of constraints has been defined.
These are related to the vessel stability during transit and lifting, the capability of
transporting the cargo, and constraints regarding the equipment in order to be able
to handle and install the offshore wind farm components.

Stability
The assessment of this stability is based on DNV-GL regulations [124] [125][126] and
will be assessed using the following three criteria:

e GM during transit should be larger than 0.15 m
o GM during lifting should be larger than 0.15 m

o Dynamic stability in case of loss of load should comply the regulations, see
equation 7.23

The dynamic stability is calculated using the vessels initial heel during lifting and
the corresponding GZ curve after the load has been lost. See figure 7.8 for the initial
heel angle (intersection of GZ; with the horizontal x-axis) and the GZ curve after
losing the load.
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Figure 7.8.: Loss of load

When the vessel loses its load the vessel will start rotating until a new equilibrium
has been found (¢.z). According to the DNV-GL regulations [125] there should be
enough dynamic stability to counter act the rotational energy due to the loss of load.
A situation that provides enough dynamic stability can be identified using equation
7.23.



The area A; provides an indication of the amount of energy that is being released
due to the loss of load, while the area A, corresponds to the vessels capability to
counteract this energy in order to keep the vessel upright. The angle ¢; used to
provide a lower bound for A, is defined as the minimum of the angle at which the
deck of the vessel is flooding or the angle at which the vessel loses stability.

Carrying capacity

In case of a transport strategy where the installation vessel carries the offshore wind
turbine components, it should be ensured that the vessel is capable of carrying
these components. The maximum carrying capacity is determined by calculating the
limiting factor of space and weight:

o The vessel should have enough deck space available

e The deadweight of the vessel should be sufficient

Firstly, the carrying capacity based on space is determined by comparing the available
deck width and deck length with the cargo size. In this calculation it is assumed
that the cargo size includes the sea fastening necessary to attach the cargo to the
deck. As visible in section 7.3 the deck space is split in part 1.A and part 1.B, due
to the crane equipment installed at the vessel deck. Due to this non square deck
size (see figure 7.7) the following calculation steps are applied in combination with
equations 7.24, 7.25 and 7.26:

1. First the amount of cargo that fits on deck 1.A is calculated

2. Then the amount of cargo that fits on deck 1.B is calculated

3. Finally, it is assessed whether additional cargo can be placed over the common
edge of deck 1.A and deck 1.B

Ncargol = Ldeck/Lcargo (724)
Ncargob = Bdeck/Bcargo (725)
Ncargospace = {Veargol * Ncargob (726)
where: N = Number of cargo [-], L = Length [m], and B = Beam [m]

In this calculation it is assumed that the cargo is placed in the longitudinal direction
of the vessel as visible in figure 7.9.
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Figure 7.9.: Deck space loaded

Secondly, it is assessed how many cargo the vessel can carry based on the cargo
weight and the vessel deadweight using equation 7.27

Deadweight
Ncargoweight - —g (727)
Wcargo

where: N = Number of cargo [-], and Wegrgo = Cargo weight [mT]

The results of the carrying capacity equations are all rounded down to an integer
value. Based on the rounded values the limiting factor is determined, which also
determines the carrying capacity of the vessel.

Mission equipment - Crane capacity

In order to ensure that the vessel can install the offshore wind turbine components
a constraint to the required crane capacity is introduced. This constraint involves
the static and an estimation of the dynamic loads by using a dynamic amplification
factor (DAF) [127], see equation 7.28.

Crane capacity >= DAF - Weargo (7.28)

where: DAF = Dynamic amplification factor [-], and W¢grgo = Cargo weight [mT]

7.5. Transport

The transport module defines the time in which the vessel is in transit between
the offshore wind field and shore. As mentioned in section 4.1 various transport
strategies are available that could possibly have an impact at the vessel design. In
order to asses this potential impact, the model calculates the transport time for the
following two transport strategies:

Installation vessel only - Shuttle strategy
In this situation the installation vessel is responsible for both the transport and the
installation of the components. The total time the vessel will be in transit during



one project is determined using equation 7.29 below. It is assumed that the vessel
will always end in the port it did start its project.

N Ncargo . . . 2
T _ Ttotal __ AVirips * Lof fshorewindfarm * 2 _ Ceap of f shorewindfarm 799
sailing — — — ( . )
Vs Vs Vs
where: Tg4i1ing = Time sailing [days], x/,, 4,/ = Distance 'name’ [km], Vs = Speed [km/day], N/,, .,/ = number of 'name’ [-],

and C.ap = Carrying capacity per trip [-]

Installation vessel and feeder vessel - feeder strategy

In this situation additional feeder vessels are added to the fleet. The purpose of
these feeder vessels is to transport all the components while the installation vessel
will stay in the field till installation is completed. A minimum of two vessels will be
added as one of the feeder vessels will always have to be along side the installation
vessel. This is due to the fact that the application of a feeder vessel does not pose
any restrictions regarding the deck size of the installation vessel. Therefore, it can
not be guaranteed that the installation vessel can carry all the components provided
by the feeder vessel. In this research a feeder vessel combination consists out of one
barge and two tugs. The total transport time of the feeder vessels is calculated by
equation 7.29 above, using the feeder vessel characteristics.

7.6. Operation

The operational module defines the installation time and the possible idle time of
the vessel. These two time periods combined with the transport time described in
section 7.5 determine the total project duration and the operational profile of the
vessels in the project.

Installation time

The installation time is described as the time to install the offshore wind farm
components and the time to wait on good weather. An operability analysis indicates
the maximum weather limits in which the vessel is capable to work. An additional
workability analysis uses the results from the operability analysis to determine how
often the vessel can work during a certain period. The operability and workability
analysis are normally conducted using the wave spectrum and the vessel response
amplitude operators (RAOs). However, during the early stages of the vessel design
it is time consuming and challenging due to lack of data to generate vessel RAOs
[128][129]. Therefore, an estimation of the workability has been made based on the
vessels heave, roll, pitch period, a HsTp? limit, and environmental data. The surge,
sway, and yaw motion components are not considered as it is assumed that these are
being counteracted using the vessels DP system. The various steps taken to calculate
the installation time are discussed below. For an overview of this method, see figure
7.10.
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Figure 7.10.: Installation time calculation

The first step in this method is to calculate the natural period of the vessel for heave,
roll, and pitch. An approximation of these periods is calculation using the equations
7.30, 7.31, and 7.32 [130].

. 105-7-p- 8L
The(we:27r-@/mja%27r-\lm p.gﬂ_jf (7.30)
Ion + law T agg kg
roll — 27T GM (731)
[ 1y, +a 0.32L
Pltch =2 - “uy T 00 g G]\}L (732>

where: T/, ..., = Natural period of 'name’ [s], m = Mass [kg], as,,,,,./ = Added mass 'name’ [kg or kg-m?], Clpame! = Spring

Q

N

/\

constant 'name’ [N/m], p = Density water [kg/m?3], B = Vessel beam [m], L = Vessel length [m], g = Gravity constant [m/s2], Al

= Waterline area [m?], I/ pame’ = Mass moment of inertia [kg -m?2], GM = Metacentric height [m], and kyy = Radius of gyration

(m]

The various natural periods need to be translated into a HsTp? limit. Based on
project experience within HES a feasible HsTp? limit for the Aegir is selected [131].
The limit selected for the Aegir, combined with its vessel properties, is used to scale
the limit for the generated vessels, using equation 7.33. In order to incorporate the
effect of all three natural periods, the weighted average of these natural periods is
used for the scaling, see equation 7.34. At the moment an equal weight for all three
natural periods has been applied.

HsTp?,,;
270 g Aegir
HSTp limit = T T ' (Taverage field — Taverage vessel design) (733>
average field — 4L average Aegir
T o Theave - w1+ Troll - wWg + Tpitch * W3 4
average vessel design — (73 )
w1 + We + w3
where: T/ ..., = Natural period of 'name’ [s], and Wy, ymper = Weight of each natural period [-]

Based on the HsTp? limit and the Hs (significant wave height) and Tp (wave period)
data from the offshore wind farm location an estimation of the workability can be
made. See figure 7.11 for an indication of the effect of changing the limit. The limit



is visualized by the lines in the figure. All the data points above the line indicate the
region in which working is not feasible, while the data points below the line indicate
situations in which installation is possible.
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Figure 7.11.: Workability

Finally, the relation described by equation 7.36 is used to transform the workability
towards the installation time necessary for a specific project. During this calculation
it is assumed that the necessary time for installing a wind turbine having a 100%
workability is 1 day [132].

T o Tperturbme : NTurbines 736

installation — 7. ( : )
Workability

where: Tipstallation = Total installation time [days], Tper turbine = Installation time per turbine [days], and Ny rpines =

Amount of turbines [-]

Idle time

When the installation vessel is responsible for both installation and transport of the
cargo the vessel will not experience idle time, as it does not have to wait for other
vessels. For a typical modelled timeline see figure 7.12.
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Figure 7.12.: Normal project stages

In case of a strategy in which a feeder vessel is used, it may occur that some of
the vessels used experience idle time as they have to wait for the other vessels to
complete their tasks. The application of a feeder vessel is modelled in such way that
the installation vessel will never experience idle time. This indicates that there will
always be enough feeder vessels available to supply the installation vessel. The feeder
vessels however, can experience idle time, see figure 7.13 for a timeline example.
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Figure 7.13.: Idle time during early stages of the project

It should be remarked that it is assumed that at least 2 feeder vessels combinations
are necessary as the installation vessel is not required to carry a component at all.
Therefore, a feeder vessel needs to stay along side the installation vessel during the
whole installation procedure, while another feeder vessel is picking up new components.
Moreover, the additional risks of offshore transfer lifts and time involved having a
feeder vessel along side the installation vessel is not included [39].

7.7. Costs

The costs is the KPI that is being used to assess the performance of the vessel designs.
As indicated by Stopford [133] there are many different methods used in the industry
to define the vessel costs. The choice has been made to use a definition in which the
vessel costs is split in the following three main categories:

« Capital expenses: costs related to financing and building the vessel
e Operational expenses: yearly returning costs to keep operating

» Voyage expenses: costs related to each offshore wind installation project



Capital expenses
The capital expenses (CAPEX) related to the vessel designs are determined using
equation 7.37.

Chuild
Cca ital — = 7.37
P vessel li fetime ( )
where: Cegpitar = Capital costs per year [€/year], and Cpyi1q = Build costs [€]

It should be remarked that the described definition of capital costs and therefore also
this research does not include periodic docking costs, and also excludes the financing
structure and related costs when building a new vessel. The vessel lifetime is set to a
fixed value, while the total build costs of the vessel is defined according to equation
7.38.

C\/essel newbuild = CHull + COutfit + C1HVAC’ + CAccommodation (7 38)

+OElect7‘ical installation 1 CMachinery + OMission equipment

where: C; .../ = costs of component 'name’ [€]

As mentioned before, the costs of the vessel is closely related to the weight of different
vessel components [114]. Therefore, the build cost of the vessel is estimated using
the weight of the various components determined under the subsection lightweight
and deadweight. These weights are multiplied by costs ratios that are determined in
collaboration with Royal THC [115]. The only exception are the costs of the mission
equipment. These costs are based and scaled using the installed crane capacity. The
approach in this research additionally, involves the possibility to investigate the
impact of a changing crane. This impact is measured by the costs of the vessel which
will increase due to a crane upgrade according to equation 7.39.

Cerane upgrade * Capacity added

Cadditional de = - : 7.39
admronazcranc upgrate — yessel lifetime — time passed ( )

where: C, 1 = costs of component 'name’ [€], and Ccrane upgrade = ratio of crane capacity and costs [€/mT]

name

Operational expenses
The operational expenses (OPEX) are costs that run during the whole year. The
total operational expenses per year can be calculated applying equation 7.40.

Coperational = Ccrew + CRepa'ir and maintenance 1 CStores and lub Clnsurance

(7.40)

+ CAdministration

. — costs B )
where: C/ .../ = costs of component 'name’ [€]

The operational cost components are scaled based on various vessel properties. The
crew costs are scaled with the amount of crew on board. The costs related to repair
and maintenance, and stores and lubrication are scaled using the installed power on
board. Finally, the insurance and administration costs are determined based on the
estimated new build price of the vessel.



Voyage expenses

The voyage expenses (VOYEX) that are modelled in this research are the fuel costs,
the port call costs, and the costs of using additional vessels in case of a feeder strategy,
see equation 7.41.

Cuoyage = CFuet + Cport + Cadditional vessel (7.41)

. — , ,
where: C/, .../ = costs of component 'name’ [€]

The fuel costs of the vessels is related to the amount of power that is being required
in a certain time period. An insight in the power requirements of the vessel during
the project is given by the operational profile. Three different situations in the
operational profile are defined, the transit, installation, and idle stage. For each of
these stages the required power, engine efficiency, and time is determined to calculate
to total fuel expenses, see equation 7.42 [119].

C'fuel = Cfuyel * (Sfctransport ' ttransport ' Ptransport
+Sfcinstallation : tinstallation : Pinstallation (742)
+5fCidie - tidie - Pidie)

where: Cjfye; = Fuel costs [€], cpye; = Ratio of fuel and costs [€/g], sfc/ s = Specific fuel consumption during situation

name

‘name’ [g/kWh], t s = Time in each situation 'name’ [hours], and P, ; = Power consumption during 'name’ [kW]

'name name

The price of the port calls is currently modelled as the price per port call in Rotterdam
port [134]. The expenses related to the additional vessel are based on the day rate
of the vessels and the time the vessels are being used during the project. In this
research the day rate will be based on the amount of feeder sets that are being used.
One feeder set consists out of a barge and two tugs. When combining the day rate
and the total time of vessel deployment the costs can be calculated using equation
7.43.

CVadditional vessel — Cadditional vessel * (ttransport + tidle) (743)

where: Cygditional vessel = Total costs additional vessel [€], cqqditional vessel = day rate of vessel [€/day] and t, ,» = Time

name

in each situation ’name’ [days]

Total costs

The total costs are defined as costs per project. In order to add all cost items together
the CAPEX and OPEX costs per year are transformed towards costs per project,
see equation 7.44.

C C
C’toml = % : Zfproject + gg;x ’ tproject + CYVOYEX (744>

where: C/, ,...s = Costs of component 'name’ [€], and tproject = Project time [days]

The purpose of the methodology is to find the vessel with the lowest costs possible.
This indicates that the model is trying to minimize equation 7.44.



7.8. Conclusion

The chapter does provide an overview of the variables and shows that a framework
is built that is capable of generating many offshore wind installation vessel designs.
By providing this overview an answer has been given on the following sub question:
Which method and variables can be used to generate offshore wind installation vessel
concept designs? The conclusion of chapter 6 provides the first part of the answer
on the following sub question How can the performance of a concept installation
vessel being assessed for the different sets of scenarios? It concludes that costs can
be applied to assess the various installation vessels. The current chapter provides the
second part as it does elaborate on how these costs can be defined, by calculating
the CAPEX, OPEX, and VOYEX.
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Case study

The goal of this chapter is to answer the following defined sub question: "How can
a combination of scenario modelling and concept design generation provide more
insight into future offshore wind installation vessels’, see section 2.3. Insight required
for answering this question will be generated by performing a case study regarding
future offshore wind installation vessels. In this case study the various steps in the
methodology presented in chapter 5 are carried out. In section 8.1 epochs and eras
are defined for this specific case study. A description of the concept vessel design
space is given in section 8.2. The epochs, eras, and generated concept vessel are
analysed in section 8.3. Section 8.4 provides insight in the exploration opportunities
of various epochs and eras. Finally, an answer on the sub question is given in section
8.5.

8.1. Defining epochs and eras

The first stage of concept exploration involves generating various scenarios in order
to define a set of operational needs for the vessel. In this case study the scenarios will
be generated using the scenario method and approach described in chapter 6. This
involves first defining a set of short-term epochs, after which these will be combined
into different long-term eras.

Epochs

The key uncertainties in the offshore wind market are identified to be the power
rating of the offshore wind turbine, the water depth at the wind farm location, and
the distance between the wind farm location and the closest port, see section 3.5.
For each of these key uncertainties three states are defined based on available market
reports [2] [7] and advice from a Heerema Marine Contractor (HMC) business analyst
[135]. The first state represents the current market average, while the third state
represents an extreme value. The second stage is an average between the first and
the third. For the selected values, see table 8.1.

Table 8.1.: Input variable for epoch generation

Input variable ‘ Unit ‘ Values
Turbine power rating | MW | 10, 15, 20
Water depth m 30, 45, 60
Distance to farm km | 50, 150, 250

First of all, this case study assumes that the vessel only installs monopile type
foundations. The installation of the turbine is not considered in this case study. A
fixed number of 100 monopiles is set as cargo amount. Finally, the Doggerbank in



the North sea is selected as region. The weather properties in this region influences
the workability at the installation site.

Eras

The epochs defined above are combined together to generate four different eras. All
of these eras will start with the same epoch that describes the averages of the current
offshore wind market. The four different eras are selected in such a way, that the
impact of a single uncertainty and a combination of uncertainties at the vessel design
can be investigated. See below the four defined eras:

1. Power rating turbine: in this era the power rating of the turbines will
increase over the years while the other variables are fixed

2. Water depth: only the water depth changes over time

3. Distance to farm: this timeline only investigates the impact of a changing
distance to farm

4. All variables: in this era the impact of increasing all variables at each time
step is investigated

Impact on cargo properties

The eras 1, 2, and 4 introduce changing cargo properties over time. Era 3 does not
involve changing cargo properties as it is defined that the distance to farm does not
influence the design of the monopile. The cargo properties in the various scenarios are
determined using the described method in section 7.2, see table 8.2 for the properties.

Table 8.2.: Cargo properties per era

Era Cargo property | Unit | Epoch 1 Epoch 2 Epoch 3

1 Length x width | m 71x9 1x13 71 x17
Weight mT | 1429 2133 2850

2 Length x width | m 71x9 96 x 9 121 x 9
Weight mT | 1429 1912 2429

4 Length x width | m 71x9 9 x 13 121 x 17
Weight mT | 1429 2879 4844

8.2. Concept vessel design space

During the second phase of this case study, the parametric model for monohull
vessels described in chapter 7 is applied. In order to run this model it is necessary
to define a range of values for the length, beam, depth, crane capacity, speed and
transport strategy. These values are determined based on the properties of the
current monohull offshore wind installation vessels. For the min, mean, and max
values of the current fleet per necessary input variable, see table 8.3.



Table 8.3.: Main parameters fleet

Length Beam Depth Crane capacity Speed
Unit | m m m mT kts
Min | 144 27 13 600 5
Mean | 192 42 15 3275 10
Max | 237 56 18 5000 15

In this research the goal is to explore the concept vessel design space for vessels
that perform best in terms of low costs. The current fleet main parameters give an
indication of the design space that needs to be considered. The minimum values
of the current fleet is used as guideline for the minimum values for the parametric
model. As it is expected that the market evolves further the maximum input values
of the parametric model will be higher compared to the current fleet. Therefore,
an additional 10% is added to the maximum values of length, beam, and depth.
Moreover, an additional 20% is added to the crane capacity. For the resulting input
values and the amount of steps, see table 8.4. The transport strategy has two different
input variables. A shuttle strategy represents a situation in which the installation
vessel sails and transports the cargo. A feeder strategy corresponds to a situation in
which a feeder concept is being used to transport the cargo.

Table 8.4.: Input parameters

Length Beam Depth Crane capacity Speed Transport
strategy
Unit m m m mT kts ]
Min 140 30 12 1000 ) Shuttle
Max 260 60 20 6000 15 Feeder
Step size 15 5 2 1000 2 -
Amount of steps | 9 7 5 6 6 -

Having this input values a total of 22680 vessel combinations is generated. More
variables can be added, but this will result in a rapidly growing amount of vessel
combinations. If this set of vessels gives an area of interest it is possible to conduct
a more detailed analysis in or around this specific area.

8.3. Performance analysis

In the last stage of the case study the performance of the different vessel designs in
the selected epochs and eras will be assessed based on the defined cost function, see
8.1.

CCAPEX C’OPE'X
C(total = “bproject + “ tproject + C’VOYEX 8.1
365 proj 365 proj ( )
where: C; .../ = costs of component 'name’ [€], and tpoject = Project time [days]

A vessel will perform better if the costs are reduced, as this provide a reduction in
LCOE. The performance of the vessels in combination with the eras will be used



to investigate possible driving factors. For the findings in this case study, see the
following subsections.

General trends in all eras

During the analysis of the selected eras a set of general trends is visible, see the
following paragraphs.

Performance over time

One of the strong points of the application of EEA is the possibility to investigate the
vessel performance over time. In order to visualize this performance a visualization
technique called parallel coordinate plots is applied. The combination of EEA and
parallel coordinate plots has been applied before by Gasper and Ross [104] [102]. See
figure 8.1 for a visualization of the era in which the water depth increases over time.
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Figure 8.1.: Performance changes over time (era- water depth)

In figure 8.1 four axis are visible each indicating the performance of the created vessel
designs in the selected epoch and corresponding era. In this figure each vessel has
received a score in each epoch and era based on its costs. The vessel with the lowest
costs will receive a score of 1, the vessel with the second lowest cost will receive a
score of 2, etc. A low score (which corresponds to the point highest on the axis)
therefore relates to vessels that do perform good in that specific epoch or over the
era. In order to emphasize the impact of the changing market at the vessel design
the best 5% of the vessels are being highlighted in the figure. It can be seen that a
part of the top 5% performing vessels at the beginning of the era, start to perform
much worse due to the changing requirements. Moreover, they will not be able to
recover from a ’bad’ performing scenario in order to end in the top 5% of the overall
era. This indicates the importance of this analysis, in order to explore designs that
will be robust over its lifetime.



Vessel characteristics

Over all eras there are general trends visible in the main dimensions of the vessels.
The vessel length and beam share the behaviour visible in figure 8.2.
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Figure 8.2.: Impact of vessel length at the costs

Figure 8.2 shows a positive correlation between the era costs and the vessel length.
However, in this figure it is visible that a drop occurs around a vessel length of 200
meter. This decline of era costs can be related to the vessels deck space and cargo
length. In this example the cargo length is 71 meter. By increasing the vessel to a
length of 200 meter, it becomes possible to place two monopiles behind each other
on the deck and therefore increase the carrying capacity. Further increasing the
length will only increase the costs until the moment an additional set of monopiles
can be placed on the deck. This increase in carrying capacity makes the vessel more
efficient and therefore reduces the costs. See figure 8.3 for the visualisation of these

two situations.
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Figure 8.3.: Impact of vessel length at carrying capacity



The vessel beam and cost relation share the same properties as the vessel length and
cost relation. This is due to the fact that a certain increase in beam will improve
the carrying capacity of the vessel. In addition to this another trend regarding the
beam can be found. In all epochs the vessel designs with a low beam face higher
epoch costs, see figure 8.4.
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Figure 8.4.: Impact of vessel beam at the costs

The increase in vessel costs at these lower beams is due to the fact that these vessels
receive a cost penalty as they do not comply with the stability constraints. Therefore,
these vessels are not capable of carrying out these specific epochs and eras.

When investigating the results regarding the vessel depth it is visible that the lower
depth of 12 meter is mostly the favourable depth in the selected eras, see figure 8.5.
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Figure 8.5.: Impact of vessel beam at the costs



The higher depths increase the vessel costs due to its impact at the build and fuel
costs.

Application of feeder vessel strategy

In the currently defined eras the feeder vessel concept is never the best strategy due
to higher costs. However, the model shows that an increase in distance and cargo size
does decrease the difference in costs between the two transport strategies. In order
to get a better insight in this behaviour additional distances have been added of 350,
450, and 550 km, in a situation in which the vessel needs to handle a monopile for a
15 MW turbine at a water depth of 60 meters. Figure 8.6 shows the costs of the two
transport strategies, in case of changing distance.
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Figure 8.6.: Transport strategy comparison

From this figure it can be seen that in this specific epoch it is not favourable to have
a feeder vessel at a distance between 50 - 550 km. At a distance above 450 km the
costs of the feeder vessel strategy even increases significantly compared to the other
distances due to the introduction of an additional feeder vessel. This additional
feeder vessel prevents that the installation vessel experiences idle time.

Application of changeable crane

Due to the fast changing offshore market it is interesting to investigate the application
of having a changeable crane. The current scenario and parametric modelling
methodology provides an opportunity to upgrade vessels during its lifetime. By
upgrading the crane later in the lifetime of the vessel the initial investment costs
are lower which reduces investment risk related to the uncertainties in the market.
However, the costs will be higher when a crane upgrade is carried out. As mentioned
in 7.3 the crane will be upgraded if additional crane capacity is required due to
the cargo it should be able to handle. The performance of the vessels having a
changeable crane in the changing water depth era are visible in figure 8.7. It should
be noted that only the feasible vessels are included in this figure and the vessels with
changeable crane that are in the top 5% in epoch 1 are highlighted.
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Figure 8.7.: Performance of vessels having a changeable crane
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Figure 8.7 shows that the vessels having a crane that does change over time (indicated
with a capacity of 0 mT in this figure) does outperform all vessels in the first scenario
and then slowly starts to perform worse compared to the other vessels. This is
expected, as the vessel will have a benefit in the beginning as the crane perfectly
fits the necessary capacity. However, in later stages the vessels with a fixed and
changeable crane share the same specifications. The performance of the vessel with a
changeable crane will be worse in these situations as the capabilities are the same but
the vessel is more expensive due to the upgrades. In order to get a better overview
of this behaviour, a single hull with different crane capacities is selected and shown
in figure 8.8.
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Figure 8.8.: Detailed performance of vessel having a changeable crane (Length: 185
m, Beam: 50 m, Depth: 14m, Speed: 9 kts, Transport strategy: shuttle

The vessel in figure 8.8 clearly shows the performance difference between a vessel
having a fixed crane and a changeable crane. It can be seen that in the end the
performance of the fixed crane under the current upgrading costs is performing better.
A small sensitivity test has been conducted. In case of upgrades costs that equal the
costs of installing an original crane, the fixed vessel still outperforms the vessel with
the changeable crane in the end. This is due to the fact that the investment takes



place at a later stage and therefore needs to be payed back in a smaller amount of
time.

Era - Power rating turbine

Apart from the mentioned trends, the changing power rating of the offshore wind
turbines causes changes in the requirements for the crane capacity due to the
increasing weight of the monopile from 1429 to 2850 mT. This results in a required
crane capacity of 2000 mT in the first epoch, 3000 mT in the second, and in the last
situation a crane of 4000 mT. Figure 8.9 shows the impact of the increasing weight
at the performance of vessels having a different crane capacity.
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Figure 8.9.: Era power turbine rating impact at crane capacity

In figure 8.9 it can be seen that the vessels with a crane capacity of 2000 mT are in
the top 5% best performing vessel in epoch 1, but are suddenly performing much
worse in epoch 2. This is due to the increasing cargo weight which makes it impossible
for these vessels to perform the required lifts with the crane installed. The same
behaviour occurs with the 3000 mT cranes after the second epoch. This indicates
that the last situation the vessel will encounter sets a constraint for the minimum
required crane capacity, as the vessel should be capable of carrying out all the tasks.
Additionally, in comparison to the other eras larger beams are performing better.
This behaviour can be related to the fact that the increasing power rating increases
the diameter of the monopile. Having a wider deck gives the vessel the possibility
of carrying more monopiles. The preference for an increased beam is also visible in
figure 8.10.
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Figure 8.10.: Era power turbine rating impact at beam and length. Transport
strategy: shuttle

Figure 8.10 shows the distribution in this era of the top 5% vessels. The more green
a square is the more vessels are present in that specific beam length combination. As
mentioned above, it is visible that at a lower length, it is best to increase the beam
of the vessel in order to improve the carrying capacity.

Era - Water depth

In addition to the general behaviour mentioned above, the increasing water depth sets
a bound to the crane capacity and the vessel length. The crane capacity requirements
set in this era is 3000 mT. The impact at the length of the vessel over time is
visualized in figure 8.11.
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Figure 8.11.: Era water depth impact at vessel length



In figure 8.11 the vessel having lengths of 140 and 155 meters in combination with
the best 5% vessel in epoch 1 are highlighted. It can be seen that the vessels are
capable of dealing with a monopile length of 96 m in epoch 2. When the monopile
length increases to 121 m in epoch 3 the vessels start to perform much worse because
of the lack of deck length. Due to the fact that the deck length is not sufficient the
vessels will not be able to transport the components and carry out its mission. The
limit posed in the third epoch is also visible as a red area in the multi dimensional
histogram in figure 8.12, which is based on the top 5% vessel in terms of costs.
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Figure 8.12.: Era water depth impact at beam and length. Transport strategy:
shuttle
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In addition to the length constraint figure 8.12 also shows the beam constraint, by
the red blocks at the bottom of the figure. This beam constraint is due to the lack
of stability the vessel experiences withholding it from successfully carrying out its
mission.

Era - Distance to farm

Changing the distance to farm does not result in changes to the preferred vessel
designs over time in terms of vessel dimensions or crane capacity. However, it does
have an impact on the optimal vessel speed. In figure 8.13 the lowest costs per
speed and distance is visualized, while excluding the impact of the transport strategy.
The trend visible in this figure, is that when the distance to the offshore wind farm
increase the optimal vessel speed increases as well. This trend can be explained
by the fact that the vessel speed is a variable that can be used to find the perfect
balance between the fuel costs and the project time. An increase in speed will reduce
the project time while it does increase the fuel costs. A reduction in project time
will result in a reduction of the OPEX and CAPEX costs.
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Figure 8.13.: Vessel speed at different farm distances

In terms of main dimensions, the vessel is preferred to be as short as possible while
having a beam between 45 - 55 meters, as visible in figure 8.14. As mentioned before,
the beam/length preference does not change over time due to increasing distance.
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Figure 8.14.: Era distance impact at beam and length. Transport strategy: shuttle
vessel

Era - All variables

In this era it becomes visible that the boundaries of the vessel input variables are
being reached. Due to the increasing cargo weight in combination and an assigned
dynamic amplification factor of 1.1 a crane capacity of 6000 mT is required. Moreover,
a combined impact of the previous eras are visible when looking at the preferred
beam length combinations. It can be seen that the model prefers a wider beam,
while the length has a constraint due to the length of the monopiles, see figure 8.15.
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Figure 8.15.: Era all increasing impact at beam and length. Transport strategy:
shuttle vessel

Sensitivity

In order to test the sensitivity of the model to the various costs components a small
sensitivity test is carried out in addition to the small test early in this case study. In
this methodology, the performance of the vessels is determined by calculating the
three main cost components, the CAPEX, VOYEX, and OPEX over a project. In
this sensitivity analysis, these three components are each altered by 10% in order to

investigate if this impacts the previous findings. An example is given in figure 8.16
in which the CAPEX has been varied.
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Figure 8.16.: CAPEX sensitivity

In this figure it is visible that the main trends are similar. The best vessel and
the trends visible in the basis scenario are still the same in the scenario in which
the CAPEX is changed. However, it is also visible that when the costs increases
some small variations occurs. Additionally, it should be remarked that the cargo



properties have a big impact at the results. An example is the cargo weight, which
mainly dictates the required mission equipment. This effect is also visible during the
various epochs, in which the required crane capacity changes due to the changing
vessel weight.

Future offshore wind installation vessel

When providing advise regarding the future offshore wind installation vessel all
defined eras should be taken in consideration. The analysis above shows the results
in each epoch or era individually. In this analysis the score from each era will be
combined in order to investigate the most robust and best performing vessel. The
eras are combined by summing the scores in each era individually, while each era
has a weight of 1, see equation 8.2.

Scorepras combined = (Scoregq1 - Weight score;
+Scoregrq 2 - Weight scores
+Scoreg,, 3 - Weight scores (8.2)
+Scoreprq 4 - Weight scorey)
/(Weight score; + Weight scores + Weight scores + Weight scorey)

First of all, it should be remarked that only the feasible vessels over all eras are
considered in order to have a vessel that is robust and can perform in a variety
of different situations. In terms of vessel depth, crane capacity, vessel speed, and
transport strategy similar trends are visible as the ones mentioned in the previous
subsections. This indicates that the preferred vessel depth is around 12 meters. The
crane capacity is set by the minimum required capacity during all the eras, which
equals a capacity of 6000 mT. Moreover, the optimal vessel speed is around 7-9 kts.
Finally, it can be concluded that using a feeder vessel is not advised when considering
all eras combined. When investigating the preferred length and beam of the vessel it
is visible that the previous trends are combined, see figure 8.17.

2
I20

15

Beam [m]

10
I5
0
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140 160 180 200 220 240 260
Length [m]



In figure 8.17 it is visible that there are three preferred combinations, a vessel length
of 170 meters and a beam of 55 meters and a vessel length of 200 meters with a beam
of 45 or 55 meters. The results of these findings are compared with the currently
announced vessels, or just launched vessels. For their vessel dimensions and mission
equipment, see table 8.5.

Table 8.5.: Newbuilds offshore wind installation market [122] [123] [136]

Name Company | Length Beam Depth Crane capacity
m m m mT

Orion DEME 217 49 17 5000

Les Alizés Jan de Nul | 237 52 16 5000

Stella Synergy Jumbo 185 36 13 2500

When comparing the findings from combining the eras with the currently build
vessels, it is visible that the vessels in general are longer than the one of the advised
length of 170 meters. This can be explained due to the fact that this case study only
discusses the installation of monopile vessels, while the vessels currently being build
show application in which they install jackets and transport transition pieces as well.
Another reason of this can be due to the behaviour visible in figure 8.18.
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Figure 8.18.: Project time versus project costs

In this research the main focus is to lower the LCOE of the offshore wind industry
by reducing the costs. Figure 8.18 shows that if a vessel has the lowest costs it does
not necessary means that the project time is the shortest as well. The longer vessels
of 215 meters, orange in the figure, provide an advantage in terms of project time.
For a vessel owner it might be better to balance the vessel design based on costs and
project time as this gives the owner the possibility to deploy its vessel in another
project.

In terms of crane capacity it is visible that the advised crane capacity of 6000 mT



is above the capacity of the Orion, Les Alizés, and Stella Synergy. The mission
equipment can have an impact at whether or not the vessel is capable of carrying
out the operations. The 2500 mT crane capacity of the Stella Synergy is sufficient to
install the foundations and will outperform the vessels having a higher crane capacity
in the current market. As it is expected that the 2500 mT crane capacity will not be
sufficient to meet the necessary requirements set by the developing offshore wind
market, the Orion and Alizés will outperform the Stella Synergy in future markets.

8.4. Exploration opportunities

The combination of EEA and parametric modelling gives the possibility to investigate
many different scenarios, concept vessel designs, and key performance indicators. In
the current case study the costs have been selected as single objective, but for other
studies multi objective criteria can be applied. This is of use as it provides additional
insight in possible trade-offs that have to be made by the stakeholder. For example
the trade-off between lower project cost and higher project time. The flexibility of
the selection of these performance criteria and the input for the scenarios provides
many exploration opportunities. It makes it possible for a stakeholder to define a
setup in order to get insight in the vessel designs that best fits their strategy. But
the degree of flexibility also results in a lot of information that is being generated.
In order to get an overview of the information a dashboard has been created that
provides the stakeholder a methodology in which it becomes possible to interact with
the information generated by the model. In the created dashboard it is possible to
define a set of epochs that together define an era, see figure 8.19.
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Figure 8.19.: Dashboard inputs

When the epochs and era are defined a single objective can be specified in order to
investigate the impact of the vessel design at this objective. The relation between
the vessel design and the selected objective will be visualized as vessel performance
over time, see figure 8.20.



Figure 8.20.: Dashboard example graphs

A second objective can be selected in the dashboard to get insight in the relation
between two performance criteria and to visualize possible trade-offs as a pareto
front. The dashboard is very valuable in this methodology as it provides an easy
and structured way of investigating the information generated. Based on the wishes
of the stakeholder the dashboard can be altered and expanded in such a way that
it provides the information that is of importance for the stakeholder to make its
decision.

8.5. Conclusion

The purpose of the case study is to answer the sub question "How can a combination
of scenario modelling and concept design generation provide more insight into future
offshore wind installation vessels’. From the applied case study it can be concluded
that the combination of a scenario modelling method and a parametric model does
provide the possibility to get insights in the future offshore wind installation vessels.
By applying a scoring system in combination with variety of visualization techniques
more insight in the future vessel properties can be found. The main advantage of
the combination of these two methods is that it is possible to investigate the impact
of the changing market at the vessel design. This is due to the fact that it provides
an opportunity to test a big amount of vessel designs that can be tested in a big
amount of scenarios that vary over time.
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Conclusion

The main objective of this research is to answer the following main question.

What are the important aspects in the vessel design of offshore wind
installation vessels over the next 10-15 years in order to reduce the costs
and to be competitive in the offshore wind installation market?

In order to answer this main question an approach has been developed that involves
the application of Epoch-era analysis and parametric modelling in a systems engineer-
ing framework. It can be concluded that this methodology is capable of generating
insights in the important aspects of the future offshore wind installation vessels. For
the answer on the sub questions asked in section 2.3, see the conclusions of chapters
4,5,6, 7, and 8.

Offshore wind market

An important aspect regarding the vessel design is the future offshore wind market in
which the vessel has to be able to operate. It defines the future vessel requirements
and therefore the future vessel design. During this research the power rating of the
offshore wind turbines, the water depth, and the distance from wind farm to port
have been identified as the three key uncertainties for future offshore wind parks.

Vessel main dimensions

The vessel main dimensions in this research are defined as its length, beam, and depth.
During this research it is visible that an aspect influencing these main dimensions is
the size of the cargo. When the water depth increases, the length of the monopile
foundations will increase as well. This increase in length does pose length constraints
to the vessel, as it should still be able to transport the cargo to its final location.
Additionally, it is visible that when the power rating of the turbine increases, the
cargo width increases as well. This causes vessels having a larger beam of 50-55 meter
to become more favourable over vessels with a lower beam of 40-45 meters. Besides
the impact of the cargo size, the case study conducted shows an additional constraint
regarding the required beam. The lower beam of 30 meters is never feasible, and a
beam of 35 meters is almost never feasible. At these lower beams, the installation
vessel does not comply with the required amount of stability. Finally, the case study
also shows that the model is balancing the vessel size and carrying capacity. A
reduction in vessel size gives lower investment costs but also reduces the carrying
capacity which increase the project time.

Crane capacity

Another important design aspect is related to the mission equipment needed during
the installation operation. In this case study defined as the crane. The required
crane capacity is determined by the weight of the cargo the vessel should be able



to handle. When increasing the power rating of the turbine or the water depth
an increase in cargo weight is visible. Based on the Epoch-era analysis it can be
concluded that it is important to select a crane capacity that will be capable of
handling all cargo it is facing during its lifetime. Additionally, an analysis has been
conducted regarding changing the crane of the vessel during its lifetime. The case
study in this research shows that the application of a changeable vessel will generally
not outperform a vessel having a fixed crane that is perfectly fit for the offshore wind
market. It does shows that it will outperform vessels that have installed a crane with
a higher capacity then necessary. This shows the possibility of reducing investment
risks due to the uncertainty of the required crane capacity in the future.

Strategy

Various strategies can be applied when transporting the cargo from port towards the
installation site. From the defined case study it can be concluded that the distance
from farm to port has an impact at the optimal sailing speed. At smaller distances
a lower speed of around 7 knots is preferred. When the distance does increase, it
is advised to increase the speed of the vessel accordingly. A same trend is visible
with the size of the cargo. When the cargo size increases, the carrying capacity
of a vessel reduces, and therefore the amount of trips it needs to sail increases as
well. In order to properly balance the project time and the fuel consumption, it is
advised to increase the vessel speed. In addition, an extra transportation strategy is
investigated. This transport strategy uses a set of feeder vessel that transport the
cargo while the installation vessel stays at its location. From the analysis it is visible
that for the defined eras it is not advised to use a feeder concept.

Overall

The findings described above give an indication of the important aspects in the
future vessel design of offshore wind installation vessels. It can be seen that the
findings all relate to the two main tasks of an offshore wind installation vessel. First
of all, it should be able to transport the cargo to its location. Afterwards it should
have the proper equipment to install the cargo in an efficient way. The best vessel
for these two tasks in the future offshore wind market is a vessel that has the best
balance between the vessel costs and the efficiency in which the vessel is carrying
out its tasks.
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Discussion

This research shows the potential of applying epoch era analysis and parametric
modelling in order to get insight in future offshore wind installation vessels. This
potential can be exploited even further by conducting additional research.

Parametric model
Empirical methods

In order to be able to generate many different vessel designs various empirical methods
are being used to estimate vessel properties such as various shape coefficients, weight,
and resistance of the vessel. The current research uses empirical methods that
are available and that fit as best as possible in order to predict the related vessel
properties of the monohull offshore wind installation vessels. However, these empirical
methods are originally not developed for heavy lift vessels, but for merchant vessels
transporting goods. It will benefit this research if more empirical methods are
available that are designed specifically for heavy lift vessels and therefore produces
even more accurate vessels and results.

Workability

Another area of interest for future work is related to the workability of a vessel. The
methodology used in this research estimates the workability of the vessel based on the
natural periods of the vessels. In future work it would be of interest to investigate the
application of a vessel response analysis in combination with parametric modelling.
Additionally, the installation of an offshore wind farm does not involve one wind
turbine, but many wind turbines and is a repetitive process. Due to the time span of
a project the workability estimation of a vessel during the whole project due to for
example bad weather, maintenance, and other unforeseen issues becomes a challenge.
It would be interesting to investigate this challenge and to generate insights how
these relate to the vessel design, or even to the fleet that needs to be applied during
the installation to improve efficiency.

Vessel types

An additional subject for future work is related to the type of vessels that are modelled.
In the current methodology the focus is only on the application of monohull vessels.
In the current offshore wind installation market, it is visible that apart from monohull
vessels also jack-up vessels and semi-submersibles are used. The advantage of the
current methodology is that it is possible to add these type of vessels or other new
designs by developing a new parametric model in the current framework. It would
be beneficial to be able to compare the performance of these types of vessels in order
to investigate their strengths within the offshore wind installation market.



Scenario model

Cargo types

The case study in this research involves the handling of monopile foundations in
order to present the advantages of this methodology. However, in the offshore wind
market additional types of cargo are being transported and installed. In order to get
an even better overview of future offshore wind installation vessels it is of interest to
apply this analysis to other cargo types. For example, the jacket foundation types,
as these type of structures may take a bigger market share in the future. Apart
from the foundation installation it is of interest to also include the installation of the
tower and the turbine as cargo types. This provides the researcher the opportunity
to investigate the impact of the various cargo types at the vessel design. Moreover, it
can be used to generate better insights in trade-offs that have to be made regarding
having a vessel that is capable installing both the foundation and the turbine, or a
vessel that focus on one part of the installation process.

Supply chain

The installation of an offshore wind installation farm is a complex logistical process
due to the amount of wind turbines that need to be installed. Different researches
have been conducted regarding optimizing this logistical process and the supply
chain related to the installation of an offshore wind installation farm. For future
work it would be interesting to extend the methodology presented in this report with
more logistical aspects in order to involve additional complex logistical solutions. By
adding more logistical options, it becomes possible to investigate the impact of the
supply chain at the vessel design.

Analysis techniques

The advantage of the application of epoch era analysis is that there are many
situations that can be tested. The disadvantage of this is that this methodology
generates large amount of data that needs to be filtered and analysed. Currently,
only a small set of eras have been manually generated to investigate the impact
at the vessel design. However, when scaling the amount of epochs in an era, and
the amount of eras the analysis will become more challenging. This methodology
can therefore benefit from future research that applies data analysis techniques to
analysis the vast amount of multi dimensional data that is being generated using
this methodology.
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Afterword ]. ].

This master thesis is the final project before finishing my Marine Technology master
at Delft University of Technology. In this chapter I would like to lead you through the
various challenges, learning moments, and achievements during this master thesis.
At the start of this research the following question was formulated in collaboration
with TU Delft and HES: "What is the offshore wind installation vessel of the future?’
It is a question that is very relevant in today’s offshore wind industry due to the
uncertainty that this market is facing. But it is also a question that is very open and
therefore has many different research directions. It has been a challenge to translate
this towards a specific scope for this research.

The many options made it challenging to find a good balance in the necessary detail
level. During this process I have learned when it is important to take a step back
in order to have an overview. But also when it is of importance to add necessary
details to the various sub components of the project.

The COVID-19 situation did also introduce some challenges in this master thesis.
Due to the regulations it was not possible to work in the office most of the time.
This made it more difficult to get in touch with various colleagues and receive input
for my research. Even though this situation introduces some additional challenges I
am very grateful with the good communication between me and my supervisors.
During this master thesis I have been able to identify the important aspects in the
offshore wind market in order to select a research direction and methodology that is
relevant for the current offshore wind industry.

My research has been performed in collaboration with the TU Delft and HES. Each
of them had their own wishes and requirements for this project. During the past
months I have learned that it is important to do a proper scoping in the various
wishes in order to define a project that is feasible to execute within the time frame
available. By clearly defining the wishes and goals it becomes possible to get the
best possible outcome for all parties involved.

At the TU Delft I have learned about all the technical subjects during the various
courses and projects. This master thesis provided me insights in the combination of
technical aspects in a changing market. I am now even more interested in how we
could best create concept vessel designs for the future.

I got various new insights during this research. Not only technical aspects but also
a lot about the whole research process. It has given me the possibility to further
explore the various topics in the maritime industry. I am grateful that HES provides
me the opportunity to continue this journey together!
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Nomenclature

BM Metacentric radius

CAPEX Capital Expenditures

COG Center of gravity

COVID-19 Coronavirus

DAF Dynamic amplification factor

DAVE Design Analysis Visualization Engineering
DNV-GL Det Norske Veritas and Germanische Lloyd
DP Dynamic positioning

EEA Epoch-era analysis

EOA Engineering option analysis

FTI1J Foundation Transport and Installation Jack-up
FTIV Foundation Transport and Installation Vessel
GM Metacentric height

GW Gigawatts

H, Significant wave height

HES Heerema Engineering Solutions

HMC Heerema Marine Contractors

ICLL International Convention on Load Lines

IEA International Energy Agency

IG Info-gap decision theory

IMCA International Marine Contractors Association
IRENA International Renewable Energy Agency

KB Vertical center of buoyancy

km Kilometer
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KPIs

Kts
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LEANWIND

LNG
m

m2

MDP
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MSP
mT
MW
MWh
0&M
OHT
OPEX
RAO
RDM
ROA
SPO
SWATH

TCG
TLP
TU
US

kilonewton

Key performance indicators
Knots

kilowatt

Levelised cost of energy

Logistic Efficiencies and Naval Architecture for Wind Installa-
tions with Novel Developments

Liquefied natural gas

Meter

Square meter

Markov decision process
Master of Science

Maritime spatial planning
metric Tonnes

Megawatt

Megawatt hour

Operation and Maintance
Offshore Heavy Transport
Operating Expenditures
Response amplitude operator
Robust decision making
Real option analysis

Swire Pacific Offshore
Small Waterplane Area Twin Hull
Wave period

Transverse center of gravity
Tension leg platform
University of Technology

United States



USA
VCG
VOYEX
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WTILJ

yr

United States of America

Vertical center of gravity

Voyage Expenditures

Weighted average cost of capital

Wind Turbine Transport and Installation Jack-up

Year



Verification and validation

During this research various verification and validation test have been carried out
in order to justify the applied methodologies in the model framework. The various
components and the related test are summarized below.

Geometry
e Relation between depth and draft

Check implementation of maximum draft

Relation between displacement and LBT

Relation between wetted surface and LBT

Validation to ensure values approach reference

Lightweight and deadweight
e Check implementation of various vessel weight components

» Relation between vessel dimensions and lightweight
o Check implementation deadweight calculation

« Validation to ensure values approach reference

Stability
¢ Relation between COG and GM

o Check impact of COG change at GZ curve

« Validation using reference carene table and stability booklet

Resistance
o Compare implemented method with results from Holtrop and Mennen [113]

o Relation between speed and resistance

o Validation to ensure values approach reference

Installed power
o Impact of vessel dimensions at installed power

¢ Validation with fleet data



Mission constraints
» Check various fail/pass options stability constraint

o Check impact of varying cargo size at carrying capacity

o Check impact of cargo weight at crane capacity constraint

Transport
» Relation between carrying capacity and transport time

» Relation between transport time and distance

» Relation between transport time and feeder vessel strategy

Workability
o Impact of HsTp? limit at workability

o Impact of VCG at workability

Costs
o Check implementation of various vessel cost components

Relation crane capacity and equipement costs

Relation between OPEX and project time

Relation between speed and fuel costs

Relation between port costs and port calls

Relation between additional vessel costs and feeder strategy



Sources chapter pictures B

The following table B.1 includes the references of the pictures used at the beginning
of each chapter.

Table B.1.: Source of chapter pictures

Chapter | Source
Front page | [137]
2 [138]
3 [139]
4 [140]
5 [141]
6 [142]
7 [143]
8 [144]
Conclusion | [145]
Discussion | [146]
Afterword | [147]
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