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A B S T R A C T

The construction of offshore wind farms requires solving more and more complex logistical problems due to the
increasing sizes of turbines and changing environments. In particular, the installation of substructures requires
attention due to their significant impact on capital expenditures and the limited literature and guidelines
available. In this paper, we develop a decision support tool consisting of a discrete-event simulation that
allows for comparing strategies for the installation of offshore wind turbine substructures in terms of time
and costs. We identify several combinations of transportation and installation strategies for monopile and for
jacket substructures. The differentiation is based on the deployed vessels and the installation sequence of the
components. The strategies are applied to the case of a wind farm in the North Sea. For both substructure
types, we find that strategies involving a second installation vessel result in the shortest installation times, and
those in which the installation vessel(s) take(s) care of both transportation and installation result in the lowest
costs. Additionally, we quantify the performance increases as a result of a reduction of the most prominent
bottlenecks and the sensitivity of the project performance to the start date. Finally, the results are discussed
in relation to future market and technological developments in the field.
1. Introduction

The global installed offshore wind power capacity has been growing
exponentially in the last two decades due to the rising demand for
renewable energies. In 2007, the contribution of offshore wind to the
global energy market was 1 GW and increased to 23 GW in 2018 [1].
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
offshore wind. Such a growth is not only the result of the increasing
number of turbines being installed but also of their increase in size
and capacity. Since the first offshore wind farm, constructed in 1991
and with an average capacity of 450 kW per turbine, the 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 [2]. Inevitably, this raises
logistical challenges in an industry where extensive practice guidelines
are non-existent due to limited experience [3].

A supply chain readiness analysis by Poulsen and Lema [4] indicates
that the offshore wind industry in the EU primarily requires attention

Abbreviations: T&I, Transport and installation; DES, Discrete-event simulation; MP, Monopile; FMP, Floating monopile; TP, Transition piece; HLV, Heavy lift
vessel; SPMT, Self-propelled modular transporter; WOW, Waiting-on-weather; PIF, Pile installation frame; O&M, Operations and maintenance; OSV, Offshore
support vessel; WEA, Wave encounter angle
∗ Corresponding author.

E-mail address: s.fazi@tudelft.nl (S. Fazi).

to the installation procedures of substructures. They expect challenges
regarding the logistics activities for these structures, due to their in-
creasing size and the changing environments in which wind farms are
being installed. Additionally, Koch et al. [5] exemplify the challenges
of limited availability of assets with sufficient capacity, and increasing
weather sensitivity for the handling of larger substructures. Moreover,
as more and more wind farms are being built further offshore, at
sites with greater waters depths and with extremer environmental
conditions, challenges arise especially in the Transport and Installation
(T&I)-phase. This phase is lengthy and costly accounting for about 18%
of the capital expenditures [6,7].

In this paper, we focus on the T&I process of jackets and monopiles,
which are the most common types of substructures. The general instal-
lation process consists of three main steps: transporting components
from a base port to the wind farm area, driving the foundation into
the seabed and installing the substructure. Each phase of this process
can be realised through different strategies that differentiate based on
the type and number of deployed vessels and the installation sequence
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of the components. However, the suitability of a certain strategy is
dependent on the strategies adopted for the other phases (i.e., the cho-
sen installation sequence of components influences the requirements
for the transportation phase). Moreover, other factors such as weather
limitations of offshore operations and the project start date may also
affect the effectiveness of the selected strategies. Therefore, our goal is
to develop a decision support tool that takes these inter-dependencies
into account and helps to identify cost reduction opportunities. To pro-
vide such managerial insights, we develop a Discrete-Event Simulation
(DES) model to compare different substructure T&I strategies in varying
environments and external factors. Moreover, we are able to ensure
the validity of the results by using empirical data for the input and
validation of the model. We apply the resulting tool to the case of a
wind farm in the North Sea, which consists of 67 turbines and is located
approximately 250 km from the considered base port.

Literature on T&I strategies for offshore wind farms have focused
mainly on the installation of superstructures. See for example, Oelker
et al. [8] and Vis and Ursavas [9] comparing installation and trans-
portation strategies respectively. The installation of substructures is
occasionally part of the presented models, but the analysis is rather
limited. For instance, although Barlow et al. [3] consider the impact of
the weather dependency in the installation of super- and substructures
they limit their research to a single installation method for every
phase. As underlined by Poulsen and Lema [4] and Koch et al. [5] the
substructure installation phase is critical with the challenges associated
with their installation ever growing due to extremer weather conditions
and greater water depths. To this end, careful analysis of these sub-
structure installation strategies is becoming more and more important.
To our knowledge, no study has yet been performed investigating
and comparing the effectiveness of different substructure installation
strategies. This study aims to fill this gap by focusing on the most
common types of substructures and their different installation methods.
Moreover, the study provides further insights into the challenges the
companies are nowadays confronted with due to the characteristics of
larger turbines and analyses different strategies to overcome these, such
as deploying additional installation vessels, feeders and workability
improving systems.

This paper is structured as follows. Section 2 presents the terminol-
ogy used in this study and discusses the available scientific literature
on the topic. Section 3 defines the system of analysis and summarises
the strategies evaluated in this study. Next, Section 4 discusses the
development of the decision support tool. In Section 5, the collection of
the input data for the numerical models is described. Section 6 presents
and discusses the numerical simulation results. Finally, in Section 7, we
draw our conclusions and present recommendations for future research.

2. Background

In this section, we first introduce the terminology. Next, a litera-
ture review is performed on relevant studies focusing on the logistics
around offshore wind farms. Finally, based on this review, a scientific
knowledge gap is identified.

2.1. Terminology

Although floating offshore wind turbines are mentioned in the
industry with increasing frequency, the vast majority being installed
is still bottom-founded. Bottom-founded means that a substructure is
positioned on the seabed to keep the superstructure above the water
line (see Fig. 1a). Among others, the most common substructures are
monopiles and jackets, and it is expected that their use will only intensify
in the near future [10]. A monopile (MP) is a tubular structure with a
large diameter of up to 11 m [11]. A jacket is a truss type of structure,
mostly consisting of three or four legs, which are interconnected by
2

diagonal bracings. These structures are displayed in Fig. 1b and 1c.
The term foundation refers to the structure that is in direct contact
with the seabed, providing firm, supportive ground to the substructure.
In the case of MPs, their tubular structure provides the foundation once
driven into the seabed. For jackets, however, separate foundation piles
are installed. This is done either after (post-piling) or before the jacket
is installed (pre-piling). Fig. 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, TPs also have other functionalities, such as: providing
access platforms and boat landings, accommodating electrical compo-
nents, and offering corrosion protection. In the case of MPs, TPs are
generally installed as separate structures since the fragile components
housed by the TPs cannot cope with the accelerations induced by the
hammering process. However, for jackets, the separate installation of
the foundation piles allows for constructing jackets and TPs as a single
structure. All components above the TP (the tower, nacelle, hub and
three blades) are considered components of the superstructure. Work
by Jiang [12] provides a comprehensive technical overview for offshore
wind turbines.

2.2. Research on installation logistics of offshore wind farms

Only a few scientific studies concentrate on the logistical aspects
of offshore wind farms [9]. Their focus is mostly on the Operations
and Maintenance (O&M)-phase, while less attention is given to the
installation phase. Although the O&M-phase involves some similar chal-
lenges (e.g., the weather dependency of the analysed operations), the
corresponding system of analysis is significantly different, especially
in terms of the predictability and repetitiveness of the operations.
Therefore, these studies are not considered in detail here, but, the
reader is referred to [14,15] for exhaustive reviews. In this paper,
the available studies considering the installation of substructures are
explored 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. Research on installation strategies for substructures
According to Conconi et al. [16], improvements in the installation

phase of offshore wind farms are vital to the goal of realising cost
reductions, especially in view of their increase in size and weight. To
overcome the challenges associated with these developments, the trans-
port and installation system of substructures must develop accordingly
Poulsen and Lema [4],Conconi et al. [16]. They propose to tackle these
challenges by adapting the installation strategy to the project-specific
circumstances. For MPs, they propose three transportation methods:
wet towed (i.e., floating monopiles towed by tugboats), installation
vessel and feeder vessels (which supply the installation vessel at the
wind farm with components). The latter two methods also hold for
jacket transportation. The suitability of each strategy is likely to depend
on factors such as the weather limitations and the project start date.
However, Conconi et al. do not quantify these dependencies.

The research by Lange et al. [17] is among the earliest studies to
quantify the logistical processes of offshore 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 offshore
installation phase. Their findings 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. Barlow et al.
[3] provide a more focused analysis, covering solely the super- and
substructure installation processes. By means of a discrete-event simula-
tion tool, they identify the installation duration resulting from different
levels of weather severity, and they conclude that the installation
processes of both structure types are significant contributors to the
total delays. Specifically for jacket installation operations, most of these

delays are due to the wind and wave limitations. Moreover, Barlow
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Fig. 1. Offshore wind turbine terminology breakdown. (a) adapted from [13]; (b) and (c) adapted from [11].
et al. [3] describe a relationship between the installation time and oper-
ational 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 characterises the relationships between operational parameters
and performance indicators, it does not describe the effectiveness of
the various installation strategies proposed by Conconi et al. [16] and
their impact when dealing with different substructure types.

In Barlow et al. [18], a hybrid framework is developed, whose
first component is a discrete-event simulation tool based on the model
by Barlow et al. [3], 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 Öztürk et al. [19] and
focuses on the optimisation of the installation schedule and making it
robust to changes in the duration of weather-dependent activities. Bar-
low et al. [18] apply the hybrid framework in a case study on the
installation of superstructures but mention that it is also applicable
to substructures. Similar to Tezcaner Öztürk, Ursavas [20] develops
an offshore wind farm installation scheduling model that incorporates
weather-related disturbances for the installation of both superstruc-
tures and substructures and is applied to two cases in the North Sea.
Finally, Muhabie et al. [21] 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 fixed. Moreover, they
find a correlation between the project starting date, the number of
structures to be installed and the resulting required operational days.

Beinke et al. [22] perform a resource sharing analysis for the
construction of three offshore wind farms. 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
via increased production with the limited available resources and de-
creased installation costs [23,24]. These studies provide analysis into
the strategies regarding getting access to project assets. With respect to
the last part of the offshore wind farm life cycle, among others, Topham
and McMillan [25] perform a cost analysis for different transport strate-
gies, whereas Irawan et al. [26] proposes an optimisation approach for
3

scheduling the decommissioning activities of an offshore wind farm in
order to minimise the total cost for the jack-up vessel, barge vessel,
inventory, processing and on-land transportation costs.

Conclusively, although this section is specifically dedicated to re-
search considering the installation of substructures, in all of the dis-
cussed studies these structures play an accessory role. Moreover, to our
knowledge, no study describing the effectiveness of different substruc-
ture installation strategies has been published so far. However, this has
been done for superstructures, as is discussed in the next section.

2.2.2. Research on installation strategies for superstructures
O’Sullivan et al. [27] and Oelker et al. [8] both compare two trans-

portation concepts for superstructure installation. In the first concept,
the turbine components are transported from the base port to the wind
farm by the installation vessel itself, whereas in the second the com-
ponents are fed to the installation vessel by commuting feeders. 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 instal-
lation strategies considered here are also applicable to substructures.
However, the effectiveness might be totally different, as substructures
generally include less fragile, larger and heavier components, which
impacts the offshore operations.

Vis and Ursavas [9] also focus on the superstructure installation
process and provide an overview of the logistical principles applied in
various projects in the North Sea. They name the pre-assembly strategy
as the main differentiating factor. Pre-assembly refers to the process
of assembling components already onshore, such that the number of
operations to be performed offshore (which are more expensive) is
reduced. Vis and Ursavas [9] recommend a strategy in which the num-
ber of onshore pre-installed components and the number of turbines
loaded on a vessel are maximised. Furthermore, Sarker and Faiz [7]
perform a superstructure installation and transportation cost minimi-
sation analysis, in which they also include onshore pre-assembly but
ignore the impact of weather conditions. They show that the turbine
size, port-to-farm distance, learning rates of repetitive work and pre-
assembly strategy influence the total costs significantly. 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 sep-
arately (e.g., the MP and the TP) is not the result of an overlooked
opportunity but of technical limitations.
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Table 1
Content overview of the reviewed articles focused on the installation phase, including the contribution of this study.

Abbreviations: Superstructure (T), Substructure (S).
2.3. Knowledge gap

Table 1 provides an overview of the reviewed studies. It indicates
whether these studies include the installation of superstructures, sub-
structures or both, and whether the impact of weather conditions,
pre-assembly strategies, feeders, piling process or the deployment of
additional installation vessels are included in the analysis.O’Sullivan
et al. [27] and Oelker et al. [8] compare the strategies of transportation
by installation vessel and transportation by feeders, but only consider
superstructure components. Although Barlow et al. [3,18] include most
components in some form, their focus is on identifying the impact
of stochastic weather conditions on the duration of various offshore
operations and not on different installation strategies and type of
substructure installed. A similar conclusion can be drawn for Muhabie
et al. [21]. However, the latter study does propose for future research to
explore the logistical potential of increasing the limiting environmental
conditions of offshore operations. 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 identified. Therefore, this research
aims to fill the defined knowledge gap by analysing the different instal-
lation strategies for substructures, their interdependencies and impacts
on costs and project duration together with various policies such as
additional vessel deployment to overcome installation bottlenecks.

3. System of analysis

The focus of this paper is the Transportation and Installation (T&I)
of substructures of a wind farm. Considering the life cycle of a wind
farm in general, this phase begins after a site has been selected and
the components have been engineered, procured and constructed. See
Fig. 2 for an overview. Once the constructed components start to arrive
at the base port and all the required installation equipment is available,
the T&I phase can commence.

The first phase of the substructure installation phase is the ar-
rival of substructure components at the base port, where ‘‘marshalling
yards’’ typically provide sufficient room for lining up and assembly (see
Fig. 3a). The subsequent phases in the T&I-procedure of substructures
describe the main focus of this study and comprise the load-out, trans-
portation and installation phases. These are described in Section 3.1 to
3.3, respectively.
4

3.1. Load-out methodologies

The first 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 different ways.
The load-out of monopiles (MPs), Transition Pieces (TPs), and jackets is
generally performed by deploying either cranes or Self-Propelled Modu-
lar Transporters (SPMTs), which are trailers with a built-in propulsion
system. Fig. 3b and 3c display the load-out of MPs by a Heavy Lift
Vessel (HLV)-crane and SPMTs, respectively. Fig. 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.

3.2. Transportation strategies

The transportation of the components to be installed, from the quay-
side of the marshalling yard to the wind farm location, can be realised
by different strategies. In the first strategy, the HLV that performs the
installation activities is additionally deployed for the transportation. In
those cases, the load-out is usually performed by the crane of the vessel,
as is depicted in Fig. 3b. Subsequently, the components loaded on the
HLV-deck are secured to prevent them from moving during offshore
transportation (sea fastening). 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, the HLV is solely deployed for installation
activities, while barges or vessels, called feeders, supply it with com-
ponents. Fig. 3c and 3d depict load-out operations of components onto
these feeders. Including a feeder in the logistical operation involves
adding two critical offshore activities to the installation system: the
mooring of the feeder alongside the installation vessel and the ‘‘offshore
transfer’’. The latter means that, once a feeder is moored to the instal-
lation vessel, the transported components have to be lifted off its deck.
Both the feeder mooring process and the offshore transfer operation are
often a limiting factor regarding workability (the environmental con-
ditions for which an offshore 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
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Fig. 2. The general offshore wind farm life cycle stages, considering the phases of development, installation (with a focus on substructures), operations and maintenance, and
decommissioning. Although the figure presents the life cycle phases of offshore wind farms in a sequential order, in practice, these phases can overlap.
Fig. 3. (a) Marshalling yard storing monopiles and transition pieces [28], (b) Lifted load-out of a monopile and a transition piece [29], (c) Load-out of monopiles by SPMTs [29],
(d) Lifted load-out of jackets, from a jacket marshalling yard [30].
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-floating) offshore wind turbines, this method
has only been applied to MPs. It comprises a situation in which the
MP itself is floating and towed. To provide these tubular structures
with sufficient buoyant capacity, the open ends are closed with so-
called ‘‘end-caps’’. 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 tug boat, multiple MPs
may be lined up in series, assuming a proper connection between the
MPs [31]. However, in practice, a tug boat usually only tows one MP.
5

Table 2 compares the three transportation strategies by summaris-
ing pros and cons. The main advantage of deploying feeders for trans-
portation is their lower day rate and the higher availability of the
HLV for installation activities [8,16]. Moreover, feeders often have
a large deck available for transportation, whereas HLVs also require
space to store lifting and installation equipment. However, in the case
of the HLV taking care of both the transportation and installation
activities, the day rate costs of transportation vessels or barges are
absent, and offshore operations can be performed with tougher weather
conditions, given the higher workability of HLVs. Furthermore, feeder
barges typically have a lower sailing speed than vessels. The main
advantage of the transportation of MPs by the wet tow method is
the possibility to perform transportation and installation operations in
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Table 2
Summary of the advantages and disadvantages of component transportation by the installation vessel and by feeders, and of monopile transportation by
wet towing.
parallel, while no large feeders are required. However, apart from the
fact that this method is only applicable to MPs, it also comes with a
low sailing speed and workability.

3.3. Installation strategies

Contrary to the load-out, transportation and vessel positioning op-
erations, which are similar for jackets and MPs, the installation proce-
dures of these structures are significantly different. A description of the
installation of these substructures is provided next.

3.3.1. Monopile installation procedures and strategies
Since MPs are normally transported horizontally (see Fig. 3c), the

first operation after hooking in the structure is to bring it to a vertical
position (upending). Once the MP has been driven into the seabed to its
designed depth, the TP 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 the so-called ‘‘separate
phases’’ strategy, first, a batch of MPs is installed, and in a subsequent
phase, an equally large batch of TPs is installed on top. Moreover,
when two installation vessels (HLVs) are deployed, an ‘‘assembly-line’’
installation strategy can be employed in which a larger vessel installs
the MPs, after which a second, smaller installation vessel places the TPs
(which are typically smaller and lighter than MPs) on top [32].

Table 3 provides an overview of the advantages and disadvantages
of the discussed MP- and TP-installation strategies. The strategy of
alternating installation requires the HLV to position at each turbine
location only once, but the lifting equipment has to be changed for
every lift. The installation of MPs and TPs in separate phases can
be performed with minimal lifting equipment changes, however, the
HLV has to be positioned at each location twice. The main advantage
of the assembly-line strategy over the first two methodologies, is the
deployment of an additional TP installation vessel with just sufficient
capacity to install TPs, which also results in the ability to install more
components within a given weather window. However, deploying two
installation vessels, both with a certain day rate, also results in a more
complex logistical operation. Moreover, for both the separate phases
and the assembly-line strategies holds that an installed MP without
a TP on top can only be left alone for a certain amount of time
(generally in the order of 24–48 h, varying per location) without taking
6

collision-preventing measures (such as installing a warning light).
3.3.2. Jacket installation procedures and strategies
Jackets destined for the offshore wind industry are mostly trans-

ported vertically (see Fig. 3d). This can be recognised as an advantage
over MPs, as the deck space of transportation vessels can be used more
efficiently. Moreover, no upending operation is required. However,
vertical transportation reduces the stability and, therefore, the work-
ability of the transport. Another distinction between jackets and MPs
can be recognised regarding their foundation. An MP itself is driven
into the seabed, meaning that it functions as a substructure as well
as a foundation. The piled foundation of jackets is formed by separate
foundation piles, which typically have a significantly smaller diameter
than MPs and can be driven into the seabed with a smaller pile-driving
device.

Generally, jacket foundation piles that support wind turbines are
installed according to the principles of pre-piling [16]. First, piles are
driven into the seabed. In a subsequent phase, the jacket is positioned
with the bottom of its legs on top of these piles, requiring the piles to
be positioned with high accuracy. To ensure this precision, the piles are
normally installed through a Pile Installation Frame (PIF).

Pre-piled jackets can be installed by different strategies, as listed in
Table 4. Similar to the separate phases strategy for the installation of
MPs and TPs, jackets and their foundation piles can also be installed
in individual sequential phases. This strategy requires minimal lifting
equipment changes during the phase of pile installation. However,
to realise proper jacket installation, the pre-installed piles have to
be cleaned and dredged using a pile dredging tool, for which lifting
equipment has to be changed. Secondly, an assembly-line strategy
(similar to the one described for MP–TP) can be applied, in which a
smaller vessel (generally with a lower day rate) installs the piles, after
which a larger vessel installs the corresponding jacket. This strategy
enables to install more components within a given weather window,
but the day rate of the second vessel has to be accounted for. The third
strategy in Table 4 is similar to the first; however, the pile cleaning and
dredging activities are taken over by a smaller Offshore Support Vessel
(OSV) with just sufficient capacity to perform this activity. This reduces
the costs associated with these cleaning activities and minimises the
required lifting equipment changes. Then again, the day rates of two
vessels have to be accounted for, and the pile cleaning activities have to
be performed not too long before the jacket is installed (otherwise the
removed marine fouling grows back), increasing the complexity of the
logistical system. The alternating installation strategy proposed for MP–

TP installation is normally not applied to jackets, as the transportation
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Table 3
Summary of the advantages and disadvantages of alternating monopile (MP) - Transition Piece (TP) installation, MP and TP installation in separate
phases and the MP–TP assembly-line strategy.
Table 4
Summary of the advantages and disadvantages of the separate phases, assembly-line and separate pile dredger strategies for the installation of pre-piled
jackets.
of both jackets and foundation piles on one deck generally does not
provide sufficient room to upend the piles.

3.4. Strategies of analysis

This section summarises the introduced transportation and instal-
lation strategies and puts them into their sequential perspective, fol-
lowing Fig. 4. Corresponding to Table 2, this figure lists the three
transportation strategies: transportation by installation vessel (shut-
tling), by feeders and by wet towing. However, the wet tow strategy
is only applicable to MPs. The subsequent strategies of installation
are dependent on the type of substructures to be installed: MPs (see
Table 3) or pre-piled jackets (see Table 4).

Hence, nine unique combinations of strategies for MPs and six for
pre-piled jackets can be identified, assuming that one transportation
and one installation strategy is adopted in the project’s T&I-phase. The
number of deployed feeders and floating monopile (FMP)-towing tug
boats can be varied (e.g., in a sensitivity analysis) when these are
deployed as transportation strategies, which makes the total number
of logistical set-ups analysed in this study to amount 22.

4. Methodology

Based on research focused on superstructure installation, it is ex-
pected that the effectiveness of Transport and Installation (T&I) strate-
gies is dependent on factors like weather conditions, operational weathe
7

r

limits and vessel characteristics. Quantitative and causal relationships
have to be formulated to describe the impact that these factors have
on the installation costs. In this respect, a Discrete-Event Simulation
is typically a preferred approach, especially when stochastic processes
should be included in a model [33]. In this section, we first provide
a high-level design process, followed by the main assumptions and
simplifications.

The simulation framework has been developed in Simio, and the
post-processing of results has been automated using the Matlab coding
environment. Reports are based on 35 simulation runs for each year of
available weather data (eleven years in total). Hence, in total 35 × 11
simulations, whose results are averaged out. This value of 35 runs was
determined by performing a convergence test. 50 runs were performed
for each year of weather data. In the worst case (i.e., year of weather
data), it took 35 runs for the average installation time to converge
within a 24-hour bound around the 50-run average.

4.1. High-level conceptual model development

A high-level model representation of the system of analysis is pro-
vided in Fig. 5, describing the model structure and the general project
objectives. It specifies the interaction of the model with external data
supply (i.e., the inputs). Moreover, it presents the model outputs, which
are intended to quantify the comparison of installation costs. A more
detailed description of the model’s internal architecture is provided by

the logic flow diagram in Appendix A.



Renewable and Sustainable Energy Reviews 170 (2022) 112951J. Tjaberings et al.

s
s
q
e
s
f
i
t
t

r
a
p
c
a
b
o
a

Fig. 4. Summary of the strategies of analysis in a sequential perspective.
Fig. 5. High-level conceptual model for the installation of offshore wind turbine substructures.
Some of the inputs of the system of analysis depend on the various
trategies to adopt during the transportation and installation phase,
uch as vessel and time duration data. Although data of the vessels is
uite constant (e.g., sailing speed, transportation capacity, workability,
tc.), the type, amount and function of the deployed vessels vary per
trategy. Location data of the base port and the individual turbines is
ixed, but the sequence of sailing destinations for transportation and
nstallation vessels are varied based on the adopted strategy. Hence,
he individual turbine locations are not experimental conditions, but
heir sequence of visitation is.

In addition to the experimental data, also weather- and workability-
elated external data is supplied to the model to determine the ‘‘work-
ble weather windows’’, a process which is represented by the lower
art of Fig. 5. Workable weather windows indicate if the weather
onditions at hand allow for a certain operation to be performed at
particular moment in time or that the planned activities have to

e delayed until more favourable weather arrives. In the majority
f logistical studies on offshore wind farms, the continuity of oper-
tions depends on limitations regarding the significant wave height
8

(Hs), and some also consider limitations regarding wind speed (Vw).
However, Sperstad et al. [34] state that more accurate predictions
can be made if more limiting parameters are incorporated. This con-
clusion results from their comparison between the application of a
simplified single-parameter wave description (in terms of Hs) and the
implementation of a more complex and realistic multi-parameter wave
determinant: Hs as a function of peak wave period Tp and wave
encounter angle (WEA).

To accurately establish the weather windows for the transfer and
installation activities, an external model is used. This model follows the
methodology proposed by [35]. It consists of a hydrodynamic model of
the considered HLV, by which the responses of the system to incident
waves can be determined. To these responses, limits are set (e.g., the
maximum crane load or the maximum HLV roll motion). Next, the
limiting Hs-value for which one of the responses reaches its limit is
determined, for a series of Tp-values. This way, Hs- Tp curves are
constructed (see also Appendix B), which express the Hs-limit as a
function of T . Just before the start of the particular operations, the
p
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Table 5
Properties of vessels deployed in the considered strategies. MP/TP relates to alternating installation strategy, where MPs and TPs can be transported
simultaneously.
t
p
a

model checks whether the environmental conditions at hand exceed the
limiting values within the maximum duration of the operation, and, if
required, it postpones the operations to the first moment in time where
the weather conditions are suitable. The transportation, positioning
and relocation operations are generally considered non-critical and
are therefore considered only limited by the Hs and Vw. The same
holds for load-outs, however, as these are often performed inside the
sheltered area of a port, only the wind speed at the particular location
is accounted for as a limiting factor. The transfer and installation
operations are more refined operations, and it is therefore deemed
necessary, with regard to the precision of our model, to deploy the
hydrodynamic analysis as described above.

4.2. Assumptions and simplifications

Other assumptions and simplifications concerning the model are
listed here. (i) The predicted weather conditions and vessel responses
and limitations are assumed to be correct (once started, weather-
dependent operations do not have to be aborted). (ii) Learning effects
are not accounted for separately but are considered to be incorpo-
rated in the probability distributions (introduced in Section 5.3) of the
duration of the corresponding operations. (iii) The vessel day rates
and marshalling yard rent last exactly until the end of the project
unless a particular vessel is only required in a certain phase of the
project (e.g., due to a separate phase or assembly-line strategy). (iv)
Vessels travel at a constant speed. (v) Delays not induced by weather
limitations (such as mechanical breakdowns) are not considered.

5. Data collection

In this study, we consider a typical setting for wind farms installa-
tion in the North Sea relative to a base port located in the south of The
Netherlands, whose data is available from a case company. Although
restrictions due to non-disclosure agreements between the company
and the research team allow only non-sensitive to be disclosed we
provide representative proportional data which is further supported by
literature. This data is presented in Appendix B. The data collection is
described following Fig. 5 and is discussed for each category of input
data.

5.1. Vessel data

Table 5 provides an overview of the transportation capacities and
sailing speed for each type of vessel. HLV2 is a second Heavy Lift Vessel
(HLV) deployed in assembly-line strategies. The sailing speed of an HLV
is considered to be constant based on an analysis of 45 sailing trips
between a wind farm in the North Sea and a base port in the south of
The Netherlands, which resulted in an average speed of 7.7 knots and a
coefficient of variation of 7.3%. For the feeder barge and the tug boat,
9

the sailing speed is assumed to be constant as well. f
5.2. Location setting

The system is composed of a base port, a wind farm entry point, and
strings of wind turbines. The reference project requires the installation
of 67 substructures at a wind farm situated ≈250 km from the base
port. The considered wind farm layout can be described by six strings
of ten and one string of seven turbine locations, separated by a constant
distance of 1 km. Distances between the wind farm entry point and the
first turbine of every string of wind turbines are approximated to 7 km
for the first three strings and to 2 km for the others. Next, it is assumed
that travelling from one string to another is 1 km; however, this is only
possible between the first and last turbines of each string, which is a
reasonable assumption as operations in the next string are generally
started only after the operations in the previous are finished.

5.3. Duration data

The considered operations are listed in Table 6. Random durations
are generated for each operation, following suitable probability distri-
butions fitted to the available data. A lognormal distribution was the
most common selection, except in the case of ‘‘miscellaneous work’’,
where a normal distribution is found to be more suitable. The suitability
of each fitted distribution was examined by performing a Kolmogorov–
Smirnov Goodness-Of-Fit test on the provided data [36]. For a level
of significance of 0.05 (which is a generally accepted value [37]), all
of the fitted distributions in Table 6 can be considered significantly
accurate.

For some operations, no sufficient time duration data was available
to fit a statistically significant distribution. In those cases, a PERT-
distribution was described and provided to the model. The parameter
estimates are made by experienced industry experts. Table 6 addition-
ally indicates the operations that are considered ‘‘continuous’’, which
means that they have to be performed in the same weather window and
cannot be aborted due to bad weather. The required window length
equals the summation of the duration of the included operations.

5.4. Cost data

The rates considered in this study concern the daily rates of HLV,
HLV2, barges, tugboats, construction support vessels and marshalling
yard rents. It must be noted that for the deployment of each barge
in a feeder strategy, additionally two tug boats should be accounted
for to sail the barge. Other expenses are assumed to be constant over
the strategies or deemed negligible. Table B.12 in Appendix B provides
ranges for the costs considered in this study. However, in the numerical
results we will provide the total cost of each strategy.

5.5. Weather data

The operational limits for weather-sensitive operations are expressed
in terms of Hs, Tp and Vw. To determine workable weather windows,
hese limits are related to hourly time series of these parameters,
rovided over twelve years of weather data (2000–2011). Weather data
t the location of the base port was accessed from [38], and at the wind

arm location from [39].



Renewable and Sustainable Energy Reviews 170 (2022) 112951J. Tjaberings et al.
Table 6
Operations to be performed for the installation of monopiles and transition pieces, jackets and jacket foundation piles. Also, the allocated distribution
types are provided.

Abbreviations: HLV = Heavy Lift Vessel, PIF = Pile Installation Frame.
6. Numerical results and discussion

This section presents the numerical simulation results of the im-
plementation of the strategies of analysis into the case study project.
Section 6.1 presents relevant technical details and explains the model
validation. In Section 6.2, the performance of the monopile (MP) -
Transition Piece (TP) installation strategies is evaluated, and process
improvements are considered. Furthermore, the dependency of the
strategy performance on the project start date is investigated. A similar
procedure is followed for the analysis of the installation of jackets and
their foundation piles in Section 6.3. In Section 6.4, the findings of
the numerical simulations and the implications for the industry are
discussed.

6.1. Model validation

A base model was used to simulate the combination of the shuttling
transportation strategy and the alternating installation strategy for the
installation of MPs and TPs. For this strategy sufficient validation data
is available from the case study at hand, involving the installation
of 67 MPs and TPs. Since this strategy includes the basic principles
of substructure installation, it is deemed a suitable template for the
modelling of the other strategies.

The base model developed for this study was tested by the validation
techniques of a face validity test, parameter variability test, and histor-
ical data validation test, as described by Sargent [40]. Face validity
was ensured by discussing the various components within the model’s
structure, and the assumptions made, with experienced industry experts
from both the field and the office environment. Regarding the param-
eter variability and the historical data test, the historical project from
the case study is taken for reference. The project was performed in 2016
and started on the eighteenth of March. Hence, for the validation, this
10
same start date was used. However, as the model is validated for its
predicting capabilities, only weather data of years before 2016 were
used. Details of the validation can be found in Appendix C. Both a
visual inspection and a statistical analysis on of the result confirmed
that the simulation model predicts the project completion progress
satisfactorily.

6.2. Monopile–transition piece installation strategies

This section presents the simulation results for the 9 MP–TP re-
lated strategies introduced in Section 3.4. First, in Section 6.2.1, the
performance of the proposed strategies is compared, based on the
input data presented in Section 5. Furthermore, the bottlenecks of
the most promising strategies are identified. Next, in Section 6.2.2,
measures to reduce these bottlenecks are proposed and discussed. In
Section 6.2.3, the dependency of the performance on the project start
date is examined.

6.2.1. MP-TP installation strategy performance evaluation
Out of the nine strategies, we analyse fourteen logistical set-ups,

since a sensitivity analysis is performed with regard to the number of
deployed feeder barges and floating monopile (FMP)-towing tugboats.
These set-ups and the corresponding abbreviations are presented in
Table 7.

We provide S-curves in Fig. 6 to analyse the project completion
progress over time for a selection of strategies. These curves are the
result of averaging all S-curves that result from the 35 simulation
runs for each year of weather data (see the methodology section).
The curves of the strategies MP_S_AL, MP_4F_AL and MP_3T2F_AL on
average reach the 100%-completion first and approximately at the
same time. MP_1F_Sep and MP_2T2F_Sep take the longest to reach
full completion. From the analysis of the simulation output, the latter
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Table 7
Overview of the logistical set-ups for the installation of MPs and TPs, and the corresponding abbreviations.
Fig. 6. A selection of nine average S-curves of the in total fourteen considered logistical set-ups for the installation of MPs and TPs.
can be explained by a low occupancy rate of the Heavy Lift Vessel
(HLV) due to non-continuous supply of components. By increasing the
number of feeders, this rate can be boosted (see the steeper S-curves of
MP_2F_Sep and MP_3T2F_Sep). However, once an HLV reaches 100%
occupancy (a vessel with 100% occupancy is never idle except for when
it is waiting for the weather to improve, which is the case for the
latter two strategies), adding feeders does not add to the installation
rate anymore. This limit to the size of the feeder fleet also explains
why MP_3T2F_AL is only evaluated for one composition of feeders:
MP_3T2F_Sep already shows that the first HLV performs adequately
with three FMP-tugs and MP_4F_AL shows that the second HLV oper-
ates most efficiently with two TP-supplying barges (both in terms of
time and costs, as elaborated below). Furthermore, Fig. 6 shows that
the curve corresponding to strategy MP_1F_Sep is characterised by a
reducing installation rate above the 50%-completion line (when the
TPs are being installed). This can be explained by the months towards
the end of the year this part of the curve is corresponding to, which
are generally associated with unfavourable weather. Although strategy
MP_2F_Sep involves the same types of system components, the second
feeder results in such a reduction of the installation time that the total
project can be finished before months of unfavourable weather arrive.
Hence, the described effect MP_1F_Sep is not visible in the latter case.

Fig. 7 is complementary to Fig. 6, as it provides insights into
the variability of the installation duration. It can be concluded that
of the fastest three strategies, MP_S_AL is associated with the lowest
variability around the average installation time. Furthermore, the strat-
egy associated with the largest average installation time (MP_1F_Sep)
appears to be related to the largest variability.

The boxplots in Fig. 8 compare the various strategies in terms of
costs. The MP_S_Alt strategy corresponds to the lowest costs, but the
completion time of this strategy is not among the shortest. This result
11
can be explained by the low total day rate due to the deployment of
only a single vessel. However, the difference with MP_S_AL is marginal.
The strategies of MP_4F_AL and MP_3T2F_AL, which correspond to a
low installation time, are not among the strategies with the lowest as-
sociated costs. This indicates that the reduction of the installation time
achieved by the deployment of additional vessels in these strategies
does make up for the extra introduced costs. Finally, it can be stated
that the strategies with the lowest installation rate are also among the
approaches with the highest associated costs.

Another noteworthy result is that despite the deployment of addi-
tional vessels relative to the base strategy MP_S_Alt, the installation
time is regularly not reduced or only marginally (see Fig. 7). A similar
conclusion can be drawn when comparing MP_S_AL to MP_4F_AL and
MP_3T2F_AL, and MP_S_Sep to MP_2F_Sep and MP_3T2F_Sep. These
remarks can at least partly be explained by the lower workability of
the additional HLV (HLV2) compared to the original HLV, and by
the weather-sensitive operations that are introduced when feeders are
deployed (e.g., barge mooring and transfer operations). Both result in
additional Waiting-On-Weather (WOW)-days, during which operations
are postponed until more favourable weather conditions arrive and for
which further chartering costs have to be considered.

Table 8 provides the contribution of the weather-dependent oper-
ations to the total number of WOW-days for the five most promising
strategies. For MP_S_Alt, the largest contributors are the installation op-
erations of MPs and TPs. However, these operations are not perceived
as bottlenecks, since the total number of WOW-days corresponding
to this strategy is relatively low. Regarding MP_S_AL, the number of
WOW-days is significant, and, contrary to MP_S_Alt, there exists a
strong skewness towards the contribution of TP-installation. This is due
to the fact that for this strategy, TPs are installed by a smaller HLV

with a higher weather sensitivity. In the case of MP_2F_Alt, the largest
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Fig. 7. Boxplots describing the simulated total installation time per considered strategy. The boxplots represent the results of 35 simulation runs for each considered year of
weather data.
Fig. 8. Boxplot describing the simulated installation costs per considered strategy, only including the cost components discussed in Section 5.4.
contribution to the WOW-days is induced by the barge (un)mooring
activities. To understand the lower percentages corresponding to the
installation activities compared to the preceding strategies, it should
be realised that if the operations are postponed until suitable weather
arrives to perform the barge mooring operation, the probability that the
environmental conditions are also below the limits for the installation
operations increases. The discussed reasoning behind the main contrib-
utors of MP_2F_Alt also holds for MP_4F_AL and MP_3T2F_AL. However,
12
for the latter two, the share of WOW-days induced by TP-installation is
significantly larger, as these are installed by the smaller HLV.

6.2.2. MP-TP installation bottleneck reduction sensitivity analysis
This section investigates the potential of increasing the workability

of the operations that are considered bottlenecks in Table 8. This is
done by performing three experiments, in which the weather limits are
increased for:
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Contributions of weather-limited MP–TP installation operations to the total number of WOW-days.
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(i) The mooring of feeder barges alongside HLVs. In this exper-
iment, the corresponding limiting significant wave height is
increased by 0.3 m for strategies MP_2F_Alt, MP_4F_AL and
MP_3T2F_AL. In practice, this increase can be realised by the
deployment of a different crew transfer vessel. For this, it must
be understood that to moor a barge alongside an HLV, personnel
have to be brought from the HLV to the barge, for which crew
transfer vessels are used. The wave height limit of these vessels is
governing in the barge mooring operation. Hence, a larger crew
transfer vessel can increase the wave height limit of the barge
mooring operation. See the strategies in Figs. 9 and 10 indicated
by ‘‘Impr_BM’’.

(ii) The installation of TPs by the second HLV. For this experi-
ment, experts consider shifting the limiting Hs-Tp curve for the
TP-installation up by 0.5 m reasonable. In practice, this improve-
ment can be accomplished by deploying a motion compensa-
tion system. In Figs. 9 and 10 this improvement is indicated
by ‘‘Impr_TPInst’’. This experiment is performed on MP_S_AL,
MP_4F_AL and MP_3T2F_AL. Note that the investment cost for
such a system is not considered in the computation.

(iii) Both the improvements of (i) and (ii) are implemented, which
is referred to as ‘‘Impr_BM_TPInst’’ in Figs. 9 and 10. This exper-
iment is performed on MP_4F_AL and MP_3T2F_AL.

From Figs. 9 and 10, it can be concluded that Impr_TPInst results
n such a significant cost reduction that MP_S_AL becomes the most
avourable strategy, although the installation time on average slightly
ncreases. The latter can be explained by the resulting higher installa-
ion rate of the second HLV, which allows for deploying this vessel at a
ater stage while avoiding waiting time on the first HLV. For MP_2F_Alt,
mpr_BM results in a significant reduction of both installation time
nd costs, but not sufficient to become competitive with the shuttling
trategies. Regarding MP_4F_AL, it can be concluded that Impr_TPInst
esults in a larger reduction of the total installation time than Impr_BM,
nd therefore the TP-installation by the second HLV could be consid-
red the largest bottleneck. However, due to the fact that Impr_BM
mproves the installation rate of both HLVs, this improvement results
n a larger cost reduction. Considering MP_3T2F_AL, Impr_BM results in
he largest reduction of installation time and costs, and barge mooring
an therefore be considered the largest bottleneck of this strategy.
mpr_TPInst is less effective than for the previous strategy because FMP-
ransfer is more weather-sensitive than MP-transfer from a barge. As
ould be expected, implementing both Impr_TPInst and Impr_BM results
n the largest reduction of installation time and costs for both MP_4F_AL
nd MP_3T2F_AL. Nevertheless, it should also be noted that the ‘‘basic’’
P_S_Alt strategy, without any workability improvements, remains a
13

ery competitive strategy in terms of installation costs.
.2.3. MP-TP installation performance as a function of the start date
Figs. 11 and 12 display the maximum, mean and minimum instal-

ation time and costs, respectively, for the promising initial (without
orkability improvements) MP–TP-installation strategies as a function
f the start date. Based on these figures, it can be stated that regardless
f the strategy, the project start date can have a significant impact on
oth the installation time and costs. Start dates which result in more
perations being performed in the winter season, result in higher mean
nstallation times and costs, and maxima and minima deviating more
rom the mean. As a consequence of this trend, the ‘‘optimal’’ start
ate (associated with the shortest installation time and lowest costs)
s earlier for strategies that require more time to complete the project.

Nevertheless, it must be noted that there are certain risks associated
ith starting an installation project on the ‘‘optimal’’ date. The model
eveloped in this study does not account for unexpected events such
s mechanical failures that require repairs. The delays as a result of
uch events may push the project’s operations into the months with less
avourable weather, due to which the installation time and costs can
ncrease quickly. Hence, starting a project before the ‘‘optimum’’ may
educe the project’s risk. From a cost perspective, the performance of
P_S_Alt and MP_S_AL is comparable and higher than that of the other

trategies for a certain range of start dates. However, for start dates
owards the winter season, MP_S_Alt starts to outperform MP_S_AL.
lso, looking at the installation time, the variability of the latter
trategy increases significantly, which may become troublesome when
ertain contractual milestones are to be met.

.3. Jacket – foundation pile installation strategies

In this section, the numerical simulation results regarding jacket
nstallation strategies are presented. Section 6.3.1 compares the per-
ormance of the proposed strategies. Additionally, the bottlenecks of
he most promising strategies are identified. Subsequently, in Sec-
ion 6.3.2, actions to reduce these bottlenecks are discussed. Finally, in
ection 6.3.3, the dependency of the performance on the project start
ate is evaluated.

.3.1. Jacket installation strategy performance evaluation
Based on the six considered strategies, eight different logistical set-

ps are analysed, displayed in Table 9. The eight corresponding project
ompletion S-curves (which represent the average output of 35 runs
or each year of weather data) are plotted in Fig. 13, which shows that
a_4F_AL on average reaches 100%-project completions first. Ja_1F_Sep
esults in the only curve for which, on average, operations are per-
ormed throughout the whole winter. This is mainly the result of the
ow occupancy rate of the HLV due to the usage of only one barge, but
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Fig. 9. Comparison between the installation time of the five promising initial MP–TP-installation strategies and of those strategies with improved workability.
Fig. 10. Comparison between the installation costs of the five promising initial MP–TP-installation strategies and of those strategies with improved workability.
also the delaying effect of the unfavourable weather is clearly visible.
When comparing Ja_2F_AL and Ja_4F_AL, a similar effect of the HLV
occupancy rate is visible. However, for this strategy, the project is
completed before the winter season and therefore the ‘‘flattening’’ of
the S-curve is largely avoided.

Fig. 14 shows the boxplots of the installation time and costs for the
eight set-ups. In terms of installation time, Ja_4F_AL can be considered
the most advantageous, although Ja_S_AL is a competitive alternative
(the difference in medians is 13 days). When also installation costs
14
are evaluated, a clear preference goes out to the latter option. The
time reduction realised with the deployment of four additional feeder
barges in Ja_4F_AL does not make up for the additional introduced
costs. Another notable result is the effectiveness of the strategies in
which a separate dredger vessel is deployed. It should be realised that
these strategies are based on the separate phases strategies, but with an
additional Offshore Support Vessel (OSV) to perform the pile dredging.
Comparing Ja_S_Sep with Ja_S_Dredg and Ja_2F_Sep with Ja_2F_Dredg
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Fig. 11. The maximum, mean and minimum installation time as a function of the project start date per MP–TP installation strategy (note that for visibility reasons the colours
per strategy are different w.r.t. the figures above).
Fig. 12. The maximum, mean and minimum installation costs (only including the cost components discussed in Section 5.4) as a function of the project start date per MP–TP
installation strategy (note that for visibility reasons the colours per strategy are different w.r.t. the figures above).
Table 9
Overview of the logistical set-ups for the installation of jackets and the corresponding abbreviations.
15
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Fig. 13. Average S-curves of the eight considered logistical set-ups for the installation of jackets and foundation piles.
Fig. 14. Boxplots describing the simulated installation time and costs (only including the cost components discussed in Section 5.4) per considered strategy.
results in the conclusion that significant time and cost reductions can
be achieved by deploying an OSV.

Table 10 specifies the average contribution to the number of WOW-
days per weather-dependent operation. Just as was concluded for the
installation of MPs and TPs, barge (un)mooring operations (if present
in the strategy) provide a large contribution to the total number of
WOW-days. For Ja_S_AL, two of the main contributors are Pile In-
stallation Frame (PIF) -installation and pile dredging. However, by
experimentation, it was found that increasing the limits corresponding
to these operations shifts the cause of postponement to pile and jacket
16
installation, respectively. Therefore, Section 6.3.2 only discusses the
effect of increasing the workability of the barge (un)mooring operation.

6.3.2. Jacket installation bottleneck reduction sensitivity analysis
As discussed in Section 6.2.2, it can be considered reasonable to

increase the significant wave height limit of the barge mooring op-
eration by 0.3 m. This is due to the fact that crew transfer from the
HLV to the barge is limiting in this operation, and hence the limit
can be increased by the deployment of a crew transfer vessel that is
less weather sensitive. Fig. 15 shows that significant reductions in the
installation time and costs can be realised if this marginal increase
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Table 10
Contributions of weather-limited jacket installation operations to the total number of WOW-days.
Fig. 15. Comparison between the installation time of the four promising initial jacket-installation strategies and of those strategies with improved workability.
in weather resistance is put into practice. However, it should also be
pointed out that even if this increase in performance is realised, Ja_S_AL
remains the best performing strategy in terms of costs.

6.3.3. Jacket installation performance as a function of the start date
For the four promising jacket installation strategies, the effect of

the start date on the project performance is investigated. Figs. 16 and
17 present the maximum, mean and minimum installation time and
costs, respectively, as a function of the start date. When these figures
are related to Figs. 11 and 12, it can be stated that considering relative
numbers, the jacket installation strategies are less sensitive to the start
date. However, when looking at absolute numbers, the sensitivity is
comparable. Among the compared strategies, the results of Ja_4F_AL
are most affected by varying the start date, especially regarding the
associated costs. Hence, when applying this strategy, special attention
should be given to the risks of having delays and ending up in a period
of the year for which costs increase rapidly.
17
6.4. Discussion

6.4.1. Numerical results w.r.t. market developments
The numerical results have shown that for the current market shut-

tling transportation strategies generally outperform feeder strategies.
However, for various market development scenarios shuttling may not
be a viable alternative. One of those is the continuous increase in the
size of substructures. This may lead to a situation in which many of
the current installation vessels do not have the capacity to handle the
substructures. In those cases, feeder barges can provide additional deck
space, whereas towing FMPs does not require deck space at all and
reduces the required crane capacity.

Another complex scenario for shuttling strategies may be related
to the expansion of the offshore wind market from Europe to other
continents. According to Gilman et al. [41], the US is planning to have
installed 86 GW of offshore wind power by 2050, which is more than
2.5 times the current global installed capacity. This perspective of rapid
development is an interesting opportunity for European contractors.
However, the U.S. Jones Act restricts these contractors from deploying
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Fig. 16. The maximum, mean and minimum installation time as a function of the project start date per jacket installation strategy (note that for visibility reasons, the colours
per strategy are different w.r.t. the figures above).
Fig. 17. The maximum, mean and minimum installation costs (only including the cost components discussed in Section 5.4) as a function of the project start date per jacket
installation strategy (note that for visibility reasons, the colours per strategy are different w.r.t. the figures above).
shuttling strategies, as this act requires the vessels that transport goods
(such as wind turbine components) between ports in the U.S. to be built
in the U.S.

Since it can be expected that the feeder alternatives are more
expensive than shuttling transportation strategies, a competitive dis-
advantage could arise w.r.t. companies with large installation vessels
capable of installing the next-generation substructures or companies
that operate Jones Act compliant vessels. European offshore contractors
should use this knowledge to prepare themselves with a competitive
position in these expected market developments. Various alternatives
are to be evaluated, such as building larger installation vessels, po-
tentially on U.S. soil, or investing in methods to be competitive with
the currently available vessels. Many contractors are expected first to
investigate the latter option, as this avoids large investments.
18
6.4.2. Numerical results w.r.t. technological developments
The main identified bottleneck of feeder strategies is the lower

workability as a consequence of the introduction of weather-sensitive
operations. Recent technological developments may contribute to solv-
ing this issue. In the last few years, various motion compensation
systems have been introduced in the market of offshore wind. Such
devices compensate for the motions that are induced by the offshore
environmental conditions, which enables contractors to install compo-
nents with the required accuracy at higher sea states. The increasing
availability of such devices indicates that the potential of increasing
offshore workability is recognised. Our analysis showed a reduction
in installation time and costs resulting from a workability increase.
This expected cost reduction forms the basis for establishing a budget
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for investments in workability-increasing systems. When larger invest-
ments are required, it is preferable to investigate the applicability of the
investment in follow-up projects. The developed simulation tool may
then be used to estimate the payback period, which potentially covers
multiple projects.

Another technological development in the field of substructure in-
stallation concerns a new type of hammer that is used to drive MPs into
the seabed, which has the potential to introduce much less vibrations
into the substructure than the traditional impact hammer. These vibra-
tions are the reason why boat landings, ladders and access platforms (in
the industry referred to as ‘‘secondary steel’’) are generally attached
to the TPs, and installed after the MP is driven into the soil. If they
were installed on the MP, they would simply vibrate off during the
pile driving process. According to IQIP [42], the vibrations induced
by the newly developed hammer may be sufficiently low to enable the
installation of secondary steel on the MP. Furthermore, if the electrical
components traditionally housed by the TP can also be positioned in
the turbine tower, there is the potential to completely leave TPs out
of turbine design or to ‘‘integrate’’ TPs into MPs. Looking at Table 6,
these developments would at least take operations 5, 6 and 9 out of
the process. Apart from the direct time saving, this may also result
in a reduction in the number of WOW-days, as TP-installation proved
to be a weather-sensitive operation. However, if the TP is taken out
of the turbine design, MPs should become longer and heavier, which
intensifies the limitations discussed in Section 6.4.1 regarding vessel
deck space and crane capacity.

6.4.3. Numerical results w.r.t. alternative market perspectives
Sections 6.2 and 6.3 showed that installation strategies associated

with a short installation time often do not correspond to low installation
costs and therefore are not preferred. However, it may be that if a more
holistic market perspective would be adopted, the preferences would
shift towards the strategies associated with short installation times.
One of the main advantages of these strategies is that they provide the
opportunity to operationalise the wind farm earlier and therefore to
generate revenue earlier. An important requirement towards adopting
such a perspective is the alignment of the financial interests of the in-
volved stakeholders. Contractors have to be compensated for selecting
a fast rather than a cheap strategy, based on the additionally generated
revenue. The option of the developed decision support tool to present
the expected performance as a function of the start date may be of
help in the alignment process. It could be used to find a combined per-
formance optimum for the various contractors sequentially installing
different types of components (substructures, superstructures, cables,
etc.). However, it must be noted that this approach would require
a considerable change of culture among the currently individually
operating contractors.

7. Conclusions

In this study, we aimed to generate insights into the complex
system of interdependent strategies for the installation of offshore
wind turbine substructures, and to identify and quantify cost-reduction
opportunities. The strategies can be categorised in transportation and
installation strategies, from which nine different combinations were
identified to be applicable to monopile (MP)-Transition Piece (TP) in-
stallation and six to jacket-foundation pile installation. A Discrete-Event
Simulation (DES)-modelling approach was considered most suitable to
quantitatively evaluate the strategies.

For the installation of MPs and TPs, the most cost-effective strategies
are the shuttling–alternating and the shuttling–assembly-line strategies.
For jacket installation, shuttling–assembly-line is the best performing
strategy. However, the validity of this conclusion is dependent on its
context and technological developments. In the U.S., none of these
strategies may be applicable due to the Jones Act, which would result in
very different conclusions. Similarly, adopting a more holistic market
19
point of view and considering the effect of collecting revenue earlier
when a wind farm is operational earlier may shift the preference
towards strategies with a short installation time.

The literature review revealed that while a few studies analyse
the effectiveness of superstructure installation strategies, no study was
encountered doing this for substructures. Available studies only include
the installation of substructures as an accessory process. For future
research, it is recommended to investigate the alignment of the interests
of the involved parties. An example of misalignment of interests is
that the installation strategies with the shortest installation time are
currently not favoured (partly) because they introduce additional costs
for the contractor, whereas the benefits go to the wind farm owner.
Also, the opportunity for the contractor to start earlier with a new
project could be evaluated. Aligning such interests might result in a
shift of preference. Finally, considering CO2 -emissions as a perfor-
mance indicator of the considered strategies (in addition to installation
time and costs), would enable a contractor to quantify its contribution
to combat climate change, which may be a competitive advantage
during the tendering processes, and to substantiate investments in CO2
-reduction systems.
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Appendix A. Model logic flow diagram

See Fig. A.18.

Appendix B. Input data

This study was performed in collaboration with a commercial party.
The advantage of such a cooperation for our research is the availability
of realistic input data for the developed models. However, also non-
disclosure agreements had to be signed regarding these data. In order
to enable tractability, we provide openly available data which are
proportional to a factor close to one to the values actually used.

Table B.11 shows the durations of the most relevant operations
performed during the installation of monopile and jacket substructures.
For the duration of a load-out operation, a general value is given, as this
was found not to vary much depending on the component. Additionally,
we provide the sources from which these values are derived, which can
be consulted if further clarification is required.

Table B.12 provides day rates for the major cost components in this
study. It has to be noted that these values are location, time and vessel-
specific. Lower availability and larger sizes of the vessels will drive
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Fig. A.18. Logic flow diagram conceptualising the model content (WW = Weather Window).
t

Table B.11
Durations of the main operations.
Source: source 1: [8], source 2: [43], source 3: [44].

Table B.12
Day rates of the considered major cost components.
Source: source 1: [45], source 2: [46].
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Table B.13
Weather limits of various operations.
Source: source 1: [8], source 2: [47], source 3: [35], source 4: [21].

the prices up. However, larger vessels can result in larger workability,
which makes it a complex problem to identify the ideal investment.

Table B.13 shows the weather limits for the major weather-dependen
operations in terms of significant wave height (Hs) and wind speed
(Vw). Once again, it must be mentioned that these values vary with the
size of the vessel and only provide an indication. Load-out operations
are generally performed in sheltered port areas, and therefore only a
wind speed limit is set. The operations of monopile and jacket instal-
lation, driving monopiles and jacket piles into the soil and installing
transition pieces and jacket foundation piles are considered sensitive
operations. Therefore, the corresponding Hs-limits are expressed as
a function of the peak wave period (Tp). For a certain vessel and
substructure size, these Hs-Tp limits were derived by [35]. The resulting
plots are shown in Fig. B.19. The angles mentioned in the legends relate
to the angle between the vessel and the wave heading, which affect the

responses of the vessel.
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Fig. B.19. Hs-Tp limit curves for the lowering and driving of monopiles and the installation of transition pieces [35].
Fig. C.20. The empirical validation S-curve and the predicted S-curve.
Table C.14
Classification of goodness-of-fit, according to [48].
Appendix C. Validation

The actual historical data validation test is performed by comparing
the S-curve generated by the simulation model with an S-curve from
empirical data of a project performed in 2016. The simulated S-curve is
the result of averaging the outputs of 35 runs for each year of available
weather data (see Section 5.5). Both curves are plotted in Fig. C.20.

Based on visual inspection, it is concluded that the simulation model
predicts the project completion progress satisfactorily. The deviation
from the empirical curve can at least partly be explained by the
unforeseen repairs that were performed and which were not accounted
for in the simulation model (see Section 4.2). In addition, the effect
of weather-induced delays in 2016 could be different from the average
effect of the weather conditions in the years 2000–2011. Towards the
100%-completion date, the deviation reduces due to an increased rate
of completion of the empirical curve. This could be explained by learn-
ing effects (which in this study are assumed to be incorporated in the
randomly generated durations of operations but in reality effectuate in
the latter project phases) or by favourable weather conditions towards
the summer of 2016.

In addition to the subjective visual inspection described above,
the model’s predictive capabilities are quantified, as recommended by
Sargent [40]. In order to do this, the general method proposed by
Ritter and Muñoz-Carpena [48] is followed. This method combines
graphical results with ‘‘absolute value error statistics’’, in this case
the Root Mean Square Error (RMSE), and ‘‘normalised Goodness-Of-
Fit (GOF) statistics’’, for which the Nash–SutcliffeEfficiency coefficient
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(NSE) is used. The equation for the RMSE is provided by Eq. (C.1),
from which it can be deduced that a value for RMSE of zero represents
a perfect fit. The NSE includes the ratio between the mean square error
of the predicted values and the variance of the observed values, as
mathematically expressed in Eq. (C.3). Hence, a value of one for the
NSE represents a perfect fit.

𝑅𝑀𝑆𝐸 =

√

∑𝑁
𝑖=1(𝑂𝑖 − 𝑃𝑖)2

𝑁
(C.1)

𝑛𝑡 =
𝑆𝐷

𝑅𝑀𝑆𝐸
− 1 (C.2)

𝑁𝑆𝐸 = 1 −
∑𝑁

𝑖=1(𝑂𝑖 − 𝑃𝑖)2
∑𝑁

𝑖=1(𝑂𝑖 − 𝑂)2
= 1 −

(𝑅𝑀𝑆𝐸
𝑆𝐷

)2
= 1 −

(

1
𝑛𝑡 + 1

)2
(C.3)

In these equations:
N represents the sample size
Oi represents the observed values
Pi represents the model estimates
nt represents the frequency of the observations variability

being greater than the mean error
O represents the mean of the observed values
SD represents the standard deviation of the observations

Regarding the GOF of the S-curves in Fig. C.20, the following values
were calculated: 189 h for RMSE, 885 h for SD, 3.69 for nt and 0.95
for NSE. Hence, the GOF is rated as ‘‘very good’’, according to the
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classification presented in Table C.14. Although this classification was
originally designed for a different field of application (hydrology),
Ritter and Muñoz-Carpena [48] state that the proposed methodology
(in which equations Eq. (C.1) to (C.3) are included) was developed
independent of the application.
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