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Executive summary

The ever-increasing size of o shore wind turbine substructures and the development of wind farms
at sites further o shore, with greater water depths and with extremer weather conditions, raise
logistical challenges that have never been faced before. Additionally, the o shore wind industry has
to deal with governments cutting subsidies, small pro t margins and limited practice guidelines,
while it is expected to lower the associated levelised cost of energy to a competitive level in the
market. Scienti ¢ studies have identi ed room for optimisation in the substructure (the focus is
laid on Monopiles (MPs) with Transition Pieces (TP s) and pre-piled jackets) transportation and
installation phases. However, no studies that evaluate the performance of strategies for these
phases are identi ed. Hence, the objective of this study is to generate insights into the complex
system of interdependent strategies for the installation of o shore wind turbine substructures,
and to identify and quantify cost-reduction opportunities. The considered strategies are formed
by combinations of transportation and installation strategies, which di erentiate based on the
number and type of the deployed vessels and the sequence in which the operations are performed.

To quantitatively compare the strategies, and to consider stochastic processes (e.g., weather
conditions), a discrete-event simulation modelling approach is adopted. To arrive at substantiated
conclusions, the framework by Manuj et al. (2009) is followed, which provides a roadmap and
rigour criteria for the design, implementation and evaluation phases. First, a conceptual model is
developed and face validated. Next, a numerical base model is constructed, which describes the
most basic strategy. This model is face validated by industry experts and evaluated by parameter
variability, convergence and historical data validation tests. It is concluded that the base model is
structured according to shared practical experiences, responds satisfactory to parameter changes,
requires 35 simulation runs to converge, and has good predictive capabilities. Hence, it is deemed
suitable to function as a template for the modelling of the other strategies.

The simulation results are evaluated for each of the considered substructures separate(y) MP

TP installation. In general, assembly-line installation strategies, in which two Heavy Lift
Vessels HLV s) are deployed, are associated with the shortest installation time. The shuttling
assembly-line and the shuttling alternating (in which MPs and TP s are installed alternatingly)
strategies are associated with the lowest costs. Both involve a shuttling transportation strategy,
in which the HLV (s) ensure(s) both the transportation and installation of the components. The
mooring of barges alongside amlLV in feeder strategies (feeder vessels supply components to an
HLV, which stays at the wind farm under development) and the installation of TP s by a relatively
small HLV in assembly-line strategies are identi ed as the main bottlenecks. Reducing these by
relatively simple solutions can result in signi cant performance increases. Lastly, the project start
date is found to be a strong determinant of strategy performance(ii) Jacket foundation pile
installation. The assembly-line strategies are found to result in the shortest jacket installation
times as well. However, only the shuttling assembly-line strategy is additionally associated
with the lowest costs. Furthermore, it is found that a separate pile-dredging vessel can help to
reduce the time and costs associated with separate phases installation strategies, in which jackets
and their foundation piles are installed in di erent phases. Also for jackets, the barge mooring
alongside theHLV is identi ed to be the largest bottleneck. Reducing this bottleneck can result
in signi cant performance bene ts. Lastly, a relationship is found between the performance of
jacket installation strategies and the project start date, although weaker than forMP installation.

The developed decision support tool can provide a platform for further research into the logistics
of o shore wind and other industries, whereas the obtained results are only valid within the set
boundaries. To widen the applicability, it is recommended to perform follow-up studies in which

a stochastic mechanical failure component is included, and the sensitivity to the wind farm size
and port-to-farm distance is tested. Furthermore, it is advised to extend this study to investigate

the potential of the industry adopting a more holistic process or market point of view.
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Glossary

Feeder

Foundation

Jacket

Monopile
Peak wave period

Signi cant wave height

String
Substructure

Superstructure

Wave encounter angle

Workability

A feeder is de ned as a transportation barge or vessel, which supplies
components to an at the wind farm staying installation vessel (a
tugboat towing a oating monopile could also be considered a feeder).

A foundation is de ned as a structure which is in direct contact with
the seabed and provides a rm supportive ground to the substructure.

A jacket is de ned as a welded type of substructure, mostly consisting
of three or four legs (at the corners), which are interconnected by
diagonal (and horizontal) bracings .

A monopile is de ned as a tubular type of substructure with a diameter
of up to 11 meters.

The peak wave period is de ned as the wave period corresponding to
the waves with the highest energy density in the wave spectrum.

Signi cant wave height is a statistical parameter to describe the
random waves in a sea state. It is de ned as the average height of the
highest one-third of the waves observed in a certain period.

A string is de ned as a series of (approximately ten) o shore wind
turbines, which are connected by inter-array electrical cables.

A substructure is de ned as the structure between the seabed and
the structure it is designed to keep above the waterline.

A superstructure is de ned as the part of an o shore wind turbine
above the waterline, which is a combination of the tower, the nacelle,
the hub and the blades.

The Wave Encounter Angle WEA) is de ned as the angle between
the vessel heading and the wave heading.

Workability is de ned as a concept which describes the environmental
conditions for which an o shore operation can be performed safely.
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1 Introduction

In the last few decades, the global installed o shore wind power capacity has been growing
exponentially. In 2007, the contribution of o shore wind to the global energy market was 1
GW, whereas in 2018, this contribution had grown to 23 GW (Fernandez-Guillamén et al., 2019;
IRENA, 2019). The growth of the cumulative installed o shore wind power capacity is visualised

in Figure 1.1a. In 2019, an energy generating capacity of 6.1 GW was added to the global capacity,
which described the largest growth in the history of global o shore wind. Furthermore, at the
end of 2019, 75% of the installed o shore wind capacity was attributed to the European market.
However, it is expected that the development of the markets in North America, China, Taiwan,
Vietnam, Japan and South Korea will accelerate in the coming years, which is predicted to result
in a new annual added global capacity of 20 GW in 2025 and 30 GW in 2030 (J. Lee et al., 2020).
A key driver of these rapid developments is the signing of the Paris Agreement in 2015, which
initiated a global movement of many countries cooperating to combat climate change. In this
agreement, decarbonisation of the energy supply is considered crucial to achieving the set targets
and o shore wind technology is a proposed key contributor to this process (Lacal-Arantegui &
Jager-Waldau, 2018).

The growth of the global installed capacity is not only the result of the increasing number of
turbines being installed but also of the increasing size and capacity of the individual turbines.
Since the rst o shore wind farm, constructed in 1991 and with an average capacity of 450 kw
per turbine, the global average capacity has grown to 1.5 MW in 2000 and to 7.2 MW in 2019.
In May 2020, a turbine model with a capacity of 15 MW was announced to enter the commercial
market in 2024 (J. Lee et al., 2020). However, increasing the capacity of wind turbines involves
increasing the size of both the superstructures and the substructures . Moreover, as more wind
farms are being developed, further o shore sites, with greater waters depths and with extremer
environmental conditions are appointed as construction areas (Chartron, 2018). These trends
raise logistical challenges that have never been faced before, in an industry where subsidies are
being cut by European governments, pro t margins are small and extensive practice guidelines
are non-existent due to limited experience (Barlow et al., 2015). While these challenges lie
ahead, the o shore wind industry is expected to lower the associated levelised cost of energy
to a competitive position in the energy market (Ram et al., 2018), which increases the need
for innovative development. Such improvements can be made regarding the Transport and
Installation ( T&l )-phase, as this describes a relatively long period of time, which accounts for
about 18% of the capital expenditures (Sarker & Faiz, 2017; Sha ee et al., 2016). More speci cally,
a supply chain readiness analysis by Poulsen and Lema (2017) indicates that the o shore wind
industry in the EU primarily requires attention to the installation procedures of substructures.
They expect challenges regarding the logistics and cost-e ectiveness of these structures, due to
their increasing size and the changing environments in which wind farms are being installed.
Additionally, Koch et al. (2017) exemplify the challenges of limited availability of assets with
su cient capacity, and increasing weather sensitivity for the handling of larger substructures.

In the literature on the logistics of o shore wind farm installation projects, a strong tendency can
be recognised towards the installation of superstructures. Various studies compare or describe
the e ectiveness of installation strategies for these structures (e.g., Oelker et al. (2018) compare
di erent transportation strategies and Vis and Ursavas (2016) do this for installation strategies).
The installation of substructures is occasionally part of the presented models, but the depth of
analysis regarding strategies for this process is limited in those cases. For instance, Barlow et
al. (2015) include both super- and substructures in their research on the impact of the weather
dependency of o shore operations on the project duration, but limit their research to a single
installation method for every phase. To the writer's knowledge, no study has been performed
investigating and comparing the e ectiveness of substructure installation strategies.



Redacted version Chapter 1. Introduction

This thesis concentrates on contributing to the process of gaining insights into the installation
logistics of o shore wind turbine substructures and identifying cost reduction opportunities. In
particular, it focuses on the installation process of jackets and monopiles, which are the most
common types of substructures (see Figure 1.1b). The general installation process for these
structures includes transporting components from a base port to the wind farm area, driving the
foundation into the seabed ( piling ) and installing the substructure itself. Each phase of this
process can be realised through di erent strategies. However, deciding upon a certain strategy is
complicated as often the suitability of that strategy is dependent on the strategies adopted for
the other phases (e.g., the chosen installation sequence of components in uences the requirements
for the transportation phase). Moreover, other factors such as weather limitations of o shore
operations and the project start date may also in uence the e ectiveness of the strategies. Hence
there is the need for a detailed decision support tool that takes these (inter)dependencies into
account and helps to identify cost reduction opportunities.

Figure 1.1: (a) Global cumulative installed wind capacity (IRENA, 2019); (b) Breakdown of o shore wind capacity
per substructure type in the EU (Lacal-Arantegui et al., 2018)

The objective of this study is to generate insights into the complex system of interdependent
strategies for the installation of o shore wind turbine substructures, and to identify and quantify
cost-reduction opportunities. To provide such managerial insights, a quantitative modelling
approach is followed. More speci cally, Discrete Event Simulation DES)-models are constructed,
following the eight-step Simulation Model Development Process§MDP) designed by Manuj et al.
(2009). These models enable to compare di erent substructure installation strategies in varying
environments of external factors.

This thesis comprises nine chapters, the rst of which is an introduction into the topic, as presented
above. Chapter 2 explains the terminology used in this study, discusses the available scienti c
literature on the considered topic and identi es a scienti ¢ knowledge gap from which the main
research question is formulated. Chapter 3 de nes the system of analysis and summarises the
strategies evaluated in this study. Next, Chapter 4 discusses the methodology that is followed
in order to nd an answer to the main research question. In Chapter 5, a conceptual model

is designed, and in Chapter 6 the collection of the input data for the numerical models is
described. Chapter 7 describes the development and validation process of the developed models,
and Chapter 8 presents and discusses the numerical simulation results. Finally, in Chapter 9,
conclusions are drawn and recommendations for future research are made.



2 Theoretical background

This chapter discusses the research that has been performed on the logistical installation processes
of various sets of o shore wind turbine components. The components regarded in those studies
are introduced in Section 2.1. Subsequently, in Section 2.2, a literature review is performed
considering (modelling) studies focused on the logistics around o shore wind farms. Finally,
based on this review, a scienti ¢ knowledge gap is identi ed in Section 2.3.

2.1 Terminology

Although oating o shore wind turbines are mentioned in the industry with increasing frequency,
the vast majority of the turbines being installed is still bottom-founded (Lacal-Arantegui et al.,
2018). Bottom-founded means that a substructure is positioned on the seabed, to keep the
superstructure above the water line (see Figure 2.1a). There are various types of substructures
applied in the o shore wind industry, but the vast majority of these structures is a monopile

or a jacket, and it is expected that this tendency will only intensify in the near future (Lacal-
Arantegui et al., 2018). A Monopile (MP) is the simplest substructure, which can be described
as a tubular structure with a large diameter of up to 11 meters (IX Wind, 2021). A jacket is
a truss type of structure, mostly consisting of three or four legs (at the corners), which are
interconnected by diagonal (and sometimes horizontal) bracings . These structures are displayed
in Figure 2.1b and 2.1c. The term foundation is often used interchangeably with substructure .
However, for this study, foundation refers to the structure that is in direct contact with the
seabed, providing rm supportive ground to the substructure. In the case of monopiles, the
substructure also provides the foundation as it is the tubular structure of the monopile itself
that is driven into the seabed. For jackets, however, separate foundation piles are installed. This
is done either after ( post-piling , with piles driven through pile sleeves ) or before the jacket
is installed ( pre-piling , piles driven into the seabed on top of which the jacket is installed).
Figure 2.1c displays a post-piled jacket. The part connecting the substructure with the tower is
called the Transition Piece (TP). Apart from transferring loads from the superstructure to the
substructure, transition pieces also have other functionalities, such as: providing access platforms
and boat landings, accommodating electrical components, and o ering corrosion protection. All
components above the transition piece (the tower, nacelle, hub and three blades) are considered
components of the superstructure.

Figure 2.1: O shore wind turbine terminology breakdown. (a) adapted from (Bhattacharya et al., 2017); (b) and
(c) adapted from (IX Wind, 2021)
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2.2 Research on installation logistics of o shore wind farms

According to Vis and Ursavas (2016), relatively few scienti ¢ studies concentrate on the logistical
aspects of oshore wind farms. Moreover, they state that among those studies, the focus
is mostly on the Operations and Maintenance Q&M )-phase, and less attention is given to
the logistical aspects of the installation phase. Although researching th©&M -phase involves
encountering some similar challenges (e.g., the weather dependency of the analysed operations), the
corresponding system of analysis is signi cantly di erent, especially in terms of the predictability
and repetitiveness of the operations. Therefore, these studies are not considered here, however,
the reader is referred to (Sha ee, 2015) for an exhaustive review. In this literature review, the
available studies considering the installation logistics of o shore wind turbine substructures are
explored rst, in Section 2.2.1. Next, in Section 2.2.2, studies analysing superstructure installation
strategies are discussed, in order to consider their applicability to the installation of substructures.

2.2.1 Studies considering the logistics of substructure installation

According to Conconi et al. (2014), logistical improvements in the installation phase of o shore
wind farms are vital to the goal of realising cost reductions. Moreover, they state that the trends of
turbines increasing in size and wind farms being developed further o shore in greater water depths
require substructures to increase in size and weight as well. To overcome the challenges associated
with these developments, the transport and installation system of substructures must develop
accordingly (Conconi et al., 2014; Poulsen & Lema, 2017). Conconi et al. propose to tackle these
challenges by adapting the installation strategy to the project-speci ¢ circumstances. FOMPs,
they propose three transportation methods: wet towed ( oating monopiles, towed by tugboats),
by installation vessel and by feeder vessels (which supply the installation vessel at the wind farm
with components). The latter two also hold for jacket transportation. Similar considerations can
be made regarding the installation of jacket foundations (which can be facilitated by pre-piling,
post-piling or suction buckets, and performed by the same or a di erent vessel than the one that
installs the jacket) and the installation of MPs and TP s (which can be performed alternatingly,

in separate phases or by di erent installation vessels). Each of these strategies has its advantages
and disadvantages, which are discussed in Section 3.2, and their suitability is likely to depend
on factors such as the weather limitations of the involved operations and the project start date.
However, Conconi et al. do not quantify these dependencies.

The research by Lange et al. (2012) is among the earliest studies to quantify the logistical
processes of o shore wind turbine super- and substructures. They develop a tool to simulate
the supply chain of a wind farm development project, from the manufacturing to the o shore
installation phase. Their ndings indicate that disruptions from weather conditions can result in

a sharp increase in the transportation and installation costs. However, this study only assesses
a single installation strategy and provides little detail within its broad scope. Relative to this
study, Barlow et al. (2015) provide a more focused analysis, covering solely the super- and
substructure installation processes. By applying their discrete-event simulation tool, they identify
the installation duration resulting from varying levels of weather severity, and they conclude that
the installation processes of both structure types are signi cant contributors to the total delays.
Speci cally for jacket installation operations, most of these delays are due to the wind limitations
and required weather window length of in-port loading of a jacket from the quayside onto a barge,
and due to the wind and wave limitations of the o shore installation. Moreover, Barlow et al.
(2015) describe a relationship between the installation time and operational limits of vessels or
barges, and state that increasing the number of supply barges can increase the functional time
of the installation vessel, which would reduce the installation time. Although the latter study
does not describe the e ectiveness of the various installation strategies proposed by Conconi et al.
(2014), it does characterise relationships between operational parameters (e.g., wave limitations)
and performance indicators (e.g., installation time).
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In (Barlow et al., 2018), a hybrid framework is developed, whose rst component is a discrete-event
simulation tool based on the model by Barlow et al. (2015), which enables wind farm developers to
assess the expected cost and duration of the installation process. The second component is based
on the model by Tezcaner Oztiirk et al. (2017) and focuses on the optimisation of the installation
schedule and making it robust to changes in the duration of weather-dependent activities. Barlow
et al. (2018) apply the hybrid framework in a case study on the installation of superstructures, but
mention that it is also applicable to the installation of all other wind farm assets, as for instance
substructures. Similar to Tezcaner Oztiirk et al., Ursavas (2017) develops an o shore wind farm
installation scheduling model, but based on a partial Benders decomposition approach. The
model by Ursavas incorporates weather-related disturbances for the installation processes of both
superstructures and substructures and is applied to two wind farm cases located in the North
Sea. Muhabie et al. (2018) develop a discrete-event simulation tool focused on superstructure
installation, but in which they also include the installation process of jackets. However, the jacket
transportation and installation strategies are pre-determined and xed. Muhabie et al. implement
the e ect of environmental conditions by both a deterministic and a probabilistic approach, whose
results appear to be well aligned. Moreover, they nd a correlation between the project starting
date, the number of structures to be installed and the resulting required operational days. The
studies in this paragraph provide insights into optimally aligning the o shore operations within
the installation process of an o shore wind farm. However, taking the operational alignment to
the next step of optimised scheduling is outside the scope of this thesis.

Beinke et al. (2017b) perform a resource sharing analysis for the construction of three o shore
wind farms simultaneously (covering both super- and substructures). By conducting a discrete-
event simulation study, they conclude that weather limitations have a considerable impact on
the resources' degree and time of utilisation. Additionally, they state that the resource sharing
principle encompasses a large cost-saving potential. In two follow-up studies, it is concluded
that also information sharing (e.g., weather data, port capacity and vessel availability) has the
potential to increase the project performance (increased production with the limited available
resources and decreased installation costs) (Beinke et al., 2017a; Quandt et al., 2017). These
studies provide strategies, but on a di erent project level than the focus of this thesis. Where
these studies describe strategies for getting access to project assets, the focus of this thesis is on
the deployment strategies of these assets.

Conclusively, although this section is speci cally dedicated to research considering the installation
logistics of substructures, in all of the discussed studies these structures play an accessory
role. No logistical study thoroughly analysing the installation of substructures was encountered.
Moreover, to the writer's knowledge, no study describing the e ectiveness of di erent substructure
installation strategies has been published so far. However, this has been done for superstructures,
as is discussed in the next section.

2.2.2 Studies describing superstructure installation strategies

O'Sullivan et al. (2011) and Oelker et al. (2018) both compare two transportation concepts for
superstructure installation. In the rst concept, the turbine components are transported from the
base port to the wind farm by the installation vessel itself, whereas in the second the components
are fed to the installation vessel by commuting feeder barges or vessels. However, where the
rst study implements the e ect of environmental conditions by a probabilistic approach, the
second does this by incorporating a deterministic method. Both studies develop a discrete-
event simulation model to indicate under what conditions feeders can be a viable alternative.
These conditions relate to the port-to-farm distance, the size of the wind farm and the weather
limitations of the used equipment. The superstructure installation strategies considered here
are also applicable to substructures. However, the e ectiveness might be totally di erent, as
substructures generally include less fragile, larger and heavier components, which impacts the
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0 shore operations. The fact that this thesis investigates the applicability of these transportation
strategies to substructures, as was already proposed by Conconi et al. (2014), could therefore be
a helpful scienti ¢ contribution.

Vis and Ursavas (2016) also focus on the superstructure installation process and provide an
overview of the logistical principles applied in various wind farm installation projects in the North
Sea. They name the pre-assembly strategy as the main di erentiating factor. Pre-assembly refers
to the process of assembling components already onshore, such that the number of operations
to be performed o shore (which are more expensive) is reduced. One form of pre-assembly is
attaching the three blades to the hub onshore (the rotor-star assembly ), such that the complete
rotor can be installed in a single lift once it is transported o shore. Likewise, the nacelle, hub and
two blades can be pre-assembled into a bunny-ear assembly . Vis and Ursavas (2016) recommend
a strategy in which the number of onshore pre-installed components and the number of turbines
loaded on a vessel (negatively correlated) are maximised. Furthermore, Sarker and Faiz (2017)
perform a superstructure installation and transportation cost minimisation analysis, in which
they also include onshore pre-assembly, but ignore the impact of weather conditions. They
show that the turbine size relative to the deck area, port-to-farm distance, learning rates of
repetitive work and pre-assembly strategy in uence the total costs signi cantly. The application

of pre-assembly strategies to substructures is less evident, as these structures consist of fewer
separate components than superstructures. Moreover, the fact that components are currently
being installed separately (e.g., theMP and the TP) is not the result of an overlooked opportunity,
but of technical limitations.

2.3 Identi cation of knowledge gap and research question

Table 2.1 provides an overview of the reviewed studies. It indicates whether these studies
include the installation of superstructures, substructures or both, and whether the impact of
weather conditions, pre-assembly strategies, feeders, the piling process or the deployment of
additional installation vessels are included in the analysis. Barlow et al. (2015) and Barlow et
al. (2018) include four of the ve factors in some form. However, while their models include
most components, their focus is on identifying the impact of stochastic weather conditions on the
duration of various o shore operations. Installation strategies are not varied or compared. A
similar conclusion can be drawn for (Muhabie et al., 2018). However, the latter study does propose
for future research to explore the logistical potential of increasing the limiting environmental
conditions of o shore operations. O'Sullivan et al. (2011) and Oelker et al. (2018) compare the
strategies of transportation by installation vessel and transportation by feeders, but only consider
superstructure components. Lastly, while studies analysing the addition of feeders are occasionally
encountered in the literature, no research analysing the deployment of additional installation
vessels (HLVs) or other support vessels was identi ed.

From the literature review presented in this chapter can be concluded that no study analysing
potentially cost-cutting strategies for the installation logistics of o shore wind turbine substruc-
tures has been identi ed, which leaves a scienti ¢ knowledge gap. This gap may be explained by
a similar lack of knowledge in the o shore wind industry. Many of the contractors that take care
of the installation of o shore wind turbine substructures originate from the oil and gas sector.
These companies have a lot of experience regarding tackling the technical challenges of o shore
construction projects. However, since these projects generally only involve a relatively small
amount of installation activities, most of them have limited experience with long-lasting projects
requiring the repetitive installation of many substructures (Drunsic et al., 2016). Only in the
recent years, the relatively new industry of o shore wind has become aware of the importance
of logistics in such projects. Little acknowledgement of the relevance of a topic in the industry
provides little incentive for research in the scienti c community, which might explain the low
interest in the literature. Another reason may be the unusual combination of the knowledge in
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logistics and o shore hydrodynamics, which is required to be present in the team of researchers

However, this knowledge is accessible in this study. Therefore, this research aims to Il the de ned
knowledge gap by answering the following main research question:

What logistical strategies that can be implemented for the installation of o shore wind turbine
substructures are most competitive in terms of operational costs?

Table 2.1: Content overview of the reviewed articles focused on the installation phase, including the contribution
of this thesis. Abbreviations: Superstructure (T), Substructure (S)



3 De ning the system of analysis

Before getting into the details of strategies for the installation of o shore wind turbine substructures
(as requested in the main research question, posed in Section 2.3), rst, a general overview of the
various life cycle phases of o shore wind farms is provided in Section 3.1. Next, in Section 3.2, a
more in-depth analysis of the substructure installation process is provided. This analysis results in
an enumeration of strategies to perform the load-out, transportation and installation operations
of jackets, monopiles and transition pieces.

3.1 General system description

The installation of substructures is only a part of the o shore wind farm installation process,

and the Transport and Installation ( T&l )-phase is only one of the phases in the development of
o shore wind farms (see Figure 3.1). In this section, all the life cycle phases of o shore wind
farms are described, in order to provide context around the narrowed down focus of this study.

Figure 3.1: The general o shore wind farm life cycle stages, considering the phases of development, installation
(with a focus on substructures), operations and maintenance, and decommissioning

The top row of Figure 3.1 provides a generalised sequence of phases in the development, installation,
maintenance and decommissioning of o shore wind farms. The rst phase ofsite selection,
surveying and planning normally starts about ve years before the actual installation is
commenced (Sha ee et al., 2016). Site selection is generally a complex process, in which factors such
as wind potential, shipping routes and aquatic life have to be accounted for (Vagiona & Kamilakis,
2018). Once the site is known, a developer is selected (often by the corresponding government
organising a tender), and in-depth surveys are performed (e.g., regarding soil conditions) to
support the engineering phase (Steen, 2016). Furthermore, this stage is characterised by extensive
planning of smooth operations, as prot margins in the industry are small and there is little
room for delays (Li, 2016). In the subsequent phase ofngineering and procurement | the
wind farm is designed, including the selection of the type of substructure, the structural design,
the optimisation of the wind farm layout and the design of the electrical infrastructure (Sha ee

et al., 2016). Although procurement can be started concurrently with the engineering phase,
this can be a risk as the preliminary designs, and therefore the required materials, might change.
The construction phase has a lot of interdependencies with procurement, as components and
equipment required in the early construction phase, should arrive accordingly early to prevent
delays. Often the manufacturing of structures, such as MonopilesMPs), Transition Pieces (TPs)
and components of the superstructure, is not performed at the base port (from which components
are transported to the wind farm location), meaning that the transportation from the construction
yard to the base port is also included in this phase.
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Once the constructed components start to arrive at the base port and all the required installation
equipment is available, the o shore transportation and installation phase can commence.
As indicated by the accentuated processes in Figure 3.1, this is the phase of focus in this thesis.
Not only the installation of wind turbines is performed at this stage, but also the electrical
infrastructure, including o shore cables and substations, is constructed (see Figure 3.2). Regarding
o shore cables, the distinction can be made between inter-array cables (which connect the
individual turbines) and export cables (which connect o shore with onshore substations).

O shore substations collect the energy produced by the wind turbines and increase the voltage, in
order to increase the energy transportation e ciency of the generally very long export cables. Some
substations additionally perform an AC to DC conversion with the same purpose (S. Rodrigues et
al., 2016). Although the installation processes of o shore substations and subsea cables provide
complex logistical challenges, these are outside the scope of this thesis. The considered processes
regarding the transportation and installation of substructures are further discussed in Section 3.2.

Figure 3.2: (a) O shore wind turbines with monopile substructures, (b) Inter-array cables, (c) Export cables, (d)
O shore substations, (e) Meteorological mast (f) Onshore substations (S. Rodrigues et al., 2016)

The hook-up and commissioning phase comprises the activities after the installation of
the turbines, cables and substations, with the intention to operationalise the wind farm. This
includes realising the connection between the subsea cables and the substations, and extensive
testing to assure high performance and reliability (Asgarpour, 2016). It should be noted that
large wind farms are sometimes delivered in phases, meaning that nished sections can be
commissioned before the complete farm is installed. Once operational, it is key to minimise the
wind farm's downtime, and therefore pro tability loss, by performing structured operations
and maintenance activities. However, this proves to be a challenge as the accessibility of
the o shore infrastructure is limited by the weather conditions at hand (Dewan & Asgarpour,
2016). The complexities and challenges that lie within the maintenance phase explain the
relatively high interest of researchers in investigating these operations (uit het Broek et al., 2019).
Decommissioning is the last phase in a wind farm's life cycle, and can be considered as a
reversed installation process. In the relatively young industry of o shore wind, little experience
has been built up regarding decommissioning, as the rst dismantling project was only executed
in 2016. Therefore, challenges may arise regarding, for instance, vessel limitations, preservation
of marine life and recyclability of decommissioned components. For these reasons, Topham and
McMillan (2017) recommend to consider the decommissioning process already in the design phase
of o shore wind farms.

Although Figure 3.1 presents the life cycle phases of o shore wind farms in a sequential order,
it should be mentioned that in practice these phases can overlap. For instance, whildPs or
jackets are still being produced at the construction yard, earlier nished structures can already
be installed. Similarly, while wind turbines are still being placed, ones that were installed earlier
can already be hooked-up to the electrical infrastructure.
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3.2 Substructure installation: procedures and strategies

As can be deduced from the bottom row of Figure 3.1, the rst phase of the substructure
installation phase is the arrival of substructure components at the base port. These components
can arrive by di erent means of transportation, depending on the location of fabrication and
the size of the components. Large and heavy components, such as jackd#Rs and TPs, are
mostly transported over water, whereas smaller components, such as ladders and platforms, can
be transported over land more easily. Ideally, base ports are facilitated with a large marshalling
yard , providing su cient room to line up the received constructed components (see Figure 3.3a).
Moreover, the nal assembly of delivered components can take place at this yard. The subsequent
phases in theT&l -procedure of substructures describe the main focus of this study and comprise
the load-out, transportation and installation phases. The latter are described in Section 3.2.1 to
3.2.3 respectively.

3.2.1 Load-out methodologies

Once theT&l -phase commences, the rst point of action is to bring the components to be installed
from the quayside onto the transportation vessel or barge. Such an operation is called a load-out
and can be completed in di erent ways. The load-out ofMPs, TPs, and jackets destined for
o shore wind farms, is generally performed by deploying either cranes or Self-Propelled Modular
Transporters (SPMTSs), which are trailers with a built-in propulsion system. Figure 3.3b and 3.3c
display the load-out of monopiles by a Heavy Lift Vessel LV )-crane and SPMTs respectively.
Figure 3.3d depicts a jacket load-out by a crawler crane, with a jacket marshalling yard in the
background. The choice for the type of load-out is generally dependent on the availability, costs
and capacity of equipment, and the dimensions and weight of the structure to be transferred.
Hence, in this study, the method applied to perform the load-out operation is considered as a given
input for the system of analysis (and not varied to test the e ectiveness of each methodology). If
the transportation vessel is anHLV , it performs the load-out itself, otherwise, it is assumed that
a suitable crane is available at the quayside.

Figure 3.3: (a) Marshalling yard storing monopiles and transition pieces (Jan De Nul Group, 2019), (b) Lifted
load-out of a monopile and a transition piece by the Seaway Yudin (ALE, n.d.), (c) Load-out of monopiles by
SPMTs (ALE, n.d.), (d) Lifted load-out of jackets, from a jacket marshalling yard (Crane Market, 2017)
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3.2.2 Transportation strategies

The transportation of the components to be installed, from the quayside of the marshalling
yard to the wind farm location, can be realised by di erent strategies. In the rst strategy, the
HLV that takes care of the installation activities is additionally deployed for the transportation
activities. In those cases, the load-out is usually performed by the crane of the vessel, as is
depicted in Figure 3.3b. Subsequently, the components loaded on théLV -deck are rigidly secured

to prevent them from moving during o shore transportation (in the industry generally referred to

as seafastening ). Next, the vessel sets sail to the destined location of the next component to be
installed. After performing the installation activities, the HLV returns to the base port to pick up
the following components. In the industry, this method is referred to as the shuttling -strategy.

In the second strategy, theHLV is solely deployed for installation activities, while transportation
barges or vessels supply it with components. Figure 3.3c and 3.3d depict load-out operations of
components onto such transportation vessels. These vessels (or barges) are often called feeders
as they feed components to the installation vessel. Including a feeder to the logistical operation
involves adding two critical o shore activities to the installation system: the mooring of the feeder
alongside the installation vessel, and the o shore transfer . The latter means that, once a feeder
is moored to the installation vessel, the transported components have to be lifted o the vessel
or barge deck. Both the feeder mooring process as well as the o shore transfer operation are
often a limiting factor regarding workability (the environmental conditions for which an o shore
operation can be performed safely), and can therefore be considered potential bottlenecks of the
deployment of this strategy. A feeder that has been released from all its components heads back
to the base port to pick up a new load, after which the cycle repeats.

The third option is performing the wet tow method . With respect to bottom founded (non-
oating) o shore wind turbines, this method has only been applied to monopiles. It comprises a
situation in which the MP itself is oating and towed. To provide these tubular structures with

su cient buoyant capacity, the open ends are closed with so-called end-caps or plugs . One
large advantage of this method is that no transportation vessels with large deck storage capacities
are required. To increase the transportation capacity of the towing vessel (often a tug boat), in
theory multiple monopiles may be lined up in series, assuming a proper connection between the
monopiles (Li, 2016). However, in practice, a tug boat usually only tows one monopile.

Table 3.1 compares the three transportation strategies by summarising their individual advantages
and disadvantages. The main advantage of deploying feeders over transportation by the installation
vessel, is the resulting high availability of theHLV for installation activities, while transportation

is taken care of by feeders with a generally lower day rate (as discussed by Conconi et al. (2014),
O'Sullivan et al. (2011) and Oelker et al. (2018)). Moreover, transportation barges and vessels
often have a relatively large deck available for transportation, wherea$iLV s also require space to
store lifting and installation equipment. However, in the case of theHLV taking care of both the
transportation and installation activities the day rate costs of transportation vessels or barges are
absent, and o shore operations can be performed with tougher weather conditions. The latter
is the case adHLV s generally have a higher workability than transportation vessels or barges,
and also because no o shore feeder mooring and component transfer operations are required.
Furthermore, barges often have a lower sailing speed than vessels. The main advantage of the
transportation of monopiles by the wet tow method is the possibility to perform transportation
and installation operations in parallel, while no large feeders are required. Furthermore, by
making use of the buoyant e ect of the oating monopile, only a relatively small crane is required

to install it. However, apart from the fact that this method is only applicable to monopiles, it
also comes with a relatively low sailing speed and workability, and the requirement to construct
watertight plugs.
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Table 3.1: Summary of the advantages and disadvantages of component transportation by the installation vessel
and by feeders, and of monopile transportation by wet towing

3.2.3 Installation strategies

To accurately install substructures, the HLV should be able to keep its position with narrow
margins. Generally, there are two principles for a oating vessel to do this: by deploying anchors
and by Dynamic Positioning (DP). DP refers to a system that coordinates the activation of a set
of engines, thrusters and rudders to automatically let the corresponding vessel keep its position.
The main di erence between both systems is the requirement of the rst to position a number of
anchors (often eight or more), generally with the help of anchor handling support vessels, for
every installation location. The availability of a DP-system can therefore potentially save a lot of
installation time for both jackets and monopiles. In this study, the availability of a DP-system

is considered as a given input for the project of analysis (which in uences the time it takes to
position the installation vessel), and not as a strategy.

Contrary to the load-out, transportation and vessel positioning operations, which have a lot
of similarities for jackets and monopiles, the installation procedures of these structures are
signi cantly di erent. A description for the installation of these substructures is provided next.

Monopile installation procedures and strategies

Since MPs are normally transported horizontally (see Figure 3.3c), the rst operation after
hooking in the structure is to bring it to a vertical position. In the industry, this operation is
called upending . Once vertical, the MP is brought to the outrigger (also called pile gripper )
and lowered onto the seabed. An outrigger is a frame around the verticdP, which provides
stability while the substructure is driven into the seabed. Driving an MP into the seabed is
usually performed by positioning a hammer (generally a hydraulic impact hammer, a vibratory
hammer or a combination of both) on top of the tubular structure.

Once the MP has been driven into the seabed to its design depth, th&P can be placed on top.
This is traditionally done immediately after the MP has been installed, which is referred to as the
alternating installation strategy. However, in another strategy, rst a batch of MPs is installed,
and in a subsequent phase an equally large batch @iPs is installed on top. Moreover, when two
installation vessels HLV s) are deployed, an assembly-line installation strategy can be employed
in which a larger vessel installs theMP's, after which a second, smaller, installation vessel places
the TPs (which are typically smaller and lighter than MPs) on top (Kaiser & Snyder, 2012).
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