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Abstract

This paper investigates the technical, life cycle, and economic feasibility of a 30 MW upscaled
downwind turbine, comparing it to a 15 MW X1 Wind PivotBuoy downwind turbine and a bench-
mark 15 MW IEA Umaine VolturnUS-S upwind turbine in the 450 MW Sud de la Bretagne I wind
farm site. The study is significant due to the rising energy demand, the potential for decreasing
the levelized cost of energy with increased turbine size, and the optimized use of space. The size
limit of current upwind turbine designs could be addressed using a downwind turbine solution.

The research is conducted by modelling the global dynamic response of the structure using OpenFAST
and computing the natural frequencies and stresses using a finite element model. A lifecycle anal-
ysis is performed to identify potential pitfalls and bottlenecks by analysing the individual lifecycle
phases. The economic feasibility is assessed by simulating the annual energy production using
TOPFARM and utilizing structural analysis and lifecycle assessment to quantify capital, operational,
and abandonment expenditures. Based on the annual energy production and the performance
indicators the levelized cost of energy is calculated.

The findings indicate that while the global stability is within boundaries, the stress in members is
too high with a simple scale-up of the proposed design. Bottlenecks are found in lifting operations
and supply chain readiness. The levelized cost of energy and capital expenditure increased due to
substructure self-weight, rendering the proposed 30 MW scale-up currently unfeasible when com-
pared to the other two wind farms.

These findings are important as they demonstrate that the 15 MW X1 Wind PivotBuoy is not
scalable without design changes. The levelized cost of energy does not decrease with an increased
floater solution. The 15 MW X1 Wind PivotBuoy downwind turbine seems more economically
viable, making it a more interesting option for future development.
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Chapter 1

Project description

1.1 Introduction

The current demand for renewable energy is unprecedented, with TotalEnergies setting the goal
of increasing their renewable energy production to 50% of their total in 2050 [1]. To meet this
target, a significant portion of this energy will need to be generated through offshore wind turbines.
The emergence of floating wind technology in recent years has revolutionized offshore wind energy,
allowing for the installation of turbines in deeper waters. This innovation opens up greater pos-
sibilities and expanses for offshore wind farms. Floating offshore wind turbines (FOWTs) offer a
solution by enabling energy generation further from the shore, ultimately expanding available space
for the industry and reducing conflicts in space-limited near-shore areas. The industry is pushing
the boundaries of wind turbine sizes in the next decade predicting a reduction in per-megawatt
project costs [2]. This leads to a trend towards larger turbines in the industry. These needs and
trends are the underlying motivation for this project. The primary objective of this project is to
assess the viability of a 450 MW floating offshore wind farm, consisting of fifteen 30 MW floating
wind turbines, in the Bay of Biscay. The limits of the industry are investigated in the process.

Installing a 30 MW wind turbine with a 200-meter hub height and a 340-meter rotor diameter
presents unique challenges, as this scale of installation has not been previously attempted. This
report aims to identify and emphasize the challenges, pinpoint potential bottlenecks, and assess
the economic and technical viability of installing such a turbine.

1.2 Upwind vs Downwind

The majority of wind turbines are designed as horizontal-axis turbines (HAWT), which offer greater
efficiency and longer lifespans compared to their vertical-axis counterparts (VAWT). HAWT can
have different setups based on the position of the rotor, resulting in two distinct configurations:
upwind (UWT) and downwind (DWT) pictured in Figure 1.1. In the upwind configuration, the tur-
bine blades face directly into the wind, allowing for maximum exposure to the airflow. Conversely,
in the downwind configuration, the blades are positioned facing away from the wind. Advantages
for downwind turbines are that they could potentially passively align with the wind, and the blades
can be made less stiff [3].
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2 1.3. Research Objective

Figure 1.1: Schematic of UWT and DWT [4].

1.3 Research Objective

The offshore wind industry is reaching its limit with conventional tower-type structures because
the first natural frequency is getting close to the 3P excitation with an increased rotor diameter.
This created the development need for different tower structures. X1 Wind (founded in 2017)
proposes a pyramid structure to replace conventional towers [5] with a downwind nacelle on top.
With this concept X1 Wind also introduces the PivotBuoy, allowing the floater to weathervane
around a single point. This enables the turbine to passively align with the wind, foregoing an
active yaw system (more on that in chapter 2).

Based on the prior described trends and needs there is an interest from TotalEnergies to assess
the structural and economic feasibility of a 30 MW disruptive floating solution. This results in the
following research objective:

“Evaluate the feasibility of a 30 MW upscaled DWT and compare it economically to
a 15 MW X1 Wind PivotBuoy DWT and a benchmark 15 MW IEA Umaine
VolturnUS-S UWT in the Bay of Biscay based on a 450 MW wind farm.”

Both the 15 MW IEA Umaine VolturnUS-S UWT and a 15 MW X1 Wind PivotBuoy DWT are
considered feasible for this study. This research is performed to create a first feasibility study on
a 30 MW turbine upscale. It gives insight into the technical and economical difficulties and states
the upsides and downsides of the project. The specific types of turbines are explained further in
the research (see chapter 2).

To arrive at the research objective three distinct assessments are performed:

1. Assess the direct scalability of the 15 MW X1 Wind PivotBuoy to a 30 MW
solution.

2. Evaluate the feasibility of the supply chain, construction, transport, installation,
operations, maintenance and decommissioning of the proposed 30 MW solution.

3. Compare the economic feasibility of the proposed 30 MW solution to the bench-
mark 15 MW IEA Umaine VolturnUS-S and 15 MW X1 Wind PivotBuoy based
on industry performance indicators.

Figure 1.2 gives an overview of the project structure.
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Figure 1.2: Overview of project structure.

1.4 Regional analysis

For this study, a wind farm situated in the Bay of Biscay is used. The Bay of Biscay is a gulf of the
northeast Atlantic Ocean located south of the Celtic Sea. It lies on the western coast of France.
In Figure 1.3 the location of the wind farm is marked with a red dot.

Figure 1.3: Overview of location, adapted from 4C offshore [6].

In terms of renewable energy, the Bay of Biscay is home to France’s first offshore wind farm, Saint-
Nazaire [7]. Located about 12 km off the coast, on top of the Banc de Guérande seabed formation
in the northern part of the Bay of Biscay, this wind farm has a total capacity of 480 MW and
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consists of 80 units of 6 MW Wind Turbine Generators. Given the depth of the Bay of Biscay,
fixed wind turbines may not be suitable, but floating offshore wind turbines are a viable option.
Bretagne has ambitious plans for offshore wind, with over 6 GW of wind parks in the pipeline [8].
Of this 6 GW, a significant portion is designated to be floating offshore wind farms (FOWF). One
of these planned wind farms is Sud de la Bretagne I. An area in the Bay of Biscay specifically
appointed for floating offshore wind, due to the high water depth. In Figure 1.4, the location of
this area relative to Bretagne is shown in red.

Figure 1.4: Location of wind farm relative to Bretagne, adapted from 4C offshore [6].

1.5 Methodology

This section describes the methods used in this study to reach the end results. In order to derive
a meaningful conclusion about the 30 MW solution, first a technical and life cycle feasibility will
be performed specifically for the 30 MW solution. Then an economical comparison with a 15 MW
IEA and 15 MW X1 Wind PivotBuoy is carried out. This leads to three distinct phases or analyses,
shown in Figure 1.2.

The structural analysis involves a preliminary design of the substructure to arrive at the initial
dimensions of the substructure; a global stability analysis to assess the dynamic response of the
substructure; a Finite Element Method (FEM) model to evaluate the natural frequencies, modal
shapes, displacements and stresses in the structure; a local stability check of the members; and a
technical verification of the PivotBuoy.

The life cycle assessment evaluates the possibilities of the individual life cycle stages. This is done
by comparing current industry standards with the proposed 30 MW design for the supply chain,
construction, transport, installation, operations, maintenance and decommissioning. This is car-
ried out to find bottlenecks and pitfalls in the up-scaled design.

The economic evaluation compares the three different designs based on their annual energy produc-
tion (AEP), capital expenditures (CAPEX), operational expenditures (OPEX), and abandonment
expenditure (ABEX), and uses these values to calculate the levelized cost of energy (LCOE). The
lower this value is, the cheaper the energy and the more competitive the production method is.
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For the 15MW X1 Wind PivotBuoy, a comparison is made to the claims made by X1, to see if
their predictions on cost savings are right.

1.6 Software
This report comes with the enclosed software, code, and notebooks created during the project. For
further information, refer to the README file. The following Python and MATLAB-based software
tools were used in the process of creating this report.

1.6.1 TOPFARM
TOPFARM, developed by DTU Wind Energy, is a versatile Python package for optimizing wind
farms, applicable to both onshore and offshore settings [9]. It utilizes OpenMDAO for optimization
and interfaces with PyWake to efficiently compute a wind farm’s AEP. Over the course of its
development, TOPFARM has grown into a highly adaptable tool capable of addressing a variety of
optimization challenges. It can handle different design variables and objective functions, making
it a valuable asset for a wide range of optimization scenarios. Furthermore, the objective function
TopFarmProblem can incorporate economic considerations, including various financial factors in-
herent in wind farm design. These factors cover financial balance, foundation costs, electrical costs
(such as cabling), turbine component fatigue degradation, and Operation & Maintenance costs.

The optimization process is underpinned by PyWake, which computes wake losses and power pro-
duction for individual turbines and entire wind farms using engineering wake models. In TOPFARM,
the cost model component evaluates the objective function, which can be framed in terms of either
power production or financial goals.

1.6.2 PyWake
PyWake is an open-source, Python-based wind farm simulation tool developed at DTU [10]. This
adaptable tool is capable of performing a wide range of computations, including flow field analysis,
power generation predictions for individual turbines, and the calculation of the AEP for entire
wind farms.

PyWake is primarily designed to efficiently compute wake interactions within a wind farm across
a range of steady-state conditions. Its application is particularly pertinent in assessing the power
output of a wind farm, accounting for wake-induced losses within a specified layout configuration.
Further information on the use of TOPFARM and PyWake is provided in Appendix A.

1.6.3 OpenFAST
“OpenFAST is a multi-physics, multi-fidelity tool for simulating the coupled dynamic response of
wind turbines. Practically speaking, OpenFAST is the framework (or glue code) that couples com-
putational modules for aerodynamics, hydrodynamics for offshore structures, control and electrical
system (servo) dynamics, and structural dynamics to enable coupled nonlinear aero-hydro-servo-
elastic simulation in the time domain.” OpenFAST uses many different modules; it uses AeroDyn,
HydroDyn, ElastoDyn, MoorDyn, InflowWind and ServoDyn. [11] OpenFAST allows the user to
model, besides upwind configuration turbines, downwind rotor floating wind turbines. The mem-
bers are defined in HydroDyn, meaning that for the hydrodynamics, the Morison equation is
applied.

1.7 Structure of Report
First, in chapter 2, the different turbines used in this report are described. Then, in chapter 3,
the wind, wave, and current conditions used in this report are elaborated. After describing the
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conditions, the three analyses are performed; chapter 4 shows the structural analysis, chapter 5 the
life cycle assessment, and chapter 6 the economic evaluation. Each of these chapters closes with a
sub-conclusion of the separate analysis. The three analyses are followed by a short summary of the
results in chapter 7. Finally, in chapter 8, the results are discussed, final conclusions are drawn,
and opportunities are given.



Chapter 2

Wind Turbines

2.1 15 MW IEA VolturnUS-S

The 15 MW IEA turbine, as defined by the International Energy Agency (IEA) [12], currently rep-
resents the largest publicly available reference turbine. The turbine design serves as a benchmark
for future development in the offshore wind research and industry. The design is a collabora-
tion between the National Renewable Energy Laboratory (NREL) and the Technical University of
Denmark (DTU) as part of the IEA Wind Task 37. The turbine is supported by VolturnUS-S, a
semi-submersible floater solution for the 15 MW IEA designed at the University of Maine (UMaine)
[13]. In Table 2.1 the properties of the UMAINE 15 MW IEA turbine are defined. Figure 2.1 ex-
hibits the 15 MW IEA reference turbine with the reference semi-sub floating platform.

Table 2.1: 15 MW IEA Reference Wind Turbine Parameters [13, 12].

Parameter Value
Power rating [MW] 15.0
Rotor diameter [m] 250.0
Rotor orientation UWT
Number of blades 3
Cut-in wind speed [m/s] 3.0
Rated wind speed [m/s] 10.59
Cut-out wind speed [m/s] 25.0
Hub height [m] 150.0
Tower base diameter [m] 10.0
Transition piece height [m] 15.0
Excursion (Length, Width, Height) [m] 90.1, 102.1, 290.0
Platform Type semisubmersible
Mooring System Three-line chain catenary
Freeboard [m] 15.0
Draft [m] 20.0
Substrucuture Mass [t] 3914
Tower Mass [t] 1263
RNA Mass [t] 991

7
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Figure 2.1: UMaine IEA 15 MW turbine with VolturnUS-S semi-submersible floating platform
[13].

2.2 15 MW X1 Wind PivotBuoy

The X1 Wind PivotBuoy is a wind turbine concept that is composed of a floating substructure
with a DWT (X1 Wind), and a submerged tension-legged platform (TLP) with a single-point-
mooring (SPM) attachment point (PivotBuoy) [5]. Figure 2.2 shows the X1 Wind PivotBuoy
concept. The substructure supports the rotor nacelle assembly (RNA) through a triangular beam
structure. This design is supposed to address the limits of conventional Wind turbines. Using
this isostatic design X1 Wind claims to be more efficient than traditional tower designs, allowing
for a significant weight reduction. One of the three columns of the substructure (Pivot Column)
acts as a pivot point. This Pivot Column is linked to the underwater TLP mooring system. This,
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in combination with the downwind turbine, allows the X1 Wind PivotBuoy to self-align in the
wind. The X1 Wind PivotBuoy is equipped with a 15 MW downwind turbine. This turbine is
modified from the 15 MW IEA reference turbine. The main modifications include the lack of an
active yaw system, which would be redundant in a self-aligning configuration, and a downwind
rotor configuration. The downwind rotor configuration allows the blades to be less stiff since they
can bend away from the structure. This is supposed to create a weight reduction in the rotors of
about 5% [14]. Figure 2.3 shows a schematic representation of the X1 Wind floating downwind
platform wherein the PivotBuoy is integrated.

Figure 2.2: X1 Wind PivotBuoy concept.

The PivotBuoy combines the cables, mooring and anchoring systems into a single point. This
enables a quick-connect system for faster connections between the floating platform and its mooring
[5]. The SPM system, including a turret, ensures the PivotBuoy can freely revolve around this
point, enabling the passive alignment with the wind. The PivotBuoy combines this SPM system
with a TLP, allowing for an even higher reduction in weight when compared to catenary mooring
solutions, since these solutions need a weighty active ballast system. PivotBuoy claim that weight
reduction can be between 50 and 90% when compared to spar and semi-submerged structures,
whilst also making installation easier when compared to current TLP solutions [5]. Note that
these dimensions do not reflect the actual design by X1 Wind and PivotBuoy, as these are not
published.
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Table 2.2: 15 MW X1 Wind PivotBuoy Wind Turbine Parameters [5], [15].

Parameter Value
Power rating [MW] 15.0
Rotor diameter [m] 250.0
Rotor orientation DWT
Number of blades 3
Cut-in wind speed [m/s] 3.0
Rated wind speed [m/s] 10.59
Cut-out wind speed [m/s] 25.0
Hub height [m] 150.0
Tower base diameter [m] -
Transition piece height [m] -
Excursion (Length, Width, Height) [m] 100.0, 96.0, 290.0
Platform Type pyramid floater
Mooring System Tension Leg Platform
Freeboard [m] 15.0
Draft [m] 20.0
Substrucuture Mass [t] 2519.2
Tower Mass [t] -
RNA Mass [t] 921.0
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Figure 2.3: X1 Wind PivotBuoy concept schematic representation, adapted from [5].

2.3 30 MW solution

This section goes into the dimensions of the 30 MW design proposed in this study. Note that the
platform is designed and dimensioned later, in section 4.1. The reason why this information is
stated here is to give the reader a direct overview of the three different configurations assessed in
this study.
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Table 2.3: 30 MW DWT Parameters, dimensions determined in section 4.1.

Parameter Value
Power rating [MW] 30.0
Rotor diameter [m] 358.0
Rotor orientation DWT
Number of blades 3
Cut-in wind speed [m/s] 3.0
Rated wind speed [m/s] 10.59
Cut-out wind speed [m/s] 25.0
Hub height [m] 204.4
Tower base diameter [m] -
Transition piece height [m] -
Excursion (Length, Width, Height) [m] 174.6, 207.0, 383.4
Platform Type Pyramid floater
Mooring System Tension Leg Platform
Freeboard [m] 10.0
Draft [m] 8.0
Substrucuture Mass [t] 8757.6
Tower Mass [t] -
RNA Mass [t] 2306.1



Chapter 3

Environmental conditions

This chapter represents the relevant environmental conditions used for the design of the 30 MW
upscale solution. The concerning data includes the data regarding wind, significant wave height,
zero-crossing period and the current data. The data is used for different purposes, multiple sources
are used to obtain the relevant data.

3.1 Wind

For the wind data, two data resources are used. The first data is extracted from a master thesis
performed on the 15 MW X1 Wind PivotBuoy [15]. These values are utilized to make a comparison
to the prior research by Trezza, chapter 4 will elaborate on the used data and conditions.

Further data from the Copernicus Climate Change Service is utilized. The data covers the period
from 2003 to 2022 and measures the wind speed at 100 meters above sea level. The data is an
hourly average from the original measurements. From this data, a time series and joint frequency
table is created.

The average wind speed is at around 8 m/s and the directional maximum wind speed lies at around
30 m/s. The wind has two clearly dominant directions, from where the wind is most strong and
most frequently occurring, namely around 270°N and around 60°N.

Figure 3.1: Annual wind rose at 100 meter height [16].
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Table 3.1: Annual direction of sample distribution (%) [16].

3.2 Waves

For the first case, the wave data obtained is again from [15]. The wave values for the different
design load cases are used from this master thesis to compare the 30 MW solution. These values
will be explained in chapter 4.

The second situation uses wave data from the Copernicus Climate Change Service. The data covers
the period from 2003 to 2022 and measures the wave height and zero-crossing period. The data is
hourly averaged from the original measurements.

The extreme conditions are computed in terms of return values obtained by means of extreme value
analyses. This is done by means of a detailed analysis of the available hourly reanalysis ERA5
data (The data was downloaded from the Copernicus Climate Change Service). The considered
data are 1-hour average values from 2003 until 2022 to give a representative size to perform an
extreme value analysis.

The following steps are taken to ensure a reliable extreme value analysis. (1) The threshold
of the data set is selected by determining the mean excesses and using the Peak Over Thresh-
old method to guarantee that the chosen extremes are independent, (2) the extremes are fitted
to a Generalized Pareto distribution and using a QQ (Quantile-Quantile plot) and the PP-plot
(Probability-Probability plot) the goodness of fit of the distribution is assessed, (3) the return
period is plotted.

The return period for the wave conditions in the case of an offshore wind substructure is defined
to be 50 years. The values for the wave data can be extracted from the graph created, these values
will later on be used to determine the JONSWAP spectrum.
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3.2.1 Significant wave height

As explained above, the first step is to determine the threshold for the extreme value analysis (see
Figure 3.2). To determine a reliable value, the threshold number should be picked until the line
stops behaving linearly.

Figure 3.2: Threshold significant wave height.

In this case, the chosen threshold is 5.2 m/s. Now the extreme value analysis can be done with peak
over threshold where the declustering time is 48 hours to ensure the wave heights are independent
of each other.

Figure 3.3: Extreme value significant wave height.

The last step is to fit the extreme values into a distribution. With this information, a prediction
can be made for the return period of 50 years (see Figure 3.4)

Figure 3.4: Return period significant wave height.

Table 3.2: Return period of significant
wave height.

Return
period [y]

Return
value [m]

1 7.3
5 8.6
10 9.0
25 9.5
50 9.8
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3.2.2 Zero crossing period

The threshold for the zero crossing period is chosen as 10 sec. Now the extreme value analysis
can be done with a peak over threshold where the declustering time is 48 hours to ensure the zero
crossing periods are independent of each other (see Figure 3.6.

Figure 3.5: Threshold zero-crossing wave period.

Figure 3.6: Extreme values zero-crossing wave period.

The last step is to fit the extreme values into a distribution. With this information, a prediction
can be made for the return period of 50 years (see Figure 3.7).

Figure 3.7: Extreme values zero-crossing wave period.

Table 3.3: Return period of zero-
crossing period.

Return
period [y]

Return
value [s]

1 11.1
5 12.2
10 12.7
25 13.3
50 13.8
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3.3 Current

Due to the limited availability of current velocity data at the site location, data from the SEM-
REV report [16] is utilized to obtain reliable results. This report consists of the environmental
conditions of a site 40 kilometres from the Sud de la Bretagne I site Figure 3.8. In the case of this
preliminary study, the conditions are considered to be sufficient.

Figure 3.8: Location of Sud de la Bretagne I and SEM-REV Site [6].

Predominantly, the currents originate from two primary directions: the southwest (210°N) and the
northeast (45°N). This current data serves a dual purpose: firstly, it is employed to calculate the
misalignment, and secondly, it plays a pivotal role in determining various loading scenarios.

In Figure 3.9 and Table 3.4, a visual representation of the data is given. The first graph illustrates
the distribution of current velocities, while the second showcases an annual sample distribution,
highlighting the correlation between currents and their respective directions.

Figure 3.9: Current velocity distribution [16].



18 3.3. Current

Table 3.4: Annual direction of sample distribution (%) [16].



Chapter 4

Structural analysis 30 MW solution

4.1 Introduction

The goal of the structural analysis is to investigate whether the direct scalability of the X1 Wind
PivotBuoy concept is feasible as a 30 MW solution. This is done by the following analyses. Firstly,
a model defining the preliminary dimensions of the substructure is set up. With this, it is possible
to dimension the floaters, horizontal and diagonal elements that together form the substructure.
These dimensions are found through Euler buckling rules and moment equilibrium, ensuring no
tension in the pivot connector system. The preliminary design tool will give a multitude of design
variants that can be checked in the upcoming analysis which ensure no tension in the turret system.

With the preliminary global design options, it is possible to move forward into the global stability
analysis using openFAST. The previously synthesized global design options are loaded into open-
FAST, where the wind, wave, and current forces are dynamically modelled on the structure. As an
output, the pitch and heave characteristics are of great importance. For a design to suffice, these
characteristics need to fall under a certain threshold for different design load cases. When a design
proposed by the preliminary Python model does not suffice these demands, another design variant
is picked with different floater diameters and spacing. This finally gives a validated preliminary
design with global stability of the turbine upscale solution.

With the validated preliminary design, it is possible to move into a deeper, more detailed, design.
For this, a FEM model is set up to first perform a modal analysis. From this, the eigenfrequencies
of the solution can be found. These are checked towards the wave spectrum, wind spectrum, and
dynamic rotor regions. These eigenfrequencies can not align with these frequency spectra and
range to counteract resonance. After the natural frequencies analysis, wave forces are put on the
model and the deflections and stresses in the members are checked. Finally, the occurring stresses
in all the members are checked with the steel strength and given a unity check.

4.2 Preliminary design

To determine the preliminary design of the substructure of the floater for the 30 MW wind turbine,
a Python notebook created by the TU Delft, is adapted. This notebook allows for the calculation
of the buoyancy of a system in a static situation. The model includes classes where rectangular and
circular shapes can be created. Subsequently, the weight and buoyancy forces of these elements
can be calculated.

In Equation 4.1 the equation that is used to determine the weight of the different elements of the
floater is elaborated. In Equation 4.2 the equation to calculate the buoyancy force is shown. In the
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model, a more elaborated function is set up. In this model, the finite difference method is used.
The midpoint of a certain structural component is defined. hereafter, it creates multiple points
in the shape that is determined in the class. All these points are connected by elements. These
elements together establish the structural component from which the buoyancy and weight can be
calculated with the equation mentioned below.

Fweight = ρπ(ro − ri)2h (4.1)

Where:
ro = outer diameter
ri = inner diameter
h = height
ρ = material density

Fbuoyancy = ρπr2ohdg (4.2)

Where:
ro = outer diameter
g = gravity
hd = draft
ρ = fluid density

The benefit of this method is that a certain draft can be assigned to this structure. Which allows
the option to take the spacing and the diameter of the floater as variables.

One of the main design issues with the PivotBuoy system is that the pivot connection will endure
high fatigue if exposed to alternating tension and compression forces. This will dramatically shorten
the lifetime of the system and, thus is highly unwanted. For this reason, it is chosen to optimize
the spacing between the floaters and the floater diameter based on a reaction force that is close
to zero in the pivot connector during maximum thrust force. This ensures that there will always
be a compressive force in this connector and tension will never occur. In order to find the force in
the connector floater the following steps are executed:

• The moment in the pivot connector is calculated, which incorporates maximum thrust force,
buoyancy forces, and self-weight.

• This moment is counteracted in the pivot floater (floater A) by finding the extra buoyancy
necessary in the floaters B.

• Through a vertical equilibrium of the entire system, the vertical force in floater A can be
found.
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(a) Forces that combine into moment. (b) Moment and restoring buoyancy.

(c) Vertical equilibrium.

Figure 4.1: Forces and moments.

In Figure 4.1a the forces that are taken into account for this moment equilibrium are displayed.
Here, the red forces are due to the weights and thrust force and the green forces are the Buoyancy
forces. The moment is taken around floater A. Figure 4.1b shows the moment around floater A in
red and the restoring buoyancy force in floater B in green. Finally, Figure 4.1c shows the vertical
equilibrium. The restoring force in floater B is shown in green, all the weights and buoyancies are
shown in blue and the force in floater A is shown in red.

With these three steps, an optimization can be run to find the optimal trade-off between the
spacing of the floaters and their diameters. In Table 4.1 an overview is given which distinguishes
the fixed and optimized parameters.

Table 4.1: Overview parameters.

Fixed parameters Variables
Draft Floater spacing
Height pontoon Diameter floater B
Hub height Diameter connectors
Diameter floater A Thickness connectors

Important to mention is that the diameter and thickness of the connectors depend on the length
of the connectors. In the model, two rules are applied to determine this. The first rule is Euler-
Buckling (see Equation 4.3 and the second one is a rule of thumb provided by the TU Delft
specifically for offshore structures (see Equation 4.4 & Equation 4.5. By comparing the results of
these methods, the most critical one is determined to be the most sufficient.

Fcr =
π2EI

L2
(4.3)

D = 0.018L (4.4)



22 4.2. Preliminary design

t =
D

40
(4.5)

This is done by recalculating this force in floater A for numerous different combinations of spacing
and diameter. This is made visibly in Figure 4.2, where the x-axis is the floater diameter in
meters, the y-axis is the force in the connector in Newton, where a negative number is tension and
a positive is compressive. Finally, the different line colours depict the different spacings between
the floaters. With this, all possible design variants which ensure no tension can be found. These
are denoted as the black dots in the optimization graph. The design that was eventually deemed
globally stable is the green one, which has a diameter of 27.5 m and a spacing of 230 m.

Figure 4.2: Optimization process which ensures no tension in the connector.

After finding the spacing and diameter of the floaters, the dimensions of the connecting elements
are found through Euler buckling rules. This gives a cross-section based on the length of the
element and forms a preliminary value for the design. After this step, only the height of the
pontoons needs to be determined. This height of the pontoon needs to be big enough such that
during the maximum thrust force, the needed restoring force in floater B is present. For this,
the scenario where floater B is fully submerged is considered. During this full submergence, the
restoring buoyancy needs to be bigger than the downward force caused by the maximum thrust.
Figure 4.3 shows the equilibrium between this thrust force and the maximum submergence of
floater B. It is found that for a floater height of 15.5 m, the restoring force due to buoyancy is
larger than the maximum thrust, thus ensuring that maximum submergence of the floater will not
occur. In Table 4.2, the dimensions found in the preliminary design tool and used in the rest of
the structural analysis are used.

Figure 4.3: Full submergence of pontoon B analysis.
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Figure 4.4: 3D representation of 30 MW PivotBuoy design.

Table 4.2: Dimension results from preliminary design.

Element Diameter [m] Thickness [m] Freeboard [m]
Pivot column 19 0.07 10
Nacelle column 27.5 0.07 8
Pontoon 3.69 0.06 -
Nacelle masts 3.47 0.06 -
Pivot mast 5.47 0.09 -
Center to center width of platform [m] 207 -
Draft [m] 8 -
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(a) (b)

(c)

Figure 4.5: Three cross sections of the PivotBuoy necessary for the representative distances to find
the pitch, roll, and yaw inertias.

The last part of the preliminary design of the substructure is to determine the mass moment of
inertia of the yaw, pitch and roll. Yaw is the movement around the z-axis, pitch is the movement
around the y-axis and roll is the movement around the x-axis, as seen in Figure 4.4. The mass
moment of inertia is a measure of how much resistance an object has to changes in its rotational
motion. To determine these mass moments of inertia, the Parallel axis theorem is used to establish
the resistance the entire substructure experiences. The parallel axis theorem (Steiner‘s rule) is
described in Equation 4.6 and is composed of two parts. The first part is the mass moment of
inertia of the structural component itself and the second part is composed of the mass and the
distance of the normal axis of the structural component towards a parallel axis through the centre
of gravity of the structure, as seen in Figure 4.5a - 4.5c. A simplified parallel axis for the diagonal
components is adapted.

I =
k∑

i=1

(Icm,i +mid
2
i ) (4.6)

To find the individual moments of inertia for the different structural components, different equa-
tions are used for the different axes possible through our circular hollow sections. If the cross-section
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view has a normal axis through the hollow section, the equation of Iz is used, as shown in Fig-
ure 4.6. This will only occur in the x-y (top view) for the floaters. In case the cross-section view
has a normal axis through the "rectangular" section, equation Ix = Iy is used. This simplifies the
diagonal components as well. The final moment of inertias for the pitch, roll, and yaw directions
can be found in Table 4.3

Figure 4.6: Different moments of inertia based on axis for circular hollow sections [17].

Table 4.3: Pitch, roll and yaw moment of inertias.

Rotation direction Inertia [kg/m2]
Pitch 14.85E+10
Roll 26.41E+10
Yaw 16.22E+10

4.3 Global stability response

4.3.1 Method

In this study, OpenFAST is used to analyze the global stability of the 30 MW downwind turbine
on top of the floating TLP. With global stability, it means that the structure as a whole will stay
within certain boundaries in terms of movement (pitch and heave). If the platform is deemed
unstable in this analysis, or if it is considered too stable, it is redimensioned. The redimensioning
will be performed using the preliminary design tool options, to get realistic values and to evaluate
the vertical forces in the pivot column with maximum thrust force. These steps are repeated until
the platform has realistic dimensions and the movement of the platform due to wave and wind
loading stays within certain movement boundaries. To keep structured, a logbook is kept, which
can be provided to the reader upon request.
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Figure 4.7: Visualization of design of the 30 MW PivotBuoy in ParaView.

4.3.2 Movement boundaries

As stated in subsection 4.3.1, certain boundaries in terms of movement were determined. The
most important criterion in this assessment is the pitch because large pitching movements of the
platform could reduce aerodynamic performance and increase fatigue and thus increase needed
maintenance. The movement boundaries are listed in Table 4.4.

Table 4.4: Movement boundaries of the platform.

Type Boundary
Pitch motion -5 deg to +5 deg
Heave motion +- 1.5 wave height

4.3.3 Design load cases (DLC)

This study focuses on comparing a 30 MW downwind configuration to a 15 MW upwind and
downwind configuration. L. Trezza wrote his master thesis on the comparison between a 15 MW
upwind configuration and the 15 MW X1 Wind PivotBuoy design. [15] To be able to compare
the 30 MW design to this, the design load cases from L. Trezza’s thesis are also applied to the 30
MW design. The three different DLCs are listed below. DLC 1.2 has been adapted compared to
the DLC 1.2 in L. Trezza’s thesis. Only the 2nd and 8th columns of this DLC are taken into account.

DLC 6.1
This DLC corresponds to the situation where the turbine is parked. This means the turbine is
idling, so the blades are pitched, the rotor is rotating very slowly and no power is produced. The
wind, wave, and current conditions correspond to an extreme case.



Chapter 4. Structural analysis 30 MW solution 27

Table 4.5: DLC 6.1 wind and waves input.

Parameter Value
Wind Speed 42.5 m/s
Wind Direction 0°
IEC Wind Turbulence Type 2EWM-50
Hub Turbulence Intensity 11%
Wave Direction 0°
Wave Hs 10.1 m
Wave Tp 15.7 s

DLC 1.6
For DLC 1.6 the turbine is producing power with max thrust, so for the wind speed for which the
blades are just about to start pitching/feathering. In this DLC, the platform is tested under wind,
waves, and currents in different directions.

Table 4.6: DLC 1.6 wind, waves and current input.

Parameter Value
Wind Speed 11.5 m/s
Wind Direction 15°
IEC Wind Turbulence Type Normal
Hub Turbulence Intensity 10%
Wave Direction 0°
Wave Hs 6.81 m
Wave Tp 13.0 s
Current velocity 0.5 m/s
Current direction 30°

DLC 1.2
DLC 1.2 goes further into the turbine during production circumstances. This DLC tries to mimic
normal operating conditions. It consists of 2 cases; both have a different wind speed in combination
with a different Hs and Tp. The first case goes into very easy conditions and the second one mimics
the most rough conditions in which the turbine is still producing power. The two different cases
will be called DLC 1.2.1 and DLC 1.2.2 respectively.

Table 4.7: DLC 1.2 wind, waves and current input.

Parameter Value
Wind Speed [6.2, 25] m/s
Wind Direction 0°
IEC Wind Turbulence Type Normal
Hub Turbulence Intensity [0.184, 0.122]
Wave Direction 0°
Wave Hs [1.84, 7.13] m
Wave Tp [9.36, 13.7] s
Current velocity 0.0 m/s
Current direction 0°

4.3.4 Dimensions from initial design tool
The initial design tool provides initial values for many inputs of OpenFAST. It provides the initial
dimensions of the profiles (Table 4.2, the platform inertia for roll, pitch, and yaw (Table 4.3), the
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self-weight of the platform, and the location of the centre of mass.

4.3.5 Assumptions and potential model improvements
This section goes into the assumptions that were made for creating the OpenFAST model for
the 30 MW PivotBuoy. Also, in this section suggestions for potential further research and model
development for this design are stated. For the model, many assumptions were made because of
time limitations. Putting more research into the assumptions would make for a more accurate
model. Below, the assumptions accompanying improvement suggestions are listed.

1. For regular upwind wind turbines, OpenFAST has a ’tower’ input section. This section does
not allow the user to input three masts like the 30 MW PivotBuoy design has. The masts
are defined in HydroDyn instead. As the masts are now defined in HydroDyn and not in
AeroDyn, the aerodynamic forces on the masts are not calculated, leading to inaccuracies.
The model has a tower reaching from 199 m to 200 m, as it is required to define a tower in
OpenFAST.

2. The substructure is assumed to be stiff. This means that no internal forces and displacements
are calculated.

3. The Degree of freedom (DOF) for the yaw motion of the nacelle was turned off as the platform
is self-aligning.

4. For the model, the horizontal connectors are assumed to not contribute to the buoyancy
nor the hydrodynamic or aerodynamic forcing. This is the case because, in simulations of
initial designs, the platform heaved a lot due to the very buoyant horizontal connectors.
Also, the horizontal connectors are placed at the height of the top of the buoys because
when they are placed lower, OpenFAST crashes since these members will become partially
or fully submerged. OpenFAST does not allow members that are defined as emerged to
become submerged. To perform a more accurate study, the buoyancy, hydrodynamic, and
aerodynamic forces from these members need to be taken into account

5. The pivot bottom and the floating substructure that is situated on top are modelled as one
unit due to limitations in model possibilities. This could lead to inaccuracies in terms of yaw
movement because the platform can not rotate as freely around its’ pivot as it should be able
to in reality.

6. The mooring lines have an unrealistically low stiffness (EA, Elasticity modulus * area) be-
cause, for realistic EA values, the OpenFAST simulations will crash. This reduced stiffness
of the mooring lines enables the platform to surge and sway more than it should.

7. A rated rpm of 5.5 is picked for the 30 MW wind turbine. This is reasonable because, with
this rpm, the tip speed stays within reasonable limits. The distance the tip of one rotor
travels is as follows:

Dist = 2 ∗ π ∗ rrotor = 2 ∗ π ∗ 179 = 1124.69m (4.7)

With an rpm of 5.5, this means the tip speed is as follows:

vrotortip =
5.5

60
∗ 1124.69 = 103.097[

m

s
] (4.8)

Extrapolating a trend line with rated tip speed to diameter from [18], the tip speed of the
rotor of 103.1 m/s seems reasonable.

8. The axial hydrodynamic drag coefficients are assumed to be the same as in a paper found
online. However, it is needed to perform CFD (computational fluid dynamics) on members
to determine the axial drag coefficients to increase the accuracy of the model.
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9. The dimensions of the heave plates are roughly assumed. The diameter of these plates could
be optimized to make the model perform better or to meet reality more.

10. In this study, the roughness length k is assumed to be between the value of new, uncoated
steel and the lower bound of the value of k for marine growth (see Table 4.8) from [19].
However, a study on the actual surface roughness of the members needs to be performed
for a more accurate calculation of the hydrodynamic drag coefficients and with that the
hydrodynamic forcing.

11. The dynamic pressure coefficients of the members in HydroDyn are assumed to be 1 for all
members. The added mass coefficients are assumed to be zero. These need to be determined
for more accuracy. Also, modelling the substructure using WAMIT could lead to more
accurate results.

4.3.6 Axial and member hydrodynamic drag coefficients

Figure 4.8 displays how the axial and member drag coefficients are defined. The axial and member
hydrodynamic coefficients are defined separately in OpenFAST.

Figure 4.8: Visualization of how drag coefficients are applied [20].

4.3.6.1 Axial drag coefficients

The axial drag coefficients are the coefficients used for calculating the drag on the joints that
connect members. To determine the axial drag accurately, for example around heave plates, it is
required to either perform physical modelling or CFD. [21] Because this is very time-consuming,
this is considered to be outside of the scope of this research. Therefore, a paper on the calibration of
hydrodynamic drag coefficients is used as a reference for the axial drag coefficient in this research.
[20] This paper uses an axial drag coefficient of CdAx = 8.2. This is assumed to be representative
for this study.

4.3.6.2 Member drag coefficients

For calculating the member drag coefficient (drag coefficient in Figure 4.8), section 6.7 of the
recommended practice report of DNV is used. [19] This section provides standards for calculating
the drag coefficients for circular cylinders. For this, high turbulence so a high Reynolds number
(Re > 106) is assumed. DNV provides different surface roughness parameters k, which can be
seen in table 4.8. It is assumed that the roughness of the members of the proposed solution lies in
between the values for ’Steel, new uncoated’ and the lower bound of ’Marine growth.’ This makes
for k = (5E−5 + 5E−3)/2 = 2.5E−3m

s
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Table 4.8: Surface roughness for different materials.

Material k [m]
Steel, new uncoated 5 x 10-5

Steel, painted 5 x 10-6

Steel, highly corroded 3 x 10-3

Concrete 3 x 10-3

Marine growth 5 x 10-3 to 5 x 10-2

First, the drag coefficients CDS for all profiles in the 30 MW substructure are calculated using the
formulas defined in Equation 4.9. For this calculation, large values for the Keulegan Carpenter
number KC are assumed.

CDS(∆) =

 0.65 ;∆ < 10−4 (smooth)
(29 + 4 · log10(∆)) /20 ; 10−4 < ∆ < 10−2

1.05 ;∆ > 10−2 (rough)
(4.9)

Where ∆ = k/D with D = profile diameter.
As KC = π∗H

D , where H is the wave height (assumed to be significant wave height Hs), and
because there are many non-slender profiles, KC can not be assumed low. To account for this
non-slenderness, the following relation is used:

CD = CDS(∆) ∗Ψ(KC) (4.10)

Where Ψ(KC) is the wake amplification factor. The following relation is used for calculating the
different wave amplification numbers Ψ(KC):

Ψ(KC) =

 Cπ + 0.10 (KC − 12) 2 ≤ KC < 12
Cπ − 1.00 0.75 ≤ KC < 2

Cπ − 1.00− 2.00 (KC − 0.75) KC ≤ 0.75
(4.11)

where

Cπ = 1.50− 0.024 · (12/CDS − 10) (4.12)

As the drag coefficients are dependent on the significant wave height, the drag coefficients differ
for each load case. An overview of the member drag coefficients can be found in table 4.9:

Table 4.9: Hydrodynamic drag coefficients for different members for different load cases.

Member diameter [m] CD,DLC6.1 CD,DLC1.6 CD,DLC1.2.1 CD,DLC1.2.2

27.50 0.193 0.193 0.895 0.193
19.00 0.211 0.211 0.811 0.211
3.69 0.855 0.626 0.316 0.648
3.56 0.885 0.647 0.318 0.670
5.23 0.613 0.458 0.294 0.473
30.00 0.193 0.241 0.918 0.197

4.3.7 Heave plates
To reduce the vertical movement of the platform due to wave action, heave plates are installed
underneath the three columns. The heave plates have a diameter that is larger than the columns
themselves to cause more vertical hydrodynamic drag, reducing vertical motion. The diameters of
the heave plates are set to D = 30 meters.
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4.3.8 Final dimensions

In Table 4.2, the final dimensions of the structure and a broad overview of important model settings
are given. For the smooth running of the program, the dimensions of the horizontal connectors
are not taken into account. However, the horizontal connectors are visualized in Figure 4.9. The
weight of these profiles and their effect on the platform rotational inertia and the centre of mass
are however taken into account. The coordinates of all the nodes of the design can be found in
Appendix D.

(a) 30 MW PivotBuoy top view. (b) 30 MW PivotBuoy side view.

(c) 30 MW PivotBuoy front view.

Figure 4.9: Dimensions of the 30 MW PivotBuoy visualized using ParaView.
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4.3.9 Final design performance (DLC’s applied)

In this section, the performance of the final design of the 30 MW solution is evaluated. As stated
in subsection 4.3.2, the movement of the platform has to stay within the boundaries for all DLCs.
As stated before, the platform is tested on its Pitch and Heave motion. The other motions are
also provided in the table to show the overall performance of the floater on other movements, but
these are of less importance.

Results DLC 6.1
The platform performs well in terms of both heave and pitch motion. Especially for pitch, the
platform is very stable. The standard deviation for pitch comes down to 0.851 degrees.

Table 4.10: Simulation results from DLC 6.1.

Motion Max Min Mean Std
Platform Surge (m) 5.913 -3.457 1.580 1.549
Platform Sway (m) 16.810 -20.540 -0.661 5.692
Platform Heave (m) 6.183 -6.472 0.162 2.446
Platform Roll (deg) 0.166 -0.215 -0.002 0.046
Platform Pitch (deg) 2.210 -2.496 -0.025 0.851
Platform Yaw (deg) 5.714 -7.042 -0.221 2.008

Results DLC 1.6
As DLC 1.6 is less extreme than DLC 6.1 (Table 4.6 and Table 4.5, respectively), it is expected
that both the heave and the pitch motion for this DLC are lower than for DLC 6.1. However, due
to the high thrust force the platform surges and sways a lot. This has to be reduced with stiffer
mooring. However, as stated in the 6th assumption in subsection 4.3.5, the mooring is not as stiff
as it would be in reality due to modelling limitations, so these values are unrealistic.

Table 4.11: Simulation results from DLC 1.6.

Motion Max Min Mean Std
Platform Surge (m) 19.570 3.658 10.567 2.816
Platform Sway (m) -11.720 -60.950 -44.239 10.526
Platform Heave (m) 4.484 -5.263 -0.166 1.838
Platform Roll (deg) 0.566 -0.643 -0.016 0.215
Platform Pitch (deg) 1.554 -2.152 -0.356 0.706
Platform Yaw (deg) -3.640 -19.070 -13.828 3.438

Results DLC 1.2.1
DLC 1.2.1 is a very low-intensity DLC. The platform heave and pitch movements are small.

Table 4.12: Simulation results DLC 1.2.1.

Motion Max Min Mean Std
Platform Surge (m) 11.460 -1.036 5.436 2.960
Platform Sway (m) 4.912 -57.340 -35.212 15.549
Platform Heave (m) 1.951 -1.774 0.017 0.676
Platform Roll (deg) 0.353 -0.372 -0.005 0.112
Platform Pitch (deg) 0.547 -0.804 -0.099 0.245
Platform Yaw (deg) 1.525 -18.670 -11.304 5.107
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Results DLC 1.2.2

Table 4.13: Simulation results DLC 1.2.2.

Motion Max Min Mean Std
Platform Surge (m) 3.998 -3.089 0.593 1.163
Platform Sway (m) 16.050 -14.390 -0.375 6.146
Platform Heave (m) 4.905 -5.098 0.174 1.872
Platform Roll (deg) 0.163 -0.139 -0.001 0.031
Platform Pitch (deg) 1.754 -1.617 -0.001 0.633
Platform Yaw (deg) 5.403 -4.745 -0.124 2.072

4.3.10 Comparison to L. Trezza’s model

Initially, the idea was to compare the outcomes of the 30 MW PivotBuoy OpenFAST model to the
15 MW X1 Wind PivotBuoy design by L. Trezza [15]. However, judging by the performance of the
design, the 15 MW X1 Wind PivotBuoy design from the thesis of L. Trezza requires optimization.
Also, due to the many assumptions and inaccuracies, it is hard to compare two models and state
if a 15 MW X1 Wind PivotBuoy or a 30 MW downwind design performs better.

4.4 Finite Element Analysis

To assess the dynamic response of the structure to the time-varying wind and wave loads, a FEM
analysis is conducted based on the initial design proposed in section 4.3. The goal of this analysis
is to perform a natural frequency analysis from which the design can be checked that there are no
external loading conditions that induce resonance or dynamic amplification. The main sources of
excitation are wind, wave, and rotor motions, these will be investigated later. First, the natural
frequencies of the structure itself will be investigated. Besides this, the FEM analysis is also used
to find the deflections and finally the stresses in the members. With this, the members can be
checked against the steel strength.

To perform the FEM analysis on the structure, a numerical model is set up to find the behaviour
of the design. All elements of the structure, floaters, and TLP system are modelled as a 12-
DOF Euler-Bernoulli beam. The Anchor of the TLP is considered to be clamped, and various
assumptions are implemented to simplify the model in other areas. These simplifications, their
consequences, and limitations will be discussed.

4.4.1 Approach

To model the behaviour of the floater solution, the system is simplified to multiple connected rod-
beam elements with 12 degrees of freedom each. It is assumed that the structure can be modelled
as a frame with structural elements that are subject to axial displacement, bending, and torsion.
The more detailed approach including the definition of the Equations of Motion of the system
through the Hamiltonian approach can be found in Appendix B.

4.4.2 Assumptions

Seven connected elements
As seen in Figure 4.10, the floating solution comprises six connected beam elements. Besides this,
an extra element representing the TLP system is added.
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Figure 4.10: The final floating model consisting of 7 elements.

TLP as a clamped beam with low bending stiffness
To resemble the behavior of the TLP it is modelled as a beam with a low bending stiffness. This
way, it represents a string. Since the beam still has a high axial stiffness, the Pivot Buoy Column
will stay at its vertical position, resulting in a good representation of the TLP system. The TLP-
ground connection is designed to be a clamped support. This assumes a rigid connection of the
TLP tendon with the foundation system in place. This assumption is made to ensure the stability
of the floater support. It simplifies the modelling process by providing a fixed support condition
at the seabed.

Point masses
The nacelle and the columns are modelled as point masses by adding their respective calculated
mass to the mass matrix at the respective node.

Table 4.14: Point masses present in model.

Element Weight [kg]
Rotor nacelle assembly 2,234,833
Pivot column 143,000
Right column 257,677
Left column 257,677

Added masses
The columns and pontoons are modelled as nodes and elements in this approach. In reality, these
members have large dimensions that displace a significant amount of water. To include this added
mass, they are firstly calculated by Equation 4.13.

M = ca ∗ V ∗ ρwater (4.13)

with:
ca: Added mass coefficients (0.5 for circular and 0.68 for rectangular sections. [22]) [-]
V: Volume of displaced water based on diameter and the draft of specific elements
ρwater: density of water [kg/m3]
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The respective added masses can be found in Table 4.15. For the columns, these masses are directly
added. However, for the pontoons, these masses are first divided by the number of pontoon nodes
and then added to each individual pontoon node.

Table 4.15: Added mass present in model.

Element Weight [kg]
Added mass pivot column 195,313
Added mass right column 632,813
Added mass left column 632,813
Added mass pontoons [kg/m] 110,466

4.4.3 Consequences and Limitations

Representing the floating solution as a multiple rod-beam system captures the overall behaviour
of the structure sufficiently for a natural frequency analysis and preliminary stress analysis. The
limitations of these assumptions are important to acknowledge. The simplified model will not
capture all the intricate details and interactions of the real-world floating solution. The behaviour
of the TLP, for example, will be more complex than represented in the model, requiring additional
analysis to accurately capture their dynamic response and interaction with the floating solution.

It is important to note that the assumption of the added mass does not fully capture the complex
behaviour and interactions between the floating solution and the water. The movement response
of the floaters is not captured in this model, assuming the structure has a fixed pivot and is not
able to pivot. In the case of this study, this assumption can be used as an accidental load case
where the pivot system fails and the structure can not move. Interaction with the surrounding
environment requires more detailed and specialized analysis beyond the simplified representation
used in the model.

Similarly, the assumption of point masses for the different weights forms a simplification. Mod-
elling the columns and pontoons as an individual element (rigid body) would be a more accurate
representation. Neglecting these elements oversimplifies the structural behaviour, and a more de-
tailed analysis would be necessary to understand the effects of this simplification to the full extent.

Furthermore, the assumptions made regarding the material properties, such as the homogeneity
and isotropy of the beam elements, may not reflect the actual characteristics of the floating so-
lution. Real-world materials may exhibit nonlinear behaviour, anisotropic properties, and other
complexities that are not considered in the simplified model. Incorporating nonlinear material
models would provide more accurate representations, but would also increase the complexity and
computational requirements of the analysis.

Finally, the uncertainty of the input parameters must be noted, influencing the accuracy of the
numerical modal. In further design stages, it is crucial to consider these uncertainties and per-
form sensitivity analyses to assess the robustness of the results obtained from the numerical model.

Also, the computational limit must be acknowledged. To achieve increasing accuracy with the
model, a finer mesh size would be beneficial, but not necessary at this design stage, since it gives
a good representation of the magnitude.

4.4.4 Model set-up

The FEM analysis consists of a precise order of steps, which are implemented to obtain the results.
The process can be summarized as follows: the spatial domain is discretized into elements and
nodes, and the properties of each element are defined. The local matrices are then computed using
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shape functions or existing element matrices. These local matrices are assembled to form the global
Mass and Stiffness matrix by taking into account the connectivity of the nodes. Finally, boundary
conditions are applied by adapting a specific node inside the global matrix and right-hand side to
account for the prescribed constraints.

Step 1) Discretize the Domain
The first step creates a mesh which is used to translate the model of the wind turbine to a numerical
model. The entire substructure consists of 61 nodes and 63 elements which are connecting these
nodes. The elements are assigned to the nodes by a connectivity matrix. In Figure 4.10 the final
discretization of the floater solution is shown. The vertical column at the end of the substructure
represents the tension leg of the 30 MW solution.

Step 2) Define element properties
The second step includes the determination of the elemental properties of the model. The first
assumption is that all the elements are defined as circular hollow sections and are made of steel.
Note that the Young’s modulus of the tension leg is not similar to the Young’s modulus of the other
elements of the 30 MW solution. in Equation 4.14 - Equation 4.17 the equation for the properties
are listed.

A = π ∗ D2
out

4
− π ∗ D2

in

4
(4.14)

I = π ∗ D4
out

64
− π ∗ D4

in

64
(4.15)

J = 2 ∗ I (4.16)

Im =
π

32
∗D4

out −D4
in (4.17)

On top of that, some material properties are also defined as follows:

Gsteel =
Esteel

(2∗(1−νsteel))

νsteel = 0.2 [-]
ρwater = 1000 [ kgm3 ]

ρsteel = 7850 [ kgm3 ]

Esteel = 78.5 E9 [ N
m2 ]

In table Table 4.17 the material properties of the individual structural components are given

Table 4.16: Diameters of the respective cross-sections.

Element Dout [m] Din [m] Thickness [m] Length [m]
Pivot column 19.0 18.86 0.07 19.5
Right column 27.5 27.36 0.07 15.9
Pontoons 3.69 3.57 0.06 203
Mast 3.47 3.35 0.06 217
Pivot mast 5.47 5.29 0.09 259
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Table 4.17: Properties of the elements.

Element m [kg] EI [N/m2] EA [N] GJ [N/m2] Im [m2]
Pivot column 3.27E+03 7.83E+13 8.74E+11 6.17E+13 3.73E+02
Right column 4.74E+04 2.38E+14 1.27E+12 1.88E+14 1.13E+03
Pontoon 5.37E+04 4.73E+11 1.44E+11 3.73E+11 2.25E+00
Mast 5.05E+03 3.93E+11 1.35E+11 3.09E+11 1.87E+00
Pivot mast 1.19E+04 2.31E+12 3.19E+11 1.82E+12 1.10E+01

Step 3) Approximate solution
In the next step, the local matrices of every individual element are defined by using two different
shape functions. For the axial displacement, the linear shape function is applied. While for the
deflection and rotation, the cubic shape function is used. See Equation 4.18.

Nk
i = ai + biy and Nk

i = ci + diy + e2y + fiy
3 (4.18)

Each individual node has 6 degrees of freedom. An element consists of two nodes, given 12 degrees
of freedom for every element.

Every shape function associated with every DOF is one at the location of the location of that
specific DOF and zero at the other DOFs. With the shape function as mentioned above, the
elemental weak form and the particular local mass matrices and stiffness matrices can be defined.

M =
mL

420



140 0 0 0 0 0 70 0 0 0 0 0
0 156 0 0 0 22L 0 54 0 0 0 −13L
0 0 156 0 22L 0 0 0 54 0 13L 0
0 0 0 140 0 0 0 0 0 70 0 0
0 0 22L 0 4L2 0 0 0 −13L 0 −3L2 0
0 22L 0 0 0 4L2 0 13L 0 0 0 −3L2

70 0 0 0 0 0 140 0 0 0 0 0
0 54 0 0 0 13L 0 156 0 0 0 −22L
0 0 54 0 −13L 0 0 0 156 0 22L 0
0 0 0 70 0 0 0 0 0 140 0 0
0 0 13L 0 −3L2 0 0 0 22L 0 4L2 0
0 −13L 0 0 0 −3L2 0 −22L 0 0 0 4L2


(4.19)

K =



EA
L 0 0 0 0 0 −EA

L 0 0 0 0 0
0 12EI

L3 0 0 0 6EI
L2 0 −12EI

L3 0 0 0 6EI
L2

0 0 12EI
L3 0 − 6EI

L2 0 0 0 −12EI
L3 0 − 6EI

L2 0
0 0 0 GJ

L 0 0 0 0 0 −GJ
L 0 0

0 0 −6EI
L2 0 4EI

L 0 0 0 6EI
L2 0 2EI

L 0
0 6EI

L2 0 0 0 4EI
L 0 −6EI

L2 0 0 0 2EI
L

−EA
L 0 0 0 0 0 EA

L 0 0 0 0 0
0 − 12EI

L3 0 0 0 − 6EI
L2 0 12EI

L3 0 0 0 − 6EI
L2

0 0 − 12EI
L3 0 6EI

L2 0 0 0 12EI
L3 0 6EI

L2 0
0 0 0 −GJ

L 0 0 0 0 0 GJ
L 0 0

0 0 − 6EI
L2 0 2EI

L 0 0 0 6EI
L2 0 4EI

L 0
0 6EI

L2 0 0 0 2EI
L 0 − 6EI

L2 0 0 0 4EI
L


(4.20)

The global matrix can be assembled with these local matrices. For an Euler-Bernoulli beam, the
global matrix is diagonally dominant. The equation of the system is derived according to. Note
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that M and K are the global matrices instead of the local matrices in this equation. For the bound-
ary condition of this system, the node of the bottom part of the tension leg is identified, and the
row correlated to this is deleted.

With these two local matrices, we can assemble the global matrix according to the connectivity
matrix. For the Euler-Bernoulli beam, this global matrix will be diagonally dominant. The total
equation for this system is derived as Equation 4.21, where M and K are the global matrices.

MFF ∗ üF +KFF ∗ uF = F ext
F − FFPuP −MFPüp (4.21)

Step 4) Modal analysis
The last step is to perform the modal analysis. The following steps are executed:

1. Define the equation of motion with free DOFs on the left-hand side and prescribed and forced
DOFs on the right-hand side

2. Calculate the eigenshapes and eigenvalues for the free DOFs

3. Calculate the modal matrices and modal forcing

4. Solve each modal equation

5. Combine modal responses

The formula for the Eigenvalue problem is defined as follows:

(KFF − ω2
jMFF ) ∗ ϕj = 0 (4.22)

The equation gives us the eigenvalues (ωj) and eigenvectors (ϕj) as solutions. These are the natural
frequencies and modal shapes of the system, respectively. The number of modes depends on how
many natural frequencies we have. One can see the first twelve natural frequencies and their
corresponding mode shapes in Figure 4.11 & Figure 4.12

Figure 4.11: x-y plot of the first 12 modes.
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Figure 4.12: y-z plot of the first 12 modes.

Validation
The model’s validation, through convergence analysis, is carried out by applying a static force
that corresponds to a specific modal shape. When the system is excited with this particular mode
shape, only that mode is expected to generate a displacement response with a non-zero amplitude,
while all other modes should exhibit zero amplitudes. Due to the static nature of the excitation,
the solution is expected to gradually converge to a steady-state response over time.

This validation process assesses the model’s ability to accurately capture the dynamic behaviour
of the system. By comparing the predicted responses with the actual observations during the
steady-state condition, the model’s performance can be evaluated and refined as necessary. This
validation step plays a crucial role in ensuring the reliability and predictive capability of the model.

4.4.5 Frequency spectrum

After having found the natural frequencies of the relevant modes of the floater solution, a validation
is performed to check whether these natural frequencies will not resonate with the wind and wave
spectrum or the rotor rotations.

Wind spectrum
For the wind turbulence spectrum, the Kaimal spectrum is adopted. This gives the spectrum for
the most prevalent wind frequencies, which has its maximum frequency in the low range of 0.02 Hz.

Wave spectrum
The wave spectrum can be found through a JONSWAP spectrum defined for the local wave con-
ditions. For this, a Matlab file is used [23] in which the significant wave height and zero crossing
period (Tz = Ts/1.4 [24]) can be defined and the JONSWAP spectrum can be found. This spec-
trum is shown in Figure 4.13 with Tz = 13.8s and Hs = 11.94m [chapter 3], and from this it can
be seen that the wave spectrum ranges from 0.033 to 0.20 Hz.
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Figure 4.13: JONSWAP spectrum based on wave conditions.

Rotor rotations
In a standard upwind, one mast and three-blade configurations, the 1P (the frequency of all blades
passing the one mast) and the 3P (the frequency of one blade passing the one mast) are investi-
gated. Since our design consists of two masts, the 1P/2P (the frequency of all blades passing the two
masts), the 3P (1 blade passed 2 masts), and the 6P (Each time a blade passes a mast) are assessed.

1P/2P frequency
As stated in eq. (4.7), the travelled distance is 1124.7 meters. As shown in Figure 4.14, the distance
on the path of the tip of a rotor between the 2 masts is 177.8 m. The time it takes for one blade
to have passed both masts would be Distmasts

vtip
= 177.8

103.1 = 1.72s. The time it takes to complete the
rest of the rotation however would be 1124.7−177.8

vtip
= 946.9

103.1 = 9.184s. This would make for a very
irregular frequency pattern and because the masts are quite close, it is assumed that the 1P is
equal to the 2P. Making the 1P = 2P:

f1P/2P =
103.1

1124.7
= 0.0917Hz (4.23)

3P frequency
The 3P frequency is seen as the frequency at which a blade passes the two masts. This means that
for this excitation frequency, the two masts are assumed to be one. The 3P frequency then comes
down to:

f3P =
103.1

1124.7
∗ 3 = 0.275Hz (4.24)

It is important to state that the 3P approach is assumed to be accurate for the two-mast design.

6P frequency
The 6P frequency is caused by each time a blade passes a mast. For 1 blade to pass from one
mast to the other, it takes 177.8

103.1 = 1.72s. For the next blade to arrive at the first mast once the

first blade is located at the second mast, it takes
1124.7

3 −177.8

103.1 = 1.913s. Because these values lie
quite close together, the excitation frequency can be assumed quite regular. Therefore, the mean
between these frequencies is said to be the 6P frequency:

f6P =
1

1.913+1.72
2

= 0.55Hz (4.25)
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Figure 4.14: Swept distance between the two masts in white (heart to heart) (Dist = 177.8 m).

Full spectrum analysis
Finally, both wind and wave spectra are plotted in combination with the 1P/2P, 3P, and 6P fre-
quencies. These 1P/2P, 3P, and 6P are constructed by looking at a 15% range of their frequencies.
With all these frequencies and spectra combined, the natural frequencies from the relevant modal
shapes are plotted as well. A modal shape is deemed relevant if it is higher than 50% of the largest
modal excitation present. Figure 4.15 shows the full spectrum. From here it can be seen that one
natural frequency occurs in the 6P range. This modal shape is checked to make sure there is no
excitation present in the masts which would cause issues. Figure 4.16 shows this modal shape. As
seen, there is no modal excitation present in the two masts directly in front of the blades. For this
reason, it can be deemed acceptable that this modal shape resides in the 6P region. Consequently,
the natural frequency analysis at this design stage can be considered to be sufficient.

Figure 4.15: Spectrum analysis.
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Figure 4.16: Modal excitation of mode 20 which occurs in 6P region.

4.5 Detailed member design

For the detailed member design, the FEM model used to find the natural frequencies is expanded
to find the deflections and stresses in the profiles. The first step in this is to load the model with
environmental loads. These will cause deflections in the different members. These deflections can
then be calculated back towards stresses in the members. These stresses are finally checked with
the steel strength.

4.5.1 Environmental loads

To find the environmental loads, this analysis focuses on the Morison force method to find the
outcome of the wave loading. This method is performed for all submerged members, however, an
example calculation is only given for a pontoon member here.
A force on a submerged body in an oscillatory flow (waves) can be described as in Equation 4.26.

F = FD + FFK + FAM (4.26)

where:
FD: Drag due to viscous effects [N]
FFK : Froude-Krylov force, due to the pressure gradient under the oscillatory flow. [N]
FAM : Hydrodynamic Mass / Added Mass, due to the acceleration of the surrounding fluid. [N]

For a cylindrical body:
FD = 1

2Cd × ρDu|u| [N]
FFK = ρAu̇ [N]
FAM = Cm × ρAu̇ [N]
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F = 1
2Cd × ρDu|u|+ (1 + Cm)ρAu̇ [N]

CI = 1 + CM [-]

The unknowns in these equations mainly come from wave characteristics such as water velocity
and acceleration. To find these characteristics, first, a JONSWAP wave spectrum is created using
the WAFO Python module for combined wind and swell wave conditions. This wave spectrum is
generated based on the significant wave height and period, as defined in chapter 3. With these
characteristics, a time series of 20 minutes is generated. This is long enough to give reliable
estimates (t≥15 minutes) but short enough to ensure stationary wave conditions (t≤30 minutes),
this sea-level elevation time-series is portrayed in Figure 4.17.

Figure 4.17: JONSWAP sea-level elevation time series for swell waves.

Using this time series, the amplitude spectrum can be constructed using the spectral density
function as portrayed in Equation 4.27.

f+∆f∑
f

1

2
a2n = Sn(f)∆f (4.27)

This amplitude spectrum for swell waves can be seen in Figure 4.18.

Figure 4.18: the amplitude spectrum for swell waves.

Using the LinearWave package and the amplitudes from the JONSWAP spectrum and random
phase; the elevation, velocity, and acceleration time series can be found, with which the wave
forces can be calculated.

After this, the velocities and accelerations are calculated from the spectrum by the use of the
LinearWave package. This signal that is produced is calculated in a truly random fashion, which
gives a high calculation time but also gives a signal that does not repeat itself in the duration of the
time frame. An example of these velocities and accelerations that the pontoon element experiences
during the 20-minute time-frame are displayed in Figure 4.19 - 4.20. With these velocities, the
forces can be calculated through the Morison equation. These forces that occur in the 20-minute
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time series are displayed in Figure 4.21 for the pontoon. Taking the maximum forces in these time
series gives the design loads for all elements in the combined wind and swell wave conditions. This
is portrayed in Table 4.18.

Figure 4.19: Velocities on structural components of variant one.

Figure 4.20: Accelerations on structural components of variant one.

Figure 4.21: Forces on structural components of variant one.

Table 4.18: Maximum forces acting on the structural elements in the combined swell and wind
wave conditions.

Element Vx [kN/m] Vy [kN/m] Vz [kN/m]
Horizontal pontoons 602 - 514
Pivot buoy 181 181 170
Nacelle column 699 699 591
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4.5.2 Deflections

The deflections of the elements are caused by the external wave forces. To assign certain forces of
the time series to the nodes, a force function is created where a linear interpolation is used. With
this function, the forces at a certain moment in time can be calculated and assigned to the right
node.

With the forces included, the displacement and its corresponding first and second derivative in time
can be calculated. this method creates insight into the displacement of every individual node over
a time series of 1200 seconds based on the corresponding wave spectrum. The following Figure 4.22
displays the time series at the three distinct corner points of the system in the z direction (heave).
Due to the constraints of the model, the PivotBuoy is not moving as the respective node is on top
of the TLP that was modelled as an Euler-Bernoulli beam.

Figure 4.22: Time-series of the displacement at the corner points of the floater.

In Figure 4.23 - Figure 4.25 the displacement of every node of the system is depicted for the three
translatory displacements. Note that all structural components are added to a list. For a more
detailed display of the displacement per beam refer to Appendix D.

Figure 4.23: Displacement of every single node.
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Figure 4.24: Time-series of the displacement of every single node.

Figure 4.25: Time-series of the displacement of every single node.

4.5.3 Stresses

The stresses in every single element are derived from the displacements. The stresses provided
valuable insight into the force distribution in the different beams. The obtained stress should be
lower than the provided stress capacity by the quality of the steel beams itself. Therefore, after
the stress calculation, the beams are checked for strength to ensure the structural integrity of the
structure. This information could lead to possible adaptions of the design. The stresses in the
elements can be subdivided into six different types:

• Axial stress in the x-axis

• Shear stress in the y-axis

• Shear stress in the z-axis

• Torsion stress in the x-axis

• Bending stress in the y-axis

• Bending stress in the z-axis

In Equation 4.28 to Equation 4.31 the equations used to calculate the respective stresses are shown.
These equations show the stress relation between certain forces and the corresponding surface of
an element. Since only the displacements are given, Hooke’s law is also applied to represent the
relation between the stress ratio, Young’s modulus, and elongation.
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σAxial =
F

A
(4.28)

σshear =
F

A
(4.29)

σmoment =
Mc

Z
(4.30)

σtorsion =
Tr

J
(4.31)

In the code provided, the rewritten formulas can be found. In Table 4.19 the maximum occurring
stresses in the different members are depicted. The computed stresses for all DOF of all components
of the substructure can be found in Appendix B.

Table 4.19: Maximum Stresses for different components.

Component Stress (MPa) Type
Left/right pontoon 856 moment y
Front pontoon 1486 moment z
Left/right mast 477 moment z
Pivot mast 2556 moment y

4.5.4 Ultimate limit state criteria
To ensure the safety and structural integrity of the structure for the ultimate limit state, resistance
checks are performed whether the occurring stress is lower than the stress resistance of the steel
element. The steel strength is set to be 355 N/mm2 and it is assumed to be the same for every
steel member of the structure. The member checks are done according to the regulations of the
Eurocode. However, the FEM model already provides the occurring stresses of the entire structure.
The benefit of this is the reduction of steps that need to be taken. In this case, the occurring stresses
in the beams are multiplied with a safety factor of 1.15. Equation 4.32 is applied for the individual
member check, which takes into account the highest occurring force during the time series of the
applied wave forcing. Besides this check, a check where the combination of axial and moment
stresses occur needs to be done. In Equation 4.33 this equation is shown.

σEd ∗ SF
σRd

< 1 (4.32)

σNEd
∗ SF

σNRd

+
σMEd,y

∗ SF
σMRd,y

+
σMEd,z

∗ SF
σMRd,z

< 1 (4.33)

Equation 4.33 is considered to be the most important unity check since all the forces can be
considered. In Table 4.20, the most important unity checks are given, when the unity check is
below 1, it is considered as safe. However, if the unity check is higher than 1, an adaption to the
design is necessary since it can not be considered safe. It needs to be noted that this check is in
the worst-case scenario. It is assumed that the highest moment in the y and z directions appears
at the same time together with the axial force in the x-axis.
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Table 4.20: Comparison of unity check for the Combined axial forces and moments between the
standard and proposed improvement method models.

Element UC [-] UC threshold
Left and right pontoons 5.13 < 1
Front pontoon 6.95 < 1
Left and right masts 2.06 < 1
Pivot mast 12.64 < 1

None of the member checks are deemed sufficient which means that the design should be adapted.
Therefore, extra members should be added to shorten the buckling length or the tube members
should be replaced, for example, by trusses.

4.5.5 Structural improvements

Since the stresses in subsection 4.5.4 are above the resistance of the profiles, improvements in the
structure are briefly investigated to lower the occurring stresses. This is done by adding additional
members in the model, as visible in Figure 4.26. The idea behind the configuration of these beams
is to divide each of the large triangles in the structure into four smaller ones, as visible in the front
and bottom triangles. However, this was not possible with this model for all elements since the
translation of members is only possible in one field (e.g. XY, XZ, or YZ translation) and these
elements would need to be translated in two fields. The missing beams are shown in red, these
are not implemented in the calculation but are expected to reduce the stresses in the beams. By
implementing this, the maximum occurring stresses are already significantly lowered as can be
seen in Table 4.21. However, the stresses are still not sufficiently lowered to be acceptable. One
stress actually increases, which is the front pontoon. A reason for this could be that the weight
of the RNA now gets directed onto the front pontoon instead of the nacelle columns. This quick
analysis proposes a starting point for a follow-up structural investigation. In the current analysis,
the dimensions of the original structural beams are not adapted and thus could be optimized in the
next design cycle. A detailed investigation into this proposed structural analysis is not performed
because of the given timeframe and limitations of the created model, it purely proves the structure
needs further in-depth structural improvements to become a viable solution.

Table 4.21: Comparison of unity check for the Combined axial forces and moments between the
standard and proposed improvement method models.

Element First model
U.C. [-]

Proposed improved
model U.C.[-]

Left and right pontoons 5.13 2.57
Front pontoon 6.95 11.63
Left and right masts 2.06 1.76
Pivot mast 12.64 4.93
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Figure 4.26: Improved structural configuration to resist occurring stresses.

4.6 Weight reduction

Currently, the design is equipped with singular tubular beams to simplify the analysis of the buoy-
ant behaviour for the substructure of the 30 MW solution. However, studies show possibilities of
weight reduction in a structure by replacing the single tubular beams with trusses. Therefore, in
this paragraph, the method to determine the weight reduction by replacing the beams for trusses
is discussed [25].

The following should be performed to determine the amount of weight reduction by replacing the
beam with a truss:

1. The first step is to create a 2D model of a truss. In Figure 4.27, the model is provided.
The truss consists of two horizontal with diagonal members in between. In this model, only
the self-weight is included in the loading to simplify things, since the forces on the structure
don’t change significantly.

Figure 4.27: Model set-up for truss analysis.

2. Secondly, the reaction forces are determined with the use of force equilibrium. The only force
to counteract is the distributed load representing the self-weight of the truss

3. Now the internal forces of every single component in the truss are determined. This is done
by using the Method of Sections, (Figure 4.28), this is done for every component in the truss
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Figure 4.28: Overview method of sections.

4. Finally, the method of virtual work is applied to the truss. First, all the loads are removed
from the model. After, a load is applied to the point where the displacement is calculated
(in the middle). This is an iterative process, the purpose is to look for a similar deflection
and see whether the weight of the truss is less compared to the singular tubular beam.

1 ∗∆ =

∑
nNL

EA
(4.34)

Where:
1 = the applied virtual force
∆ = Real external deflection
n = Internal force due to virtual load
N = Internal force due to real load
L = Length
E = Young’s Modulus
A = Area

Because of limitations in the project timeline and resources, this iterative process to calculate an
exact percentage of weight reduction could not be performed. This described process forms an
opportunity for further research on this topic to increase the feasibility of the 30 MW solution.

4.7 Turret: yaw system with elastic coupling

PivotBuoy proposes a passive yaw system for a downwind turbine. The passive yaw system re-
places the need for an active yaw system at the RNA level. PivotBuoy claims the removal of the
active yaw system will reduce OPEX. This claim and the technical implications of using a turret
system are assessed in the following chapter.

Figure 4.29 shows the setup of the TLP and floater connection using the Quick connect (5) system
and a turret system (23) above. This figure is taken from the second patent related to the PivotBuoy
system [26]. The Quick Connect System is supposed to allow for fast coupling and decoupling of
the floater for maintenance operations. The figure shows the connection of the base structure of
the floater (6) and the mooring interface connected to the TLP system (13). Between the two
mating parts, elastic coupling elements are implemented to allow for small roll and pitch angles
relative to the TLP. The base structure is supposed to be coupled to the floater (2) with the use of
a yaw system (37) and bearings (23) coaxial to the longitudinal axis (50) to allow for the alignment
of the floater with the direction of the wind. The electrical conductor line is funnelled through the
system along the same axis (50).
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Figure 4.29: Detail of floater to TLP connection, including the quick connector and the turret [26].

The turret system proposed by PivotBuoy is similar to FPSO concepts, but it will have higher
stiffness in the system since it is connected to a TLP system instead of catenary mooring lines. The
bearing system needs to resist the radial force that is exerted due to the maximum trust force of
the turbine. The vertical force on the bearing should be limited to compression forces. Introducing
constant load direction changes has a negative impact on the fatigue life of the system. Due to
the stiffness of the system and the expected constant pitch of the structure, higher variations in
moments are to be expected in the connection between the floater and the turret.

As of yet, there is no design for a turret for a 15 MW or 30 MW DWT. The forces that are exerted
on the turret and the bearings are expected to be high, considering the radial thrust force. It is
therefore important to choose the right bearings for the turret.

4.7.1 Selection of bearing type

To choose the bearings, an understanding of the forces and movements is required. Depending
on the type, bearings can resist or allow one or more of the three loads: radial load, axial load,
and moment load. As moments in large turrets are countered by placing two bearings far apart on
the same shaft (internal docs), the most important loads, in this case, are the radial and axial loads.

To meet these criteria, two different types are considered: double-row/four-row tapered roller
bearings and spherical roller bearings. Both types are designed to withstand large forces in both
the axial and radial directions. The double-row/four-row tapered roller bearing is better at resisting
axial loads and moment loads, whereas the spherical roller bearing does not resist moment loads
and therefore allows for bearing misalignment, meaning that it does not resist pitch movement
of the platform, which could reduce stresses in the turret system (if no double bearing system is
applied). As this system has to resist high loads at low speeds, ball bearings are not suitable [27].

4.7.2 Design Loads Cases

The loads used in this bearing analysis are based on the loads given from the pre-design model.
At maximum thrust, the radial load on the bearings will be highest, and axial loads will be lowest.
When there is no wind, this is the other way around. These two load cases are therefore looked
at during the bearing dimensioning. A load coefficient fw = 2 is applied to account for vibrations
and impact during operation. The applied loads on the system are given in Table 4.22.
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Table 4.22: Applied loads for 30 MW WT.

Idle
F Axial 34000 kN
F Radial 0 kN

Power prod.
F Axial 16000 kN
F Radial 13200 kN

4.7.3 Bearing calculation - Static analysis following ISO 76

The static equivalent load can be calculated using the following equation.

P0 = X0Fr + Y0Fa (4.35)

The factors X0 and Y0 are defined for each bearing [27]. For double-row bearings, X is always 1.
Y depends on the angle of the rollers. Based on ISO 76, the required safety factor is defined as
Fs = 2.5 [28].

4.7.4 Bearing calculation - Fatigue analysis following ISO 281

The dynamic equivalent load can be calculated using the following equation.

P = XFr + Y Fa (4.36)

The factors X and Y are defined with the help of Table 4.23.

Table 4.23: Factors for bearing fatigue.

Bearing Type
Fa

Fr
≥ e Fa

Fr
> e e

X Y X Y
Single-row 1 0 0.4 0.4cot(α) 1.5 tan(α)
Double-row 1 0.45 0.67 0.67cot(α) 1.5 tan(α)

Based on the dynamic capacity C and the calculated dynamic equivalent load P , the total life of
the system L (in revolutions) can be estimated using the following function:

L10 =

(
C

P

)1

0/3 (4.37)

For simplification, a basic rating life L10 with a service life of 90 % reliability is assumed when
used under normal usage conditions for bearings of high manufacturing quality. Further research
could focus on the modified rating life using different reliability estimates.

The safety coefficient is then calculated by comparing the calculated life L10 to the required
life (amount of revolutions) L using safety coefficient fs can be determined. Based on internal
documents, the required safety factor for fatigue is defined as ff = (R&D TotalEnergies internal
information, 2023). The required lifetime is 3.75 million revolutions over 25 years, or about 17
per hour, which is similar to lifetime calculations for other SPM solutions (R&D TotalEnergies
internal information, 2023).

fS =
C0

P0
(4.38)
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As the loads applied are larger than the ones for which predesigned bearings are designed, a spe-
cialized bearing system will be needed. Based on other bearings, a relation between size and
strength is found. This relation can be used to extrapolate the strength of the bearings. From the
needed capacity, the diameter can then be determined, as seen in Figure 4.30. The weight is also
calculated this way and will be used later in the cost calculations.

Based on the required static and dynamic capacities for the bearing system, a diameter of at least
1.9 m is needed to guarantee safe operations during the lifetime, with a limited probability of
failure.

Figure 4.30: Extrapolation of bearing capacity and diameter size.

4.7.5 Failure modes

The failure of the bearing can be considered a critical event for the PivotBuoy system. Numerous
potential issues can arise with bearings, both before and during operation. The most important
failure modes are named in the table below. The failure of bearings is due to fatigue introduced
by the number of revolutions and the magnitude of the load. The damage in bearings occurs at
two different stages. Appendix C gives an overview of the relevant failure types.

Fatigue-induced shear stress on the load-bearing surface leads to primary damage types that even-
tually lead to the development of potentially surface-reaching cracks. If the bearings fail, they are
not repairable or replaceable, requiring the change of the entire turret. This not only translates to
expensive repairs and significant downtime but also the need to decouple the system. In the case
of the PivotBuoy design, this would probably mean a decoupling, tow-to-shore, placing onshore,
replacing PivotBuoy, placing in the water, tow-to-site, and coupling. This process could increase
OPEX and result in a decrease in AEP. Therefore, efforts should be made to minimize the risk of
failure.

Imperfections during assembly and wear throughout the system’s lifetime further compound the
issue. These combined factors ultimately result in a diminished ability for the system to effectively
weathervane. Also, as there are two dominant wind directions, most fatigue is expected to occur
on the two opposite sides of the bearing system. To reduce this effect, it is advisable to turn the
connection between the turret and the TLP platform after each decoupling, which will be done
standard for large maintenance operations.

The preliminary static and dynamic bearing calculations show that it is possible to design a turret
system for the given load conditions. Nevertheless, due to constant changes in loading conditions
between power production and idle combined with the changing environmental conditions, the
bearings will experience high fatigue damage. Based on the initial findings, the turret system
should not be considered a pitfall of the system, but instead as a component that requires special
attention during its lifetime to guarantee a robust system. Considering the susceptibility of the
system and the large efforts needed to replace the system, a reduction in CAPEX when compared
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to an active yaw system should not be assumed.

4.8 Conclusion
The goal of the structural analysis was to investigate whether the direct scalability of the X1 Wind
PivotBuoy concept is feasible as a 30 MW solution. In Figure 4.31, a short recap of the conclusions
can be found.

Figure 4.31: Conclusion Structural Analysis.

From the results, it can be concluded that the global stability of the proposed 30 MW solution
suffices. However, the stresses in the beams are too high as of now. A method to reduce these
stresses is proposed and shows an opportunity to increase the feasibility of this criteria. The nat-
ural frequency analysis shows one natural frequency of the structure that overlaps with one of the
identified critical regions of the blade dynamics. However, it is noted that this specific eigenfre-
quency has minor deflections in the masts and therefore will not form a problem for the structural
dynamic response. For this reason, the structure is deemed feasible for the natural frequency anal-
ysis. It must be noted that this analysis needs to be performed for every new structural adaptation
(including the proposed improvement). In the end, it can be concluded that the direct scalability
of the X1 Wind PivotBuoy concept as a 30 MW solution is not feasible.

For the proposed turret, it can be concluded that both the load transfer and the dimensions are
feasible
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Lifecycle Assessment

In the lifecycle assessment, the feasibility of the proposed 30 MW solution is analyzed on six
lifecycle components.

1. Supply chain

2. Construction

3. Transport

4. Installation

5. Operations & Maintenance

6. Decommissioning

This leads to the following research objective:

“Evaluate the feasibility of the supply chain, construction, transport, installation,
operations & maintenance, and decommissioning of the proposed 30 MW solution.”

Each of these components will be analyzed separately in a section. For the transport and instal-
lation, the weather windows will also be assessed in section 5.7, after which a conclusion will be
given on the overall feasibility of the lifecycle in section 5.8.

5.1 Supply chain
The supply chain is considered to be the necessary step before the construction or assembly of
the turbine. This includes the fabrication by the original equipment manufacturers (OEM), the
transport towards the construction and or maintenance yards, and the storage of the different
components. To assess the supply chain, PivotBuoy and Intecsea BV, have made a preliminary
industrialization plan based on 15 MW FOWTs in a 500 MW FOWF [29]. The document assesses
the industrialization of each component on its fabrication, transportability and storability.

The evaluation method involves assigning a rating ranging from 1 to 5 to each component based
on the aforementioned criteria. A score of 5 indicates components that are readily accessible, with
conventional methods of transport and storage, an established supply chain, and readily available
facilities. Conversely, a score of 1 implies that special measures are required for fabrication, trans-
port, or installation, demanding particular attention. This rating system aids in the identification
of bottleneck components within the process. Table 5.1 shows the different components considered
in this analysis.

55
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Table 5.1: Components analyzed in industrialization plan.

Sub-Unit Components
WTG RNA

Floater

Main Column
Pontoon
Damping Plates
Pivot Mast
Pivot Top
Tower Top Adapter

TLP
Pivot Bottom
Tethers
Anchors

The industrialization plan by PivotBuoy and Intecsea BV only considers a 15 MW X1 Wind
PivotBuoy, this report extends the analysis to the 30 MW (upscaled) solution, by evaluating the
design with the same parameters. In the following subsections, an explanation of the ratings will
be given per component; first, the ratings as given by the D3.5: Industrialization plan for serial
production of large farms [29], and then the new ratings for the 30 MW solution. At the end of
the section Table 5.2 gives an overview of the ratings.

5.1.1 Wind turbine generator
15 MW X1 Wind PivotBuoy: The Wind turbine generator (WTG) unit, as described by Piv-
otBuoy, is the combination of all elements on top of a standard wind turbine, also known as the
RNA. There are only a few manufacturers in Europe that fabricate large-scale RNAs. And these
OEMs do not (yet) supply large-scale downwind RNAs. The WTG component fabrication will
eventually be done in a centralized location at one (or more) of these OEMs and gets a rating of
3/5. These large-scale components are not easy to transport, however, there is enough experience
in this throughout the sector. The transport gets a rating of 4/5. Finally, storage is also a well-
known process, albeit not necessarily easy, and therefore is rated with 4/5.

30 MW upscale: As of now, no OEM fabricates 30 MW nacelles, let alone downwind versions.
The industry needs to make massive and high-risk investments to create a 30 MW downwind na-
celle. As for the blades, the sheer length of the blades could create a bottleneck for the current
factories of OEMs are not equipped for moulds of this size. Even though some of the factories them-
selves would be big enough in theory, the size of the blades could pose difficulties, see Figure 5.1.
For the fabrication, the NRA gets a 2/5.

Figure 5.1: 30 MW blade compared to General Electric blade factory, Cherbourg, adapted from
Apple Maps [30].

The transportation of the NRA components is also quite difficult. For the nacelle, multiple (very)
heavy lifting operations are needed (see section 5.2. For the blades, specialised ships might be
needed due to the length of the blades. The transportation of the NRA is given a rating of 3/5.
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Although the components will be bigger than for the 15MW version, there number of components
is halved. This means the overall storage space required should be similar 4/5.

5.1.2 Main columns
15 MW X1 Wind PivotBuoy: The Main columns get a 3/5 for fabrication. This is because
they have a simple geometry, but a large diameter, which makes the fabrication process more
difficult for larger scales. The fabrication of large cylindrical geometries is considered a special-
ized industry, with a limited number of yards that have the experience and production capacity.
The main columns can be transported by barge, which is a common and cost-effective method
for offshore structures. The fabrication yards are typically well connected to open seas, which
allows for easy access and transport. For this, the main columns get a 4/5. The main columns
have a small footprint, which means they can be stored efficiently and compactly. The cylindrical
geometry also lends itself to a better use of storage area. Thus the main columns are awarded a 5/5.

30 MW solution: As stated above, with a larger diameter, the fabrication of the main pontoons
becomes more difficult and specialized. In internal research of TotalEnergies, a large discrepancy
is expected between supply and demand for these kinds of specialized steel structures. The supply
chain will need to take significant steps to accommodate this. The fabrication is therefore rated
2/5. The transportation and storage of these sturdy steel structures should not pose a larger
problem than the 15 MW version, since only half of the components are needed, but they are
heavier. The ratings thus stay the same at 4/5 and 5/5 respectively.

5.1.3 Pontoons
15 MW X1 Wind PivotBuoy: The pontoons form the structure that connects the three
columns. They consist of two beams with diagonal cross bracings between them. This frame
is made from universally available tubular sections of existing dimensions. Since the frame consists
of long and thin elements, the construction and transportation are delicate processes. The long
structures might not be able to support themselves without the connection with the columns or
without the buoyant force of the water, resulting in the need for temporary supporting structures.
The assembly of the pontoons could either be done at the assembly yard, with the drawback that
the yard will need sufficient space to store and assemble the pontoons, but eliminating the need for
complex transportation methods. Or be partially assembled at a secondary location. The pontoons
receive a rating of 3/5 for the constructability and a 2/5 for both the transportation and storage.

30 MW solution: For the 30 MW solution, the manufacturing problems described above are ex-
acerbated since the elements are even more slender, relatively speaking. This leads to a fabrication
score of 2/5. Transport and storage will not change, hence the scores are both 2/5.

5.1.4 Damping plates
15 MW X1 Wind PivotBuoy: The damping plates help the platform have less dynamic re-
sponse to heave. These steel plates are easily constructed, transported and stored. And thus
receive a 5/5 for all criteria.

30 MW solution: Since the plates are easily scalable, the ratings do not change for the 30 MW
solution, 5/5 for all.

5.1.5 Pivot mast
15 MW X1 Wind PivotBuoy: The masts of the X1 Wind PivotBuoy are constructed using
commercially available tubular segments. Using these segments it is possible to use automatic
welding, resulting in an uncomplicated fabrication process. Since the masts can be transported in
different segments before being bolted together at the assembly yard, transport and storage should
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not pose a problem either. The Pivot Masts receive a rating of 5/5 on all criteria. However,
installation might pose a problem.

30 MW solution: The upscaled version has larger tubular sections, but the difference in scale
should not pose a problem, since the industry is capable of manufacturing these components. Each
of the criteria for the 30 MW solution is thus 5/5.

5.1.6 Pivot top

15 MW X1 Wind PivotBuoy: The pivot top component receives a rating of 2/5 for fabrica-
tion due to its novelty and the need for specialized sub-components (connection piece, shaft, turret
system, etc.) to be fabricated elsewhere. The pivot top scores 3/5 for transportation as it involves
increased complexity and vulnerability compared to the main columns, requiring potential tempo-
rary bracing to ensure structural integrity during transit. For storage, the pivot top component
is rated 4/5. This is because it may necessitate additional temporary bracings to mitigate the
risk of damage to the connection piece, indicating a relatively higher level of attention required for
storage considerations.

30 MW solution: The pivot top is a complex part, it needs to be fabricated precisely. With the
larger size, this precision is harder to accomplish. Furthermore, the trust force the pivot top needs
to be able to withstand increases significantly. The combination of this precision, size, and strength
makes this component very hard to manufacture, for which it receives a 1/5. The transportation
and storage do not change and are awarded a 3/5 and 4/5 respectively.

5.1.7 Tower top adapter

15 MW X1 Wind PivotBuoy: The tower top adapter is designed for convenient manufactur-
ing and assembly. However, as it plays a critical role in connecting various components, precise
dimensional control is essential. The component’s complex shape, featuring four flanges in differ-
ent planes, requires careful handling to avoid complications during assembly. Thus, it attains a
rating of 3/5 for fabrication. Given its relatively small size, transporting the tower top adapter
is not anticipated to present significant difficulties. Consequently, it receives a rating of 4/5 for
transport. Due to its compact size, storage is not expected to pose significant challenges for the
tower top adapter. As a result, it is rated 4/5 for storage.

30 MW solution: The tower top adapter needs to be fabricated precisely to allow for the long
masts to be connected properly. With the larger size, this precision is harder to accomplish. It
also needs to withstand the higher weight of the upscaled NRA. The tower top adapter gets a 2/5
for the constructability. The transportation and storage stay the same at 4/5.

5.1.8 Pivot bottom

15 MW X1 Wind PivotBuoy: The pivot bottom component consists of a main structure with
relatively straightforward geometries, allowing for relatively easy fabrication at a wide range of
secondary fabrication sites. However, the elastic coupling component requires specialized manu-
facturing, involving a machined plate installation for flexible coupling. The tight tolerance between
the mooring line connection and the flexible coupling further adds complexity to the fabrication
process, resulting in a rating of 3/5 for fabrication. Due to its relatively compact size, transporta-
tion and storage of the pivot bottom component are not expected to pose significant challenges.
The exact fabrication location(s) are not constraining to the overall industrialization plan, allow-
ing for flexibility in logistics. Therefore, it receives a rating of 4/5 for transport. Similarly, the
relatively compact size of the pivot bottom component implies that storage considerations will not
be a limiting factor. It receives a rating of 4/5 for storage.
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30 MW solution: The difficulties in fabrication, transportation and storage for the pivot bottom
component will not change significantly when upscaled. Thus the ratings do not change and are
3/5, 4/5, and 4/5 respectively.

5.1.9 Tethers

15 MW X1 Wind PivotBuoy: The mooring system, employing vertically tensioned tendons
or tethers, is a well-established and industrialized technique in the offshore industry, commonly
utilized in oil and gas projects. Each mooring tendon for a full-scale system is likely to be supplied
on its own spool of significant dimensions. Given the extensive experience of various manufacturers
in this field, the fabrication process is expected to proceed smoothly. Therefore, the mooring sys-
tem receives a rating of 5/5 for fabrication. The transportation of the mooring system, including
the tethers on spools, is a straightforward process. The logistics can be organized directly from
the manufacturer’s location in preparation for the installation phase. Consequently, the mooring
system attains a rating of 5/5 for transport. The storage of the mooring system components,
which includes multiple spools, is anticipated to be manageable and is not expected to present
significant challenges. Hence, the mooring system is rated 5/5 for storage.

30 MW solution: Tether systems have been developed for large-scale offshore objects before,
the industry should be equipped to handle the upscaled turbine. The tethers receive a 5/5 for all
criteria.

5.1.10 Anchors

15 MW X1 Wind PivotBuoy: The proposed anchoring system for the PivotBuoy, which in-
volves three concrete blocks with pad eyes and an internal steel structure, is considered highly
feasible for fabrication. The steel frames for the gravity bases are easily manufactured by local
secondary fabrication sites. This process is efficient and does not pose significant challenges, re-
sulting in a rating of 5/5 for fabrication. The logistics for the transportation of the foundation
components are well-established. The steel frames are transported to the quayside, where vessels
for anchor placement will embark. The use of concrete, which is readily available from numerous
suppliers, allows for efficient mobilization to the offshore installation site. This, combined with
the preference for local suppliers to minimize costs, leads to a rating of 5/5 for transport. Due
to the widespread availability and cost-effectiveness of concrete, it is possible to select convenient
locations for pick-up and mobilization, ensuring optimal storage conditions. This makes storage
considerations for the foundation sub-unit manageable and not a limiting factor, resulting in a
rating of 5/5 for storage.

30 MW solution: Anchors for large offshore objects have been made before, creating a larger
concrete block as an anchoring solution for the 30 MW turbine, should not pose a problem in
fabrication, transport, and storage. The ratings do not change in regards to the 15 MW turbine,
5/5 for all criteria.

5.1.11 Summary

Of the 10 components analysed for the supply chain, special emphasis should be given to the
RNA, main columns and pivot top. These score the lowest overall for both the 15 MW X1
Wind PivotBuoy and the 30 MW solution. The supply chain of these three components could
become a bottleneck for both designs. Furthermore, the pontoons and tower top adapter could
potentially be a pitfall for the 30 MW solution. Table 5.2 shows the ratings given to the 15 MW
X1 Wind PivotBuoy as given by D3.5: Industrialization plan for serial production of large farms
[29], compared to the 30 MW solution ratings from this report. The ratings that have changed
between the two designs are highlighted in red. The scale up to 30 MW increases R&D, fabrication,
transportation, and storage to a level that could reach the limits of the industry. For the 30 MW
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solution to be economically viable the supply chain needs to make major commitments. The rapid
wind turbine growth comes with an increasing risk for OEMs who have difficulties with their
products being outgrown quickly thus leaving limited investment return [31].

Table 5.2: Component rating comparison for 15 MW X1 Wind PivotBuoy [29] and 30 MW solution.

Sub -Unit Components Fabrication Transportation Storage Overall
15MW 30MW 15MW 30MW 15MW 30MW 15MW 30MW

WTG RNA 3 2 4 3 4 4 3.7 3.0
Main Column 3 2 4 4 5 5 4.0 3.7
Pontoon 3 2 2 2 2 2 2.3 2.0
Damping plates 5 5 5 5 5 5 5.0 5.0
Pivot Mast 5 5 5 5 5 5 5.0 5.0
Pivot Top 2 1 3 3 4 4 3.0 2.7

Floater

Tower Top Adapter 3 2 4 4 4 4 3.7 3.3
Pivot Bottom 3 3 4 4 4 4 3.7 3.7
Tethers 5 5 5 5 5 5 5.0 5.0TLP
Anchors 5 5 5 5 5 5 5.0 5.0

5.2 Construction

5.2.1 Construction steps

To construct the turbine, first, the three main columns will be placed and outlined on a flat surface.
After this, the pontoons are placed in between and welded together. For this, cylindrical profiles
and ready-made k-joints can be provided by suppliers. Because of the long distance between the
main columns, temporary support might be needed [29]. As for the masts, they will also likely
have to be supported during assembly. Therefore, a temporary support structure must be made, or
multiple cranes have to lift it and keep it in place until it is connected to the rest of the structure.
For this action, first, the underlying truss structure will be placed. Then, the two front masts are
connected to the substructure and welded together, after which the pivot mast will be placed. As
this is the longest and heaviest part of the structure, this requires the most effort. It will be a
challenging operation and require multiple cranes.

After the substructure is completed, the RNA can be placed. This is done by first lifting up the
nacelle, then installing the hub, after which the blades are installed as well. These parts can be
installed on the yard, but that does make it slightly harder to get the construction in the water
and the parts will have to be lifted higher. It is also possible to place the substructure in the water
first and then lift up the RNA. With this method, the lifting height decreases, but the quay walls
need to be strong enough to accommodate the cranes. The nacelle will weigh at least 1000 tons
and be placed at a height of about 210 meters. As of now, no crane in the world can lift that much
weight that high. Therefore, this is considered to be one of the biggest bottlenecks for the 30 MW
design. To make it possible to lift the nacelle up, higher (gantry) cranes are needed, or modular
nacelles that can easily be put together at the top of the structure. This is both dependent on the
suppliers and therefore not in the hands of the producer of the turbine. As long as these solutions
are not provided, the 30 MW concept will therefore be deemed unfeasible.
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Figure 5.2: Steps of construction.

5.2.2 Construction yards

A construction yard is needed to assemble the separate components that have been delivered by
the supply chain. In their quest to make Bretagne a front-runner in marine renewable energies
(MRE), Bretagne Ocean Power has designated two ports for the construction and maintenance of
FOWTs [8]. The two ports considered are Brest and Lorient. A map of the plans of Bretagne
is shown in Figure 5.3. In this subsection, first, the requirements for the construction yards will
be listed, after which both yards will be assessed on their suitability to construct the 15 MW X1
Wind PivotBuoy and its 30 MW upscaled version.

Figure 5.3: Map of Bretagne with proposed MRE ports Brest and Lorient [32].

5.2.2.1 Yard requirements

To construct the turbines, a yard has to comply with multiple requirements. There needs to be
ample space for all separate parts to be stored before assembly. Wet storage can be used for parts
of the substructure and the blades, while generators, transmission and electrical parts require dry
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storage. There needs to be a good connection to the hinterland for incoming supplies and workers.
Also, there is a need for parking spaces for workers and canteens and offices. The connection to
the sea should be deep and wide enough to accommodate the turbines. Depending on the need for
lifting operations on the quay wall, it should have a high enough loading capacity. There should
be enough cranes with the right lifting capacity and height. Trucks or other vehicles are needed to
transport parts across the yard. Lastly, the connection to the sea should be deep and wide enough
to accommodate the tow out of the turbines.

5.2.2.2 Lorient

The first construction yard considered is in the port of Lorient. This port is designated as a
logistics hub for installation and maintenance [33]. It is, inter alia, meant for the final installation
steps before towing the FOWTs towards their intended locations. However, due to the considerable
dimensions of the X1 Wind floater solution, the access channel of Lorient is not wide enough to
support a tow to and from shore strategy (to Lorient). This is illustrated in Figure 5.4. The
figure shows a map of the access channel of the port of Lorient on the left. On the right side, two
zoomed-in maps are given; the top shows the area designated for the installation of FOWTs and the
bottom shows the most critical point of the access channel. The green on the map shows a depth
of less than four meters. The floaters of the 30 MW solution are ± 200 meters apart and have a
draft of ± 10 meters. In its current form, the channel does not support such large structures. The
access channel has a depth of approximately 8-10 meters for 7 km, making a dredging operation
expensive. And, even if the access channel would be dredged, the width of the channel between
the Citadelle de Port-Louis and the small islet of La Jument is only around 200 meters. These
factors lead to the conclusion that Lorient is not suitable for a tow-to-port strategy. However, the
port of Lorient could be used as a base of operations for inspections and minor repairs at sea, as it
is in close proximity to Sud de la Bretagne I. Using Lorient as such could lower O&M costs, when
compared to Brest.

Figure 5.4: Map of Lorient (left) with the proposed yard (top right) and access channel width
(bottom right), adapted from Navionics [34].
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5.2.2.3 Brest

The Port of Brest is the other port considered for the construction yard. The yard is designated
as a terminal dedicated to large MRE projects [35]. Unlike Lorient, the access channel for Brest
is wide enough, illustrated by Figure 5.5. The most narrow part of the bay is approximately 750
meters wide. Near the yard, an access channel needs to be dredged to accommodate the draft of
the FOWTs. Some of the key information about the yard in Brest is given in Table 5.3.

Figure 5.5: Map of Bay of Brest with proposed yard in green in the top right, adapted from
Navionics [36].

Table 5.3: Port of Brest information [35].

Parameter Value
Area 40 ha
Dock width 380 LM
Berth depth access 12 m
Quay load baring capacity 64 t/m2

To give an indication and feel of how the terminal in Brest could be used as a construction yard
for the 15 and 30 MW X1 Wind PivotBuoy, a possible preliminary assembly layout is given for
both turbine sizes in Figure 5.6.
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Figure 5.6: Map of Brest construction yard with preliminary layout for 15 and 30 MW X1 Wind
PivotBuoy, adapted from Navionics [36].

5.3 Transport

With bottom-founded offshore wind turbines, construction, installation and maintenance of major
components of the turbines happens often with heavy lifting operations using jack-up vessels.
These operations can be very costly and require the availability of said vessels. However, FOWTs
can be towed from and to ports for construction, installation and maintenance. This operation,
which can be done by relatively simple tugboats, is a major advantage for FOWTs. As tugs are
already used to move 200,000-ton cargo ships in ports, it is assumed they can also transport the
11,000-ton 30MW turbine, given that enough tugs are used [37]. The construction, installation
and maintenance can be done in sheltered waters, with equipment on the quayside. For the
deployment of the FOWTs at Sud de la Bretagne there are multiple temporary storage locations.
Marshalling anchorages, described in subsection 5.3.1 are used to temporarily store turbines in
between construction steps, or before towing them towards the site or harbour. The emergency
anchorages described in subsection 5.3.2 can be used to temporarily store turbines in case of adverse
weather conditions, before connection or after disconnection at the site. After the anchorages, the
speeds and costs of the different vessels used are explained in subsection 5.3.3. And finally, the
distances between all locations are shown in subsection 5.3.4.

5.3.1 Marshalling anchorages

The Marshalling anchorages can be used in multiple scenarios. They can store the turbines in
between construction steps, for example, the floater and substructure can be stored before adding
the nacelle and rotor to the structure. They can also store multiple turbines after construction
has finished, to wait for a weather window long enough to tow the turbines to the site. Another
option is to store turbines that are poised for maintenance when the construction harbour is
unavailable. Two locations have been identified to be suitable as marshalling anchorages for the
Sud de la Bretagne 1 site, assuming Brest will be used as the port for construction and (major)
maintenance. The anchorages have been selected on the following criteria:

1. Draft between 12 and 25 meters;

2. Location near Brest; and
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3. Designated for anchoring (large) vessels.

To check locations on these criteria, the Navionics naval charts near Brest [36] and the West coast
of Europe sailing directives [38] have been used. The two possible marshalling anchorages are in
the Rade de Brest and the Baie de Douarnenez, and are shown in Figure 5.7.

Figure 5.7: Map of possible marshalling anchorages near Brest, adapted from Navionics [36].

5.3.2 Emergency anchorages

The emergency anchorages are meant as a contingency measure and can be used when the weather
suddenly changes and becomes too harsh for the towing or installing of the FOWTs. The mar-
shalling anchorages described in subsection 5.3.1 can potentially also be used as emergency an-
chorages. The emergency anchorages are situated either en route between Brest and the site or
near the site. The criteria used to select the emergency anchorages are:

1. Draft between 12 and 25 meters;

2. Location between Brest and the site or near the site; and

3. Designated for adverse weather anchoring.

Three emergency anchorages are identified using the Navionics naval charts near Lorient [34] and
the West coast of Europe sailing directives [38]: The Baie d’Audierne, a bay on route between
Brest and the site; the Coureau de Croix, a sheltered area between the island of Croix and the
mainland near Lorient; and the Rade de Palais, a sheltered roadstead near Belle-île-de-Mer. All
these locations are designated as anchorage areas for vessels in case of special weather conditions,
and thus can not be used as a marshalling anchorage, but are suitable for emergencies. A map
showing these three emergency anchorages in relation to the site is shown in Figure 5.8.
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Figure 5.8: Map of possible emergency anchorages near site, adapted from Navionics [34].

5.3.3 Transportation vessels

The FOWT will be towed to and from the site, for installation, maintenance, and eventually
decommissioning. With the design of the X1 Wind PivotBuoy platform, comes the benefit that
it is possible to execute the towing operations with relatively standard tugboats. These tugboats
have a transit speed of approximately 15-17 knots [39, 40], and cost around e50,000 per day [41].
The speed for wet tow operations is usually between 3 and 5 knots [42, 43]. Since the X1 Wind
PivotBuoy platform is a stable platform [44], it is assumed that a speed of 5 knots is possible to
achieve. For installing the anchors, anchor handling vessels (AHV) are needed, they cost around
e50,000 per day each [41], and have a service speed of approximately 12 knots [45, 46]. For the
final commissioning on site and smaller operations and maintenance activities, crew transfer vessels
(CTV) can be used. Most have a speed of around 20-30 knots [47, 48], for this research 25 knots
is used as the CTV transport speed. The costs of a CTV are approximately e2,500 per day per
boat [41].

Table 5.4: Speeds of vessels in knots.

Activity Speed [kn] Cost [e/day]
Tug boat transit 15 50,000
Wet tug 5 50,000
AHV vessel 12 50,000
CTV vessel 25 2,500

5.3.4 Distances

To log the distances between the construction and maintenance yards, the marshalling and emer-
gency anchorages, and the site, a distance table (Table 5.5) has been made.



Chapter 5. Lifecycle Assessment 67

Table 5.5: Distances between locations in km [34, 36].
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Brest x 180 170 5 50 80 170 200
Lorient x 40 175 165 110 10 50
Site x 165 150 95 35 30
Rade de Brest x 45 75 165 195
Baie de Douarnenez x 55 145 175
Baie d’Audierne x 90 120
Groix x 40
Belle-île-en-Mer x

With the distances from Table 5.5 and the speeds described in Table 5.4, the travel time between
the marshalling yards and the site, with some contingency, is estimated to be approximately 23
hours.

5.4 Installation
The installation procedure proposed by X1 Wind includes three steps. The following sequence
applies as pictured in Figure 5.9. First, the foundation is installed at the seabed. Second, the
tendons of the TLP systems and the Pivot Bottom (the floater) are installed. Last, the floater
is connected in a separate step to the TLP system using the previously described Quick Connect
system. This installation procedure gives high flexibility since all steps can be done independently.
This is beneficial in the installation phase as the construction plan can be adapted flexibly depend-
ing on the given weather windows (more in section 5.7).

Steps 1 and 2 are industry standard and will not pose any more difficulties than conventional
systems. Especially when using gravity-based anchors, the first step will have considerable time
advantages over other types of anchors (rag-embedded anchors, suction anchors) or bottom founded
solutions (drill, hammering, or vibration systems) [49].

The installation of the systems can become a cost driver, depending on the depth of the site and
the anchor type. At large depths, maintainability can become difficult and thus be another cost
driver for projects.

Step 3 can pose difficulties regarding the mating process. The suggested Quick Connect system
proposed by X1 Wind [26] uses a male and female member supporting the mating operation. It
is supposed to help position and connect the floater and TLP with a self-centring effect. The
precise control of the relative motion at sea is a difficult operation. The mating is sensitive to
significant wave height, period, wind, and current, thus critical monitoring and positioning are
required. For conventional float-over systems, these problems are well-known in the industry and
the mating process is well established. Considering the new system with the PivotBuoy the multi-
body system’s dynamic reactions when subjected to combined wind, current, and wave forces
need to be assessed in further research. With further extensive research, the installation can be
considered feasible in the future. If considered feasible, this step would take approximately 4 hours
according to PivotBuoy and WavEC [43].
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Figure 5.9: Installation sequence: 1) Foundation, 2) Tendons & Pivot Base, 3) Floater [29].

5.5 Operation & Maintenance

5.5.1 Maintenance strategies

There are three main categories for strategies in maintenance: proactive, corrective and a no
maintenance or ’run to failure’ strategy [50]. Although the latter strategy is not used as a strategy
for the maintenance of wind turbines [51]. Corrective maintenance is done after a component has
failed. It can either be done as emergency or deferred maintenance. Where emergency maintenance
is an action that needs to happen as soon as possible as a response to an urgent situation, and
deferred maintenance is work that can be postponed to a more convenient time, like a good
weather window. If possible, one would want to avoid corrective maintenance as component failure
can have drastic impacts on other parts of the wind turbines or even the wind farm. It can
also lead to large losses in revenue if the component failure leads to turbine shutdown, as it
can take a long time to mobilize vessels and resources, together with needing a viable weather
window [43]. To minimise the risk of component failure proactive maintenance is used. Proactive
maintenance entails the maintenance that is performed before it is necessary and can be done in a
preventive or predictive manner. Preventive maintenance is time-based, and can either be done in
a periodic sequence or after a certain amount of operation time, number of rotations of the turbine
or PivotBuoy for example [52, 53]. Predictive maintenance is maintenance executed on either a
diagnostic or prognostic basis. Diagnostic-based maintenance is done by monitoring and inspecting
with sensors to identify the integrity of components. Prognostic maintenance is predicting the time
of failure with data analysis, and modelling or is knowledge-based [54]. Using a combination of
the different proactive maintenance strategies is key in minimizing (unplanned) downtime and or
failures, however, these measures have costs associated with them, and thus a balance needs to be
struck. Figure 5.10 shows the different maintenance strategies.
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Figure 5.10: Maintenance strategies.

Besides the strategies displayed in Figure 5.10, there are three ways to execute these strategies. The
maintenance can be executed by bringing maintenance personnel on-site, using remote monitoring,
or by towing the turbine to shore. Most maintenance can be done by the first two options. But for
major replacements, the tow-to-shore strategy can be beneficial. Performing major replacements
often requires heavy lifting operations, which, in deep waters, are very complex operations due to
the fact that both the crane and the turbine are separate floating structures. This, in combination
with the scarce availability of heavy-lifting vessels, makes a tow-to-shore strategy viable. Using
relatively widely available towing vessels to tow the turbine to shore, and repairing quayside, can
eliminate the high costs associated with and the possible delays caused by the heavy lifting vessels.

5.5.2 Failure rates

To find out how often the wind turbines have to be towed to shore, first, the failure rates of
components need to be identified. Knowing which components fail, and (on average) how often,
can be a good indicator of how often the turbines have to be towed to shore due to failures. Caroll
et al. looked at the failures of wind turbines and identified how often different components failed
per turbine per year [55]. They categorize failures in three different severities, major replacements,
major repairs and minor repairs. It is assumed that only major replacements must necessarily be
done at port, while repairs can be done on-site. The most critical components are the generator
and the gearbox. However, since the design considered is a direct drive wind turbine, it is fitted
without a gearbox, thus mitigating these failures. On the other hand, Perez et al. found that
direct drive turbines have up to twice the amount of generator and electric failures [56].
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Figure 5.11: Failure rates of components identified by Caroll et al. [55].

Table 5.6 shows the major replacement rates for the different components when combining both
papers. The major replacements of the gearbox have been removed, and all electrical components
have been doubled. Since this table only focuses on the major replacements, the table does not
show the components that have no major replacements. Note that the design does not include a
(active) yaw system, and this category has thus been removed. On average each turbine has to be
towed to port due to component failure approximately every five years.

Table 5.6: Major replacements per component per turbine per year, adapted from [55, 56].

Component Rate
Generator 0.190
Power supply / converter 0.010
Electrical components 0.004
Contactor / circuit breaker / relay 0.004
Transformer 0.002
Pitch / hyd 0.001
Blades 0.001
Controls 0.001
Hub 0.001
Other components 0.001

5.5.3 Applied maintenance strategy

With the possible maintenance strategies and the expected failure rates, the applied maintenance
strategy can be formalized. The maintenance should be done mostly in a proactive manner, with
both preventive and predictive measures. The preventive maintenance would be inspections on
site, where the frequency depends on the parts that are monitored and maintained. For the turret,
this would be at least two times a year to check and replace the lubricants. Doing small repairs on
site if necessary, and, if conditions of certain critical components such as the generator or turret
are indicating impending failure, call for a tow to shore to do large replacement or maintenance
activities. At the same time, the most critical components should be monitored frequently using
both sensors and data on e.g. energy production. If for example data shows that a turbine does
not align as well with the wind as expected, an inspection of the turret can be done, and if needed,
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it can be replaced at shore. For costly replacements as such, the cost of replacement should be
weighed against the potential loss in revenue (or safety) during the remaining lifetime of the tur-
bine. When a turbine is towed to shore for large maintenance activities, all other components
should be inspected as well, potentially forestalling an expensive second trip towards shore. Ap-
plying these strategies should aim to minimize unexpected and possibly dangerous failures.

Lorient can be used as an operations & maintenance base. It could be used for the offices for
monitoring the site, and house CTVs to transport crew and equipment to the site for inspections
and smaller maintenance activities. For large maintenance, where the turbines have to be towed
to shore, Brest can be used. These yards, Lorient and Brest, could potentially be used to cater to
several wind farms in the Bretagne region, spreading operational costs over multiple projects, and
thus reducing the per project OPEX.

A showstopper for the 30 MW turbine in maintenance could be the replacement of the nacelle. As
stated in section 5.2, lifting the nacelle is currently a nigh impossible operation. To replace the
nacelle, this operation has to be done twice; bringing the old nacelle down, and replacing it with
a new one. To combat this bottleneck, it could be possible to replace only parts of the nacelle by
making it (semi-)modular.

5.6 Decommissioning

Between the 15 MW semi-sub and the X1 Wind PivotBuoy concept, there are only small differences
in decommissioning. Both turbines can be detached and towed to shore, where they can then be
taken apart in a deconstruction yard. For the 30MW turbine, the main challenge will be, again, in
lifting. Assuming the structure will be decommissioned in a controlled manner, it can be hard to
lift the parts of the RNA from the top of the turbine. Another possibility is lifting off the blades,
as they are made of a different material (glass fibre) and then using explosives to topple the steel
construction, after which parts can be taken from the ground.

Whereas the IEA uses more traditional catenary mooring lines with a drag-embedded anchor, the
X1 Wind PivotBuoy concept uses a TLP with a gravity anchor. Drag-embedded anchors are the
simplest to remove, as they are based on traditional anchors from ships. For a gravity anchor, if it
needs to be removed, it must be lifted out of the sea, which can be hard as it is much heavier. If
a new wind farm will be created, the gravity anchors can be left and reused [57]. For the 30MW
solution, this gravity anchor also gets more than 3 times as heavy as the one for the 15MW design,
so lifting it will be even harder. However, the industry also has at least 30 years to grow with the
task of decommissioning larger and larger structures.

5.7 Weather window

Installation of offshore wind turbines normally only happens for a few months each year. This
can be a limiting factor for the duration of the process. Therefore, it is advisable to look into the
amount of available weather windows that allow for safe installation per year. By doing this, a
good estimate can be made of the time it takes to install the wind farm and how to plan this.

To get this estimate of available weather windows, 20 years of ERA5 climate data is used from
Copernicus, including wind speed and significant wave heights. In this data, all cases can be found
in which wind and wave conditions are below the operational threshold for a certain amount of
hours that is needed to install a turbine.

To install a turbine, there are two main operations: towing out to the location and mooring. For
the PivotBuoy concept, the anchors and TLP can be installed beforehand, so mooring only consists
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of placing the PivotBuoy on the TLP. They state that this operation plan takes about 4 hours
[43]. As for the towing, this is estimated to take approximately 23 hours, based on a distance of
170 km and a tow speed of between 3 and 5 knots [42, 43]. To be safe, an extra 3 hours will be
taken into account for time loss. In that case, at least 27 hours of good conditions are needed to
install. To be safe, an extra 3 hours is taken into account to make sure operations can be done safely.

For the wind conditions, it is assumed that the threshold will be similar to that of vessel crane
limits, so 12-15 m/s. The maximum allowed wave height is 1.5 m [43]. For extra safety, a safety
factor is applied to the conditions, the so-called alpha factor. For wind, as well as wave conditions,
this is 0.78 for significant wave height and 0.8 for the wind speed. These factors are incorporated to
account for prediction uncertainty, which means that operations will only happen if a weather win-
dow is predicted with 78% or 80% of the threshold value. As an example, the available calculated
weather windows in 2003 are shown in Figure 5.12.

Figure 5.12: Weather window available for installation.

Seasonality is clearly visible here, and it shows why the installation of offshore wind farms is nearly
exclusively done during the summer. In Table 5.7, the average windows per month and the hours
within these windows are shown. In January, there would in theory be enough time on average to
install one turbine. However, not every year has an available window in January, so it would not
be advisable to plan maintenance or installation in this month.

From this table, it can be concluded that there is ample time to install turbines from April to
September. In these months there are on average about 18 windows available, ranging from 61
to 86 hours of duration on average. This should, in theory, be enough to install fifteen 30MW.
The reason this is possible is mainly due to the low installation time at sea. Previous installation
time was ’6.25 days in 2015 for medium machines (3 to 4 MW) on monopiles’ [58]. The minimum
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Table 5.7: Weather windows with alpha 0.78 for waves and 0.8 for wind.

Month Windows
(average)

Hours per month
(average)

Hours per window
(average)

January 0.45 25 56
February 0.6 34 57
March 0.75 46 61
April 2.25 142 63
May 3 214 71
June 3.45 281 81
July 4.1 329 80
August 3.75 321 86
September 2.4 198 82
October 1.4 84 60
November 1 54 54
December 0.45 33 74

construction time for the farm will likely not be limited by the weather windows, but more likely by
supply chain or assembly durations. It also depends on the availability of marshalling anchorages.
If these are available in winter, assembly could start sooner and - theoretically - the farm could
be constructed within one year. However, for this, the electrical infrastructure and anchors should
already be installed or be installed in parallel.

5.8 Conclusion

The goal of the lifecycle analysis was to assess the feasibility of the 30MW upscale in six as-
pects outside of structural and economic feasibility. These categories are shown below, in figure
Figure 5.13.

Figure 5.13: Results of life cycle analysis.

For the supply chain, big commitments are required from the industry. Mainly for the RNA, pivot
top and main columns this is needed. The RNA is, as of yet, not available for 30MW turbines. To
make this possible, they have to be developed first and this has made it hard for manufacturers
to make a profit in the past, as 15MW turbines are not even produced on a large scale yet. They
have however already invested money in this, so it is unlikely they will upscale before they can
earn back their development costs. The same counts for the blades. Also, blade factories need to
be expanded, as the blades are made from a single mould, housed in the building.

When looking at construction, the main bottleneck is the lifting of the nacelle. This part can
weigh 1400 tons and has to be lifted to a height of 210 meters. Even if this can be lifted in parts,
which could lead to dangerous situations, the cast iron hub itself weighs 405 tons and can not be
lifted in pieces. With equipment currently available on the market this is impossible. Therefore,



74 5.8. Conclusion

larger cranes have to be designed or new lifting techniques should be investigated to make the
construction of the 30 MW solution feasible.

Installation is not likely to pose large new problems. The installation of TLP’s has been done
before and on an even larger scale. For the coupling, this is considered a regular float-over opera-
tion. However, it could be interesting to look at the dynamic behaviour during coupling to find the
limits for sea conditions. Right now conditions of 15 m/s wind and 1.5 m significant wave height
have been assumed as operationally safe, which is in line with offshore lifting and installation op-
erations. As for the weather windows, it was shown that there is ample time within a year to place
the turbines.

Transport is, in this case, the tow-out to the farm location. Tugs can be used to tow and move
200,000-ton cargo ships, so it is assumed the same can be done with the 11,000-ton 30MW turbine.
No problems are expected with this operation.

The biggest potential problem for operations and maintenance lies in the large maintenance, where
the heavy and high lifting operation might cause inconveniences. One opportunity in this part is
the use of the ports of Lorient and Brest for multiple wind farms in Bretagne, to alleviate O&M
costs.

As for the decommissioning, no big problems are foreseen. The operations themselves are all well-
known, with a tow-to-shore operation and decommissioning happening on land. Calculating in
the construction time and lifetime, the industry would also have 30 years to grow with the larger
turbines until decommissioning needs to happen.
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Economic Evaluation

The goal of the economic evaluation is to investigate whether the 15 MW and 30 MW downwind
solutions are economically feasible when compared to the 15 MW IEA. To achieve this, the three
wind farm designs will be analyzed and finally compared based on their LCOE. This LCOE is
found through Equation 6.1. From this equation, it can be seen that the AEP, the CAPEX, and
OPEX first need to be investigated and found. This chapter will look at all three wind farm
designs. firstly, calculating the AEPs. After this, the CAPEX, OPEX, and ABEX are investigated
and calculated. Then, the uncertainties together with the CAPEX and OPEX are explored and
quantified. Finally, the three LCOEs are calculated with the uncertainties taken into account, and
a comparison is performed between these three LCOEs. With this, an answer can be formed on
whether the 15 MW and 30 MW downwind solutions are economically feasible when compared to
the 15 MW IEA.

LCOE =
(CAPEX ∗ FCR) +OPEX

AEP
(6.1)

6.1 AEP

To compare the production performance of the different wind turbine designs on a farm level, the
AEP is calculated. This is done for the upwind 15 MW IEA wind farm and the two downwind
farms. The major difference is in the yaw misalignment between these two wind turbine designs.
This difference is investigated in this paragraph.

6.1.1 Price of Energy

To calculate the AEP, the price level at which the energy is sold is needed. To come to a valid
energy price, multiple sources are used. these are the monthly weighted average of the European
power exchange (EPEX) continuous energy market in September [59], the French market analysis
by Haya Energy Solutions [60], France Electricity Price September by Trading Economics [61],
Reuters based on Refinitiv Eikon [62], and Statistica Research Department August average [63].
The values for the price of energy from each of these sources are given in Table 6.1. The average
of these energy prices is approximately 0.11 e/kWh, which is used in the rest of this report as
the price of energy.

75
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Table 6.1: Prices of Energy.

Source e/MWh
EPEX spot market monthly average 104.45
Haya Energy Solutions average Aug 86.16
Haya Energy Solutions futures Oct 99.36
Trading Economics 134.05
Refinitiv Eikon Year Ahead 141.00
Refinitiv Eikon 2030 forecast 80.20
Statica average Aug 90.96
Average 105.17

6.1.2 Wind farm optimization

6.1.2.1 15 MW

The optimization of the wind farm layout is based on the predefined site conditions and layout
constraints described in section 1.4, chapter 3, and section A.1. With a predefined turbine power
of 15 MW, the site is optimized for 30 turbines resulting in a total capacity of 450 MW. The model
takes into account the following parameters, as summarized in Table 6.2:

Table 6.2: Parameters for optimization of 15 MW turbine.

Parameter Value Unit
Number of turbines 30 -
Power rating 15 MW
Min. turbine distance 1440 (6 x Rotor diameter) m
Distance from Shore 60 km
Energy Price 0.11 e/kWh
Project Duration 25 years
Rated RPM Array 12 (* nwt) rpm
Water Depth Array 100 (* nwt) m
Discount Rate 7 %

Note, that the energy price is subject to frequent fluctuations. In this report, a fixed value of 0.11
e/kWh has been used, as described in subsection 6.1.1. This value can be adjusted within the
model, and its sensitivity will be explored later in this report.

The main driver of the optimization of the IRR (Internal Rate of Return) is the AEP. Therefore, this
optimization of % resembles the optimized layout based on maximizing the AEP. Figure 6.1
displays the initial and optimized turbine layout. The IRR of the 15 MW IEA is % and in the
case of the 15 MW X1 Wind (not displayed here) the IRR after optimization is %.
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1. Yaw misalignment increases with increasing wind-current offset.

2. Yaw misalignment increases with increasing current velocity.

3. Yaw misalignment decreases with increasing wind velocity.

4. At a wind velocity of around 11 m/s an increased misalignment is noticeable. Note, that the
study assumes the worst-case scenario where the wave energy in the seaway amplifies with
higher wind speeds, and the direction of wave propagation aligns with the current flow.

For this study interpolation of the given data from Netzband et al. [64] is performed to estimate
the AEP of the 15 MW X1 Wind PivotBuoy DWT and the 30 MW scale-up. Besides the above-
introduced observation, we define the following assumptions:

5. Yaw misalignment below a current velocity of 0.2 m/s is interpolated linearly between 0 m/s
and 0.2 m/s.

6. Yaw misalignment for wind speeds exceeding 11 m/s is assumed to be equivalent to that at
11 m/s. Note, this way the prior mentioned assumption from the study by Netzband et al.
is not overestimating the influence of the wave propagation aligning with the current flow.

The following Table 6.5 displays the misalignment for wind-current offsets ranging from 15° to 90°.
When cross-current is low, the yaw misalignment up to 10°is comparable to conventional turbine
design with an active yaw system. A misalignment between the turbine and the wind of 15 degrees
can already give a 6 per cent decrease in energy production. [64].
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15° Offset

0.1 0.2 0.3 0.4 0.5
3 2.3 4.6 6.3 8.6 10.8
4 1.6 3.2 5.2 7.3 9.2
5 1.1 2.1 4.1 6.0 7.8
6 0.6 1.2 3.1 4.9 6.4
7 0.3 0.5 2.2 3.8 5.3
8 0.1 0.2 1.6 3.0 4.3
9 0.2 0.1 1.2 2.4 3.7
10 0.5 0.3 1.2 2.2 3.3
11 0.5 0.9 1.6 2.5 3.4

30° Offset

0.1 0.2 0.3 0.4 0.5
4.6 9.2 12.6 17.2 21.5
3.3 6.5 10.4 14.6 18.5
2.1 4.2 8.2 12.1 15.6
1.2 2.4 6.2 9.7 12.9
0.6 1.1 4.5 7.6 10.5
0.2 0.4 3.2 6.0 8.6
0.1 0.2 2.5 4.9 7.3
0.3 0.6 2.4 4.5 6.6
0.9 1.7 3.2 4.9 6.8

45° Offset

0.1 0.2 0.3 0.4 0.5
3 6.9 13.8 18.9 25.8 32.3
4 4.5 9.7 15.6 22.0 27.7
5 3.2 6.3 12.3 18.1 23.3
6 1.8 3.6 9.3 14.6 19.3
7 0.8 1.6 6.7 11.4 15.8
8 0.3 0.5 4.8 8.9 13.0
9 0.2 0.3 3.7 7.3 11.0
10 0.5 1.0 3.6 6.7 10.0
11 1.3 2.6 4.8 7.4 10.1

60° Offset

0.1 0.2 0.3 0.4 0.5
7.0 13.9 24.2 44.0 58.6
5.5 11.0 19.6 34.0 46.1
4.2 8.4 15.5 25.9 35.8
3.2 6.4 12.2 19.6 27.6
2.5 4.9 9.6 15.0 21.4
2.0 4.0 7.8 11.9 17.0
1.9 3.8 6.9 10.2 14.4
2.2 4.3 6.9 9.8 13.3
2.8 5.5 8 10.7 13.7

75° Offset

0.1 0.2 0.3 0.4 0.5
3 11.6 23.1 31.6 43.1 53.8
4 8.1 16.2 26.0 36.6 46.2
5 5.3 10.5 20.6 30.2 38.9
6 3.0 6.0 15.5 24.3 32.2
7 1.4 2.7 11.2 19.0 26.3
8 0.5 0.9 8.0 14.9 21.6
9 0.3 0.5 6.2 12.2 18.3
10 0.8 1.6 6.1 11.2 16.6
11 2.2 4.3 8.0 12.4 16.9

90° Offset

0.1 0.2 0.3 0.4 0.5
9.4 18.7 51.7 65.7 86.3
7.1 14.2 38.0 52.3 72.4
5.3 10.5 27.2 40.8 59.4
3.9 7.7 19.2 31.3 47.8
2.9 5.8 13.6 23.2 37.9
2.4 4.7 10.1 18.5 30.0
2.3 4.6 8.7 15.2 24.4
2.7 5.3 8.9 14.1 21.7
3.5 6.9 10.5 15.0 21.4

Table 6.5: Misalignment [°] under wind [m/s] - current [m/s] offset.

Combinations of wind and current conditions are generated using stratified sampling. This means
that the conditions are divided into subgroups known as strata. These strata contain the possibili-
ties of each current/wind speed given a certain direction. To sample, first a direction is generated,
using the probability of each direction occurring as the input, as given in the SEM-REV. Next,
after fitting a Weibull distribution to the data, inverse transform sampling generates a speed. By
doing this separately for wind and current a million times, just as many combinations of speed and
direction of both are generated and stored in a Data Frame. The offset between current and wind
direction is also stored in a separate column. A very important assumption to mention in this
is that the current and wind are assumed to be two completely independent variables. Finally, a
joint probability matrix is made, that stores the frequency of all combinations of conditions. The
result is visualized in Figure 6.3 and represents the 2D Histogram for the misalignment and the
wind speed.
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Figure 6.3: Histogram alignment for misalignment [°] and wind speed [m/s].

6.1.4 Results
Based on the above-mentioned layout optimization and the assumption regarding the yaw mis-
alignment, the AEP of the wind farms can be computed.

Table 6.6: AEP estimation.

Turbine type Number of
turbines

Yaw
misalignment [°]

Tilt
misalignment [°]

AEP
[GWh]

15 MW IEA 30 5 mean misalignment not included
15 MW X1 Wind 30 misalignment sampling not included
30 MW up-scale 15 misalignment sampling not included

As stated before, the AEP of the 15 MW IEA is calculated with a constant 5°yaw misalignment.
For the DWT the prior described sampling method was used. For each combination in the joint
probability matrix, the AEP is calculated as if these conditions would occur for one year on end.
Next, it is multiplied by its frequency of occurrence. Thus resulting in an AEP with the included
effect of passive yaw misalignment.

The AEP of the 15 MW X1 Wind is around 5 % lower compared to the 15 MW IEA UWT. As
expected, this indicates that the mean misalignment of DWT is slightly higher than for UWT. In
the case of the sampling method, it relates to a mean yaw misalignment of 17°. This first estimate
of the mean misalignment for DWT must be used with caution since the method is likely to over-
estimate the influence of the current.

It is important to note that a 0°tilt misalignment is assumed. This influences the semi-sub 15MW
IEA AEP positively since this floater solution is more susceptible to tilt misalignment and therefore
a lower AEP.

The AEP per individual turbine is represented in Figure 6.4. It gives insight into the AEP of
every wind turbine in the wind farm, showing clear differences based on the turbine position. The
visualization highlights an essential aspect: not all wind turbines generate the same amount of
energy due to factors like wake effects, wind direction, and local wind speeds. This is why optimiz-
ing the spacing of turbines is critical. The primary challenge in wind farms is wake interference.
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Turbines
The turbine is the first cost category of the CAPEX for a floating offshore wind farm. The turbine
transforms kinetic energy from the wind into electrical energy. In this category five major cost
components are identified; The rotor, nacelle, tower, floating substructure, and PivotBuoy. The
CAPEX for the turbine is the sum of these elements.

Foundations
Floating offshore wind farms have less foundational CAPEX costs when compared to non-floating
solutions such as monopiles. The only cost associated with the foundation of a floating offshore
wind farm is the mooring system. This system consists of anchoring systems, mooring lines, jew-
elry (all elements attached to the mooring lines), topside connection (the connection between the
mooring lines and the floating substructure), and installation aids.

Balance of Plant
The BoP of a floating offshore wind farm consist of all the physical elements that are not part of
the turbine or foundation; the array cables, export cables, cable accessories, offshore substation,
and onshore substation. Like the foundation CAPEX, the categories in the formula for the BoP
CAPEX are based on [41].

Installation and Commissioning
The previous three categories consist of physical elements within a floating offshore wind farm, this
category comprises the costs to install and commission those elements. This consists of inbound
transport, export cable installation, array cable installation, mooring & anchoring pre-installation,
floating substructure assembly, floating substructure installation, offshore substation installation,
onshore export cable installation, and offshore logistics [41].

6.2.1 CAPEX 15 MW IEA

The cost model for the IEA 15 MW reference wind turbine is based on the 2023 guide to a floating
wind farm by BVG-associates [41]. This guide takes a reference 15 MW wind turbine and describes
the costs for a hypothetical wind farm of 450 MW. Using this guide as a source for the cost model
for the IEA 15 MW turbine gives a good baseline to compare the other designs with. The cost
model based on the report of BVG is given in £per rated power. This has to be converted to eand
multiplied by the rated power of the total wind farm, i.e. 450 MW.

6.2.1.1 CAPEX 15 MW IEA Turbine

The CAPEX of the turbine is as shown in Table 6.7. With a £/e exchange rate
of 1.16 as of September 18 2023 [67], this leads to a CAPEX of . For a wind farm
of 450 MW, the total CAPEX of the turbines is

Table 6.7: 15 MW IEA Turbine CAPEX.

Category £/MW
Nacelle
Rotor
Tower
Floating substructure
Total
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Table 6.10: 15 MW IEA I&C CAPEX.

Category
Inbound transport
Offshore cable installation

Export cable installation
Array cable installation
Cable pull in
Electrical testing & termination

Mooring & anchoring pre-installation
Floating substructure & turbine assembly

Heavy lifting equipment
Technician services
Marshalling port
Other

Floating substructure turbine installation
Offshore substation installation
Onshore export cable installation
Offshore logistics

Sea-based support
Marine coordination
Weather forecasting & metocean data
Marine safety & rescue

Total

6.2.1.5 CAPEX 15 MW IEA total

When the CAPEX of the four separate categories are combined, the total CAPEX for the 15 MW
IEA can be calculated. The CAPEX summary of the 15 MW IEA is shown in Table 6.11. The
total CAPEX of the 15 MW IEA is .

Table 6.11: 15 MW IEA CAPEX.

Category
Turbine & floater
Foundations
BoP
I&C
Total

6.2.2 CAPEX 15 MW X1 Wind PivotBuoy
6.2.2.1 CAPEX 15 MW X1 Wind PivotBuoy Turbine

The wind turbine consists of several main parts.

6.2.2.1.1 Nacelle
The costs of the nacelle of the 15 MW X1 Wind PivotBuoy was based on the costs of the nacelle
of the 15 MW turbine from [41] and the more detailed guide on a 10 MW offshore wind project
[68]. As the X1 Wind PivotBuoy does not have an active yaw system, it can be removed from the
costs. The guide on a 10 MW offshore wind project describes all cost components in more detail,
including the yaw system and the yaw bearings. Removing these from the 10 MW nacelle leads
to a cost reduction. It is assumed that the costs of the 15 MW nacelle from BVG Associates
used for the CAPEX of the 15 MW IEA floater are also reduced by , leading to a CAPEX of

per turbine.
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6.2.2.1.2 Rotor
According to [14], a downwind configuration wind turbine can lead to a 5% mass reduction of the
rotor blades. It is assumed that this mass reduction leads to a 5% cost reduction. Therefore,
the CAPEX for the blades is 95% of those of the BVG 15 MW blades, leading to a CAPEX of

per turbine.

6.2.2.1.3 Tower
The PivotBuoy design does not consist of a tower since the RNA is supported by the triangular
three-mast design. The costs of this design are included in the costs of the substructure. Therefore
the costs of the tower are considered to be e0.

6.2.2.1.4 Floating substructure
The floating substructure is determined based on the weights of the steel profiles needed to con-
struct this element. These weights are determined in section 4.2. With the weights and the cost
per kg for these steel profiles, the total cost for the substructure can be calculated. Table 6.12
shows the weight and cost per element.

Table 6.12: Substructure costs 15 MW X1 Wind PivotBuoy (R&D TotalEnergies internal infor-
mation, 2023).

Cost/Weight
[e/kg]

Total cost
Element Weight [kg] Low [e] High [e]
Pivot column
Nacelle columns
Horizontal pontoons
Vertical masts
Diagonal mast
Total -

6.2.2.1.5 PivotBuoy
As the size of the SPM system is mainly dependent on the bearings, they are used for the price
calculation. For a 15MW turbine, this came down to a bearing inside diameter of 1.1 m section 4.7.
From this, the size of the turret column within is calculated. This column is tested for shear
strength, to assure the right wall thickness. The weight of the housing and shock breakers is
assumed to be similar to the turret and bearings it holds. Note, that this is the housing of the
turning bearing and turret system, not the entire buoy, as that cost is already incorporated in the
substructure weight. The total weight can then be multiplied by the cost per kg, (R&D
TotalEnergies internal information, 2023). This results in a total cost of per turbine

6.2.2.2 CAPEX 15 MW X1 Wind PivotBuoy Foundations

6.2.2.2.1 Mooring lines
The mooring lines for the 15 MW X1 Wind PivotBuoy are the tendons that connect the gravity
anchor to the pivotfloater. For this TLP system to be adequate, it is assumed that the floater must
always create tension in the tendons to guarantee a horizontal restoring force in the TLP system.
For this, the buoyancy force in the PivotBuoy needs to be more than the maximum compressive
force caused by the floating substructure. In section 4.2 the floating substructure was designed
to ensure no tension would occur in the PivotBuoy during maximum wind to preserve the turret
system. Because of this, a maximum compressive force (4.72 MN) can be found in the PivotBuoy
during no wind conditions. This maximum compressive force in combination with the weight of
the turret (0.4 MN) combines into the total downward force which needs to be at least equal to
the buoyancy force (5.12 MN). This buoyancy force will be counteracted by the tension force in
the tendons.
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and connectors need to be similar. However, because of the extra implementation of a slip ring, the
cost is increased by 10% when compared to the 15 MW IEA to a cost of per turbine.
accessories for the entire 450 MW farm.

6.2.2.3.4 Offshore substation
Since the number of turbines and the rated power per turbine stay the same, the offshore substation
can stay the same as the one in the 15 MW IEA wind farm. Therefore, the cost will stay at

This gives a cost of per turbine.

6.2.2.3.5 Onshore substation
The same goes for the onshore substation. Since the rated power of the total wind farm and the
export cable stays the same, the onshore substation will stay at . This gives a cost
of per turbine.

6.2.2.4 CAPEX 15 MW X1 Wind PivotBuoy I&C

6.2.2.4.1 Inbound transport
Inbound transport is calculated based on the different elements that need to be imported to the
fictional assembly port in Lorient, France. The elements that will be imported, plus their fictional
location of production and travel distance are portrayed in Tab Table 6.13 The location of produc-
tion for all the steel elements (all profiles, jacket structure, and mooring lines) is set to a steel mill
in England with water access, namely Pulhalm steels. The location of production for the nacelle,
electrical cables, and offshore substation is the General Electric factory in Saint Nazaire. Finally,
the location of production for the rotors is the LM wind power factory in Cherbourg-en-Cotentin.
These ten elements for the major imports for the production of the wind farm. The general produc-
tion of these locations is simplified in this investigation and it is acknowledged that more specific,
specialized production locations would supply these elements in a real-world setting. However, for
reasons of simplified inbound transport calculations, these three locations are used;

Table 6.13: Imported elements.

Element Production location Distance to
Brest [km]

Volume/weight
of elements

Mast+Horizontal profiles Pulhalm steels, England 400 km 5011 m3

Upper column profiles Pulhalm steels, England 400 km 10677 m3

Base column profiles Pulhalm steels, England 400 km 2972 m3

Jacket structure Pulhalm steels, England 400 km 5000t [71]
Mooring lines Pulhalm steels, England 400 km 21 m3

TLP anchors Pulhalm steels, England 400 km 2972 m3

Nacelle Saint Nazaire, France 300 km 7288 m3

Cables Saint Nazaire, France 300 km 1822 m3

Substation Saint Nazaire, France 300 km 3000t [41]
Rotors Cherbourg-en-Cotentin, France 350 km 5466 m3

To transport these elements, this study focuses on two seafaring transportation modes: a 1000 TEU
cargo vessel and a semi-subconstruction vessel. Table 6.14 gives important information about these
boats from [72] and [73].

Table 6.14: Used transportation vessels.

Ship Speed [km/h] Day-rate [e]
Cargo vessel 37.4
Semi-sub construction vessel 12.9



Chapter 6. Economic Evaluation 89

Based on the amount of volume/ weight of the different elements in Table 6.13 and the capacity of
the boats in Table 6.14, Table 6.15 shows the sort and amount of ships needed for the transport.

Table 6.15: Needed ships.

Element Ship type Ships needed
Mast + Horizontal pontoon profiles Cargo vessel 2.75
Upper column profiles Cargo vessel 5.85
Base column profiles Cargo vessel 1.63
Jacket structure Semi-sub construction vessel 1
Mooring lines Cargo vessel 0.01
TLP anchors Cargo vessel 1.63
Nacelle Cargo vessel 3
Cables Cargo vessel 1
Substation Semi-sub construction vessel 1
Rotors Cargo vessel 3
Total needed Cargo vessel 21

Semi-sub construction vessel 2

Table 6.15 combined with the distances from Table 6.13 and the day rates from Table 6.14 gives the
total rent cost. Assuming that each ship needs a day for on/offloading in the respective ports, these
total costs will be for the cargo ships and for the semi-sub construction
vessel. From [74], the cost of using landside cranes is per TEU. When assuming the cargo
ships are 85% filled, this gives a total amount of TEU of 16150 TEU, which results in a total
cost of This combines into a total cost for inbound transport of .
This gives a cost of per turbine. For the complete calculation, the Excel cost model is
supplied.

6.2.2.4.2 Offshore cable installation
Since the amount and the type of offshore cables stay the same, the offshore cable installation is
considered the same as the IEA 15 benchmark. The cost will therefore stay at . This
gives a cost of per turbine.

6.2.2.4.3 TLP and turbine installation
To install the PivotBuoy’s elements, anchor handling vehicles are used. These vessels have a certain
day rate, a speed with which they can transport the anchors, a distance to the installation plot, an
installation time, and a (faster) return speed. By combining these characteristics, the installation
cost for the TLP as the turbine assembly can be estimated. Table 6.16 gives all these characteristics
for a single 15 MW turbine.

Table 6.16: All needed characteristics for installation of TLP and turbine.

Element TLP Turbine
Price/day [e] [41]
Needed anchor handling vehicles [75] 1 2
Pull speed [km/day] [40] 216 216
Distance [km] 60 170
Installation time [hour] 4 4
Return speed [km/day] [40] 648 648
Total installation time [day] 0.54 1.22
Total cost [e]
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6.2.2.4.4 Turbine assembly
For the turbine assembly, all the different elements that need to be lifted and assembled are
investigated. For these elements, it is investigated to what height they need to be lifted. With
this information, a heavy-lifting crane is found to perform this job. The most critical part here
is the hub, since this is a highly heavy part that needs to be lifted to a high height, in this case,
the Liebherr 13000 is necessary for this element. From this crane, the lifting table is investigated
which gives a clear image of how much weight can be lifted to a certain height. This table is shortly
given for the investigated lifting heights in Table 6.17. Besides this crane, a smaller support crane
is also used for the assembly. It is assumed that this support crane has the same working hours as
the primary crane. E.g., the support crane is always deployed in tandem with the primary crane.

Table 6.17: Condensed lifting table Liebherr 13000 [76].

Height [m] Reach [m] Capacity [t]
143 26 472.5
74 16 1826

71.5 16 1826

For the support crane, a 300-ton crawler crane is used. This crane has a day rate of
Extrapolating this to the 3000-ton Liebherr 13000, the day rate will be . Besides this,
the hoisting speed of the Liebherr crane is 20 m/s, and it is assumed that it takes two hours to
connect and disconnect an element. Also, the crane will have 10-hour operating days. With this,
Table 6.18 is constructed. In here all elements are described based on their weight, heave height,
attach height (which can be different), and the needed lift. With this, the total heave duration for
one element can be found, which can be combined into a cost given the day rate and duration of
an operating day. A large assumption here is that the nacelle can be made modular and lifted in
multiple lifts. As of now, this has not been performed before.

Table 6.18: Elements to be lifted for 15 MW.

Elements Weight [t] Heave
height [m]

Attach
height [m]

Needed
lifts

Heave
duration [min]

Masts 785 143 71.5 2 259
Pivot mast 866 143 71.5 1 130
Nacelle 647 143 143 2 259
Hub 69 143 143 1 130
Rotors 206 148 74 3 390
Total hours 19
Cost per turbine

6.2.2.4.5 Offshore substation installation
This cost post will be the same as in the IEA 15 benchmark since the same sub-station will be
installed. This cost will come down to . This gives a cost of per turbine.

6.2.2.4.6 Onshore export cable installation
Since nothing changes in the design or amount of onshore export cables, the installation of this
will stay the same as well. This will amount to This gives a cost of per
turbine.

6.2.2.4.7 Offshore logistics
The offshore logistics cost category consists of sea-based support and safety vessels, and the man-
agement of heightened marine traffic due to the offshore construction site. Short-term weather
forecasting and metocean data collection. This post is dependent on the amount of vessels used
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Table 6.25: Condensed lifting table Sarens 250 [80].

Height [m] Reach [m] Capacity [t]
210 48.5 491
200 48.5 522

102.5 48.5 1525
100 48.5 1771

connect and disconnect an element. Also, the crane will have 10-hour operating days. With this,
Table 6.26 is constructed. In here all elements are described based on their weight, heave height,
attach height (which can be different), and the needed lift. With this, the total heave duration for
one element can be found, which can be combined into a cost given the day rate and duration of
an operating day. A large assumption here is that the nacelle can be made modular and lifted in
multiple lifts. As of now, this has not been performed before.

Table 6.26: Elements to be lifted for 30 MW.

Elements Weight [t] Heave
height [m]

Attach
height [m]

Needed
lifts

Heave
duration [min]

Masts 1916 200 100 2 400
Pivot mast 3751 200 100 3 600
Nacelle 1847 215 210 4 806
Hub 405 200 200 1 200
Rotors 388 205 102.5 3 601.5
Total hours 43.46
Cost per turbine

6.2.3.4.5 Offshore substation installation
This cost post will be the same as in the IEA 15 benchmark and 15 MW X1 Wind PivotBuoy since
the same substation will be installed. This cost will come down to .

6.2.3.4.6 Onshore export cable installation
Since nothing changes in the design or amount of onshore export cables, the installation of this
will stay the same as well. This will amount to

6.2.3.4.7 Offshore logistics
The offshore logistics is dependent on the amount of vessels used and the size of the wind park.
Since there is an increase in the amount of vessels used between the 30 MW and 15 MW X1 Wind
PivotBuoy, this cost will increase. It is calculated that the ships installing the TLP and floater
solution for the 15 MW will spend 2.97 days offshore per turbine. This is 4.19 for the 30 MW
solution, which gives an increase factor of 1.41. This multiplied with the offshore logistics cost for
the 15 MW X1 Wind PivotBuoy gives a cost of per turbine.

6.2.3.5 CAPEX 30 MW Solution total

When the CAPEX of the four separate categories are combined, the total CAPEX for the 30 MW
solution can be calculated for the whole wind farm. The CAPEX summary of the 30 MW solution
is shown in Table 6.27. The total CAPEX of the 30 MW X1 Wind PivotBuoy is .

6.2.4 CAPEX Comparison
Finally, the three CAPEX are compared with each other and visualized in Table 6.28. From here
it can be seen that in almost every category a reduction can be found in comparison with the 15
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Table 6.29: 15 MW IEA OPEX parameters.

Category
Operations

Operations control centre
Training
Onshore logistics
Technical resource
Admin & support staff
Insurance

Maintenance
Turbine maintenance
BoP maintenance
Statutory inspections

Offshore logistics & vessels
O&M port
Total

6.3.2 OPEX 15 MW X1 Wind PivotBuoy
6.3.2.1 Operations

The costs for operations for the 15 MW X1 Wind PivotBuoy are assumed to be the same as for
the IEA 15 MW semi-sub floater. This is because they are both 15 MW solutions in a 450 MW
farm, requiring similar staff and equipment. The insurance of the PivotBuoy is also assumed to
be around the same as for the 15 MW IEA, although the CAPEX is lower, the technology is more
novel, levelling out the insurance cost. The costs for operations for the 15 MW X1 Wind PivotBuoy
are estimated to be per year.

6.3.2.2 Maintenance

6.3.2.2.1 Turbine Maintenance
The maintenance of the turbines will reduce drastically for the X1 Wind PivotBuoy case when
compared with the IEA reference turbine. This is in large part due to the possibility of the tow-
to-shore maintenance strategy enabled by the quick-connect system of the PivotBuoy. Without
the tow to shore strategy, offshore maintenance is needed, and the large offshore cranes and vessels
required for this, have large costs, low availability, and need specific weather conditions to operate.
ECN predicts a maintenance cost decrease of 35% in some cases [82]. Besides this decrease, the
PivotBuoy concept uses a TLP mooring system, which is the most accessible mooring type to
maintain [83], except for the caveat that disconnection with TLP systems can be hard [84]. This
caveat has been remedied however by the quick-connect system introduced by PivotBuoy [5]. The
quick-connect system significantly reduces the time and effort required to (dis)connect the turbine
from the mooring solution. The PivotBuoy solution also has no active yaw and ballast systems
eliminating maintenance for said systems. The X1 Wind PivotBuoy floater tripod substructure
also distributes the forces better, resulting in less stress on single points. Finally, there is reduced
fatigue on the dynamic cable due to the lower sway of the cable when compared to other floating
offshore wind solutions [85]. The combination of these factors lead to an assumed reduction of
in turbine maintenance costs. This means that the turbine maintenance cost will be
per year for the X1 Wind PivotBuoy wind farm.

6.3.2.2.2 Balance of Plant Maintenance
The BoP maintenance elements, such as the maintenance of the substations and export cable will
not change. This is because the substations and export cables that are used do not change between
the IEA 15 MW and X1 Wind PivotBuoy 15 MW wind farms. The BoP maintenance will thus
stay at per year.
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6.3.2.2.3 Statutory inspections
The statutory inspections are assumed to be similar between the two 15 MW turbines. The costs
of these inspections for the 15 X1 Wind PivotBuoy are thus per year.

6.3.2.3 Offshore logistics & vessels

As for the offshore logistics and vessels, the same type of vessels can be used to perform minor
maintenance. For major maintenance activities, tugboats can be used to tow the turbines back to
port. The costs of these vehicles and the logistics to manage them are considered the same as the
BVG benchmark. The cost of the offshore logistics and vessels are thus per year.

6.3.2.4 O&M port

For the operations and maintenance port, the port in Lorient can be used as a base of operations
for smaller maintenance activities. To accommodate the tow to shore and maintenance activities
on shore, the port in Brest needs to be used. Using the same yard as for the construction can be
quite expensive if it is used solely for maintenance for the Sud de la Bretagne I site. However, if
it is used as a maintenance (and/or construction) base for a wide range of floating offshore wind
farms, costs for the land can be split between the farms. To account for the tow to shore strategy,
a factor is used when compared to the IEA. This leads to an O&M port cost of
per year.

6.3.3 OPEX 30 MW solution

6.3.3.1 Operations

Most of the operation procedures do not differ much between the 15 and 30 MW turbines. This
will lead to a saving for the 30 MW since the number of turbines is halved when compared to the
15 MW turbine wind farms. The costs for support staff per turbine will increase slightly. The
insurance for the turbines will increase with the increased CAPEX. The increase of the insurance
cost is calculated in Equation 6.3.

OPEX(insurance30MW ) = OPEX(insurance15MW ) ∗ CAPEX(Total15MW )

CAPEX(Total30MW )
(6.3)

The total costs for operations of the 30 MW solution are estimated to be per year.

6.3.3.2 Maintenance

6.3.3.2.1 Turbine Maintenance
The calculation of the turbine maintenance of the 30 MW solution is based on the turbine main-
tenance of the 15 MW X1 Wind PivotBuoy and the heavy lifting operations needed for certain
replacements. As with the 15 MW version, the tow tow-to-shore maintenance strategy can save
money for the 30 MW solution. However, the expensive heavy lifting operations needed to replace
the nacelle, blades and hub, are added. This is done by multiplying the major replacement rates
found in Table 5.6 with the costs of heavy lifting operations found in Table 6.26. This gives the
costs of major replacements per year, this amounts to per turbine per year. Combining
this with the for the general turbine maintenance gives a total of turbine per
year. For the whole farm, the costs associated with turbine maintenance are then e .

6.3.3.2.2 Balance of Plant Maintenance
The BoP maintenance elements, such as the maintenance of the substations and export cable
will not change. This is because the substations and export cables that are used do not change
between the IEA 15 MW and 30 MW solution wind farms. The BoP maintenance will thus stay
at per year.
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6.3.3.2.3 Statutory inspections
The statutory inspections for the 30 MW are assumed to be slightly more exp nsive per turbine
due to the size increase. The cost per turbine is assumed to be approximately es the costs
of the 15 MW turbine. This leads to a cost of per turbine per year. The cost of these
inspections for the 30 MW solution farm are thus year.

6.3.3.3 Offshore logistics & vessels

As for the offshore logistics and vessels, the same type of vessels can be used to perform minor
maintenance. For major maintenance activities, tugboats can be used to tow the turbines back
to port. The tow to shore activities require an extra tug boat. The cost of the offshore logistics
& vessels increases thus per turbine. But due to the lower number of turbines required, the total
costs go down. The cost of offshore logistics and vessels is estimated to be per year.

6.3.3.4 O&M port

The operations and maintenance port is the same for the 15 X1 Wind PivotBuoy and the 30 MW
solution. The port in Lorient is used as a base of operations for smaller maintenance activities, and
the port in Brest is used for the maintenance activities on shore. Using the same yard as for the
construction can be quite expensive if it is used solely for maintenance for the Sud de la Bretagne I
site. However, if it is used as a maintenance (and/or construction) base for a wide range of floating
offshore wind farms, costs for the land can be split between the farms. To account for the tow to
shore strategy, a is used when compared to the IEA. This leads to an O&M port cost
of per year.

6.3.4 OPEX Comparison

The OPEX of both the 15 MW X1 Wind PivotBuoy and the 30 MW solution are lower than the
OPEX of the 15 MW IEA. For the 15 MW X1 Wind PivotBuoy, this is mainly because of the
removal of the yaw systems, and the tow to shore strategy with the quick connect system. The
per turbine operation and maintenance costs for the 30 MW solution are higher, but due to the
fact that only half the number of turbines are serviced, the total OPEX is expected to be lower.

Table 6.30: Comparison of OPEX of three 450 MW wind farm designs in e per year.

15 MW IEA 15 MW PivotBuoy 30 MW solution
Category Cost [e] Cost [e] Diff. [%] Cost [e] Diff. [%]
Operations
Maintenance
Offshore l&v
O&M port
Total -14.6 -2.9

6.3.5 OPEX Uncertainties

Similarly to the uncertainties introduced in the CAPEX evaluation, the OPEX also comes with
many assumptions and uncertainties. The same method as for the 15 MW X1 Wind is used for rep-
resenting these uncertainties. This means that again the 90% confidence intervals are determined.
These are presented below.

6.3.5.1 OPEX Uncertainty 15 MW X1 Wind PivotBuoy

Note that the operations and maintenance port cost component is expected to have large uncer-
tainty. This is attributable to the uncertainty on to what extent ports need adaptation to host the
platforms.
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Figure 6.18: Comparisson of the mean LCOE for the three wind farm designs.

From Figure 6.18, it can be seen that the 15MW PivotBuoy design, on a farm scale, has a lower
LCOE when compared to the 15 MW IEA and 30 MW solution. This can be justified by the fact
that this is taking into account a fixed output. With the 30MW design, there seems to be more
space left to place extra turbines, whereas there is no space left in the wind farms consisting of 30
times 15 MW turbines. Next to this, the 30MW turbine is much bigger and therefore needs novel
solutions to be assembled, which is more costly. An example of this could be the cranes which
are not as readily available. Furthermore, as many of the parts are not yet available, this would
require significant investments from the industry, and the price of parts is noticeably higher. Due
to the economy of scale, this difference could be reduced in the future.

6.6 Conclusion

The goal of the economic evaluation was to investigate whether the 15 MW and 30 MW downwind
solutions are economically feasible when compared to the 15 MW IEA. In Figure 6.19, a short
recap of the conclusions can be found.

Figure 6.19: Conclusion economic evaluation.
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From the results, it can be concluded that for the 15 MW X1 Wind PivotBuoy, the AEP goes
down. However, both the CAPEX and OPEX also go down and the ABEX stays the same. In
the end, the LCOE is lower when compared to the 15 MW IEA wind farm, for this reason, this
solution is deemed economically feasible.

For the 30 MW solution, the AEO is comparable to the 15 MW IEA. However, the CAPEX is sig-
nificantly higher. Both the OPEX and ABEX are lower, but in the end, the LCOE is significantly
higher when compared to the 15 MW IEA. For this reason, this solution is deemed unfeasible as
of now.

Opportunities could arise by maximizing the plot by incorporating more 30 MW solutions. It is
seen that more of these solutions fit, which could create an increase in AEP and thus decrease the
LCOE. Besides this, implementing the downwind solutions in more sheltered areas where wind and
waves are less misaligned will decrease the yaw misalignment, increase AEP thus decrease LCOE
which would improve the feasibility



Chapter 7

Summary of results

In this study, the feasibility of upscaling floating offshore wind turbines is investigated. For this,
three wind turbine designs are examined: the IEA 15 MW, the 15 MW X1 Wind PivotBuoy (both
deemed feasible today), and a newly created 30 MW solution. These three designs are reviewed
through a structural-, lifecycle-, and economic analysis for a fixed 450 MW wind farm. In this
chapter, the key results of these studies are discussed.

7.1 Structural analysis
A structural analysis is performed to find a design for the 30 MW solution and perform checks on
this design. For this, the base characteristics of the 30 MW solution are determined and shown in
Table 7.1. This analysis consists of the following four parts.

Table 7.1: Base characteristics of 30 MW solution used for structural analysis.

Element Size [m]
Rotor diameter 358
Hub height 204

7.1.1 Preliminary design
A preliminary design model was set up to find the preliminary dimensions of the structure based
on buoyancy, local Euler buckling stability, and global stability. From this, the results in Table 7.2
are found.

Table 7.2: Dimension results from preliminary design.

Element Diameter [m] Thickness [m] Freeboard [m]
Pivot column 19 0.07 10
Nacelle column 27.5 0.07 8
Pontoon 3.69 0.06 -
Nacelle masts 3.47 0.06 -
Pivot mast 5.47 0.09 -
Center to center width of platform [m] 207 -
Draft [m] 8 -

7.1.2 Global stability analysis
After the preliminary design, this design is checked for global stability using openFAST. In this
study, the dynamic responses due to DLCs are compared to certain movement boundaries. The

109



110 7.1. Structural analysis

most critical result of these can be seen in Table 7.3.

Table 7.3: Simulation results DLC 6.1 (most critical load case).

Motion Max Min Mean Std
Platform Surge (m) 5.913 -3.457 1.580 1.549
Platform Sway (m) 16.810 -20.540 -0.661 5.692
Platform Heave (m) 6.183 -6.472 0.162 2.446
Platform Roll (deg) 0.166 -0.215 -0.002 0.046
Platform Pitch (deg) 2.210 -2.496 -0.025 0.851
Platform Yaw (deg) 5.714 -7.042 -0.221 2.008

7.1.3 FEM analysis

After the global stability analysis, a FEM analysis is performed towards the design. The goal of
this is to find the most important eigenfrequencies, deflections, and stresses and check this with
the wave and wind spectrum, 1P, 6P, and steel strengths. Key results are found in Figure 7.1 and
Table 7.4.

Figure 7.1: Natural frequencies structure (vert. lines) compared to present spectra. Important:
the one nat. freq. in the 6P region does not have deflections in the masts and thus will not form
a structural problem.

Table 7.4: Comparison of unity check for the Combined axial forces and moments between the
standard and proposed improvement method models.

Element First model
U.C. [-]

Proposed improved
model U.C.[-]

Left and right pontoons 5.13 2.57
Front pontoon 6.95 11.63
Left and right masts 2.06 1.76
Pivot mast 12.64 4.93

7.1.4 Turret analysis

After the global and local structural analysis, a more detailed study is performed on the turret
system. From this, the dimensions as portrayed in Table 7.5.
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Table 7.5: Final dimensions for the turret.

Element D [m] t [m] H [m]
Turret 1.95 0.05 10
Bearing 1.95 - -

7.2 Lifecycle assessment

In the lifecycle assessment, the 30 MW solution was analysed to find potential bottlenecks and
pitfalls in six different categories. Supply chain, construction, transport, installation, operations
& maintenance, and decommissioning. The main bottlenecks and results found are the following:

7.2.1 Supply chain

The upscale to a 30 MW turbine requires major commitments from the supply chain. Especially
for the RNA, the pontoons and the PivotBuoy. The components for the RNA will be come so
big, that the dimensions of most current factories are not sufficient to accommodate them. The
question arises if OEMs are willing to take the risk to develop nacelles and blades of this size in
the future. The PivotBuoy is a novel concept, and the forces exerted on this upscaled version are
so high, that very specialized equipment will be needed to manufacture it. It could be a bottleneck
that either OEMs are not willing to produce it, or for a too high price.

7.2.2 Construction

Heavy lifting equipment is required for the construction of the platform and the installation of the
RNA. The installation of the pivot mast is the most challenging part of the construction of the
substructure. For the RNA, there is currently no crane that can lift a weight as heavy as the 30
MW nacelle to the required height.

7.2.3 Transport

For the specific site used as a baseline in this report (Sud de la Bretagne I), the main locations
for assembly, marshalling and maintenance of the platforms are identified. Brest is best suited
for the assembly. Rade de Brest or Baia de Douarnenez are well suited for marshalling before
the platforms are towed to their production location. Lorient is most fitting for maintenance in
the water, whereas Brest is the only possible location for onshore maintenance of the platforms.
Towing from the marshalling anchorages to the site takes approximately 23 hours.

7.2.4 Installation

In the installation, no real bottlenecks are identified. The foundation is placed and then the
tendons and pivot base are added. These activities can be done first. In a later stage, the floater
and turbine are connected through a quick connection system. The connection activity is assumed
to be approximately four hours.

7.2.5 Operation & Maintenance

The maintenance strategy is mostly proactive, with both inspections and data-driven analysis being
input for maintenance activities. For large replacements, the turbines will be towed to Brest, or
another maintenance harbour. This is expected to be once every five years per turbine. Bottlenecks
in O&M are replacements of the generator / nacelle. And the availability of a maintenance harbour.
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7.2.6 Decommissioning
The turbines will be towed to shore for decommissioning. The anchors have to be lifted from the
ground, or new turbines will have to be attached to the anchors. No real bottlenecks have been
identified for the decommissioning.

7.3 Economic Analysis

7.3.1 CAPEX OPEX ABEX
The CAPEX OPEX and ABEX are set up based on structural and lifecycle analysis. The end
results are portrayed in Table 7.6.

Table 7.6: CAPEX & OPEX & ABEX of a 450 MW wind farm.

15 MW IEA 15 MW PivotBuoy 30 MW solution
Category Cost Cost Diff. [%] Cost Diff. [%]
CAPEX [e] -10.7 +52.2
OPEX [e/year] -14.6 -2.9
ABEX [e] +0 -38.0

7.3.2 AEP
For all three platform configurations, the AEP was calculated for a 450 MW wind farm. The
results are presented in Table 7.7.

Table 7.7: AEP estimation for the three platform configurations in a 450 MW farm.

Turbine type Number of turbines AEP (GWh)
15 MW IEA 30
15 MW DW 30
30 MW up-scale DW 15

7.3.3 Wind-current misalignment effect on AEP
When calculating AEP for an active yaw system in PYWAKE, one would normally use an average
misalignment of 5 degrees. The downwind design does not yaw actively, and is therefore subject to
changes in wind direction and its reaction to these changes, while also being influenced by waves.
From the calculations based on earlier research, an average loss in AEP of about 5.5% was found.
When calculating AEP in PYWAKE, this would be the same as calculating with an average yaw
misalignment of 17°.

Table 7.8: Influence of mean yaw misalignment on AEP for the IEA 15 MW wind farm.

Yaw (degrees) AEP (GWh)
0
5
10
20
45

7.3.4 LCOE
In the end, using all results from the prior analysis, the LCOE calculations are statistically per-
formed for the 15 MW X1 Wind PivotBuoy and the 30 MW solution. The results of these are





Chapter 8

Discussion and conclusion

In this chapter, the results are interpreted and discussed and conclusions are drawn.

8.1 Project outline

This study investigates the feasibility of upscaling the 15 MW X1 Wind PivotBuoy concept to
a 30 MW DWT solution. Currently, there is no public 30 MW floating DWT design available.
Therefore, first, a design for a 30 MW DWT, based on the 15 MW X1 Wind PivotBuoy concept
was made in this study.

A structural analysis was performed to identify the complications that come with this upscaling.
This structural analysis consists of several parts. The analysis goes into the global stability of the
new design. A FEM analysis is performed to get insight into the natural frequencies and modal
shapes of the structure. This analysis is in turn compared to the wind, wave, 1P, 3P, and 6P
spectra. Another part of this structural analysis is the stress checks in the individual members of
the substructure.

Besides a structural analysis, a life cycle assessment is performed to determine the bottlenecks and
to see what kind of commitments the current industry should make to realize a 30 MW offshore
floating wind turbine. The life cycle assessment consists of six main parts: it evaluates the supply
chain, construction, transport, installation, operation & maintenance, and decommissioning.

Lastly, an economic feasibility study is performed for the 15 MW X1 Wind PivotBuoy and for the
30 MW downwind design. This study consists of an AEP simulation based on a 450 MW wind
farm and a CAPEX, OPEX and ABEX analysis. This economic study is subsequently compared
to the 15 MW IEA benchmark. This benchmark is based on a floating wind farm with 15 MW
UWT. The different configurations are compared through the LCOE.

8.2 Discussion

8.2.1 Structural analysis

Global stability
From the global stability analysis, it can be concluded that the designed 30 MW platform is sta-
ble because the movement of the platform stays within the specified movement boundaries. The
platform was modelled and simulated using the software OpenFAST. A simulation does however
not completely accurately model the real life behaviour. Also, many assumptions were made to
be able to model the platform. One of the main assumptions is that aerodynamic forces are not
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calculated on the substructure but only on the rotors. Besides that, the horizontal connectors
connecting the columns are assumed to not contribute to the buoyancy in the model due to model
limitations. Another assumption is the roughness length k is assumed to lie between two reference
values, leading to inaccuracies in the calculation of the hydrodynamic drag forces on the platform.
Consequently, the model does not fully represent reality, and in practice, the movement of the
platform could be higher.

Natural frequency analysis
The FEM analysis indicates that only one natural frequency falls into the wind, wave, 1p, 3p, and
6p spectra. This natural frequency is checked. Since the deflection of the corresponding modal
shape is minor, this natural frequency does not influence the structural integrity. However, this will
highly depend on the properties of the structure. The natural frequency of the structure depends
on the mass and stiffness. Adapting the structure by implementing extra structural members or
by adjusting the diameters and thicknesses of the members causes new natural frequencies of the
entire structure. This should be checked in case a new design is proposed.

Member stress analysis
The stress checks performed in this report indicate that the 30 MW solution does not provide the
prescribed structural integrity. However, the stress determination in the FEM analysis has some
limitations. The first one is that the FEM model assumes that the structure does not move in
space. The 30 MW solution however is able to move with the wind and waves. Because of this
assumption, the wave force on the structure is overestimated. This approach is considered to be
valid for an accidental limit state, as these forces could occur when the turret is out of use and no
weathervaning is possible. Furthermore, since the wave forces are a time series, they depend on
time. For the unity check of the stress in the beams, the axial force and the bending moment in the
y-axis and z-axis do not have to be maximum at the same time. In this study, it is assumed that
all the forces are maximum at the same time which can lead to an overestimation of the forces.

8.2.2 Life cycle assessment

In the table where the ratings are compared between the 15 MW X1 Wind PivotBuoy and the 30
MW solution regarding the supply chain of certain components, is stated that the industry needs to
invest in developing and producing the RNA, pivot top, main columns, and blades for the 30 MW
turbines. However, during the study of the upscale of the 30 MW solution, there was no contact
with potential manufacturers of these elements. It is assumed that it is going to be hard for the
industry since the commitments are major. The ratings are based on personal interpretation, it
might be that certain manufacturers are further in the developing process than expected as of now.

Besides this, it is assumed that in the case of construction, the identified ports in Lorient and
Brest are available and will not cause any problems. However, these two ports will also have busy
shipping traffic and it will be a big commitment for a port to provide space for the construction
of the large structure of the 30 MW solution.

8.2.3 Economic evaluation

AEP
The difference between the simulated AEP yield for the three platforms and turbine configurations
is mainly caused by the misalignment between wind and waves/current. The misalignment was
calculated based on a previous study and on a metocean report that contains data from a site
not exactly at the plot assessed in this study. This could lead to differences in the misalignment
between reality and this calculation, leading to a different AEP. Also, the wake model used for
calculating the AEP of the farm for the three different configurations is calibrated on a different
turbine. This causes inaccuracies in the simulated AEP result. Lastly, the misalignment due to
tilt is not assessed in this study, whilst this could have major impacts.
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CAPEX
It turns out that the wind farm consisting of the 15 MW X1 Wind PivotBuoy turbines has a
reduced CAPEX. This can be attributed mostly to reduced costs for the turbine, substructure,
foundations and I&C. The foundations reduce in costs most drastically because the 15 MW IEA
semi-sub uses drag-anchors which are costly. The downwind designs make use of relatively cheap
gravity anchors. The CAPEX of the 30 MW solution downwind farm, however, is significantly
higher compared to the benchmark IEA 15 MW. This is mainly due to an increase in the size of
the floating substructure, leading to an increased CAPEX. The CAPEX is based on many assump-
tions and extrapolation and interpolation methods. For example, it is assumed that the nacelle
can be installed in parts as it is currently impossible to lift the 30 MW nacelle to the hub height.
The costs for the assembly are based on this and are therefore not accurate.

Also, the CAPEX of the floating substructure of both the 15 MW X1 Wind PivotBuoy and the 30
MW design are based on a preliminary design based on buckling made in this study. The profiles
could therefore be larger or smaller, which would influence the CAPEX.

OPEX
The OPEX for the 15 X1 Wind MW PivotBuoy farm is 14.6% lower compared to the benchmark.
This is a result of a decrease in maintenance costs. Because, contrary to the IEA turbines, the 15
MW X1 Wind PivotBuoy can be towed to shore easily due to its quick-connect system. The OPEX
for the 30 MW downwind solution reduces slightly compared to the benchmark. This reduction is
mainly due to the same quick-connect system. Also, the amount of offshore logistics and vessels is
expected to be less because there are only half the amount of turbines in the farm. It is however
not certain to what extent the quick-connect system will reduce the OPEX.

ABEX
The ABEX for the 15 MW X1 Wind PivotBuoy is the same as for the benchmark turbine. This
is however inaccurate as the structure is not the same. Therefore it can deviate from this value.
The same inaccuracy holds for the ABEX of the 30 MW downwind design.

8.3 Conclusion
This study focuses on the feasibility of upscaling the X1 Wind PivotBuoy concept to a 30 MW
downwind solution for an offshore floating wind turbine. This study has the following objective:

“Evaluate the feasibility of a 30 MW upscaled DWT and compare it economically to
a 15 MW X1 Wind PivotBuoy DWT and a benchmark 15 MW IEA Umaine
VolturnUS-S UWT in the Bay of Biscay based on a 450 MW wind farm.”

In the first part of this study, the structural analysis is performed to investigate the structural
integrity of the 30 MW solution. In this analysis a preliminary design is made to determine the
dimensions and weight of the substructure, these properties are used as an input for OpenFAST
to access the global stability of the structure. This does not cause any difficulties. Furthermore,
a FEM analysis is performed to get insight into the natural frequencies and modal shapes of the
structure. This is compared to the wind, wave, 1P, 3P, and 6P spectra. These are sufficient for the
structural integrity. From this, the displacements and stresses can be obtained. The stresses in
the members are checked based on steel strength. However, using circular hollow sections does not
provide the prescribed structural integrity. Therefore, A direct upscale of the X1 Wind PivotBuoy
is structurally unfeasible.

The life cycle assessment of the 30MW upscale evaluated six aspects: supply chain, construction,
installation, transport, operation and maintenance, and decommissioning. Regarding these aspects,
the following can be concluded:
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• Supply chain: The industry needs to invest in developing and producing the RNA, pivot top,
main columns, and blades for the 30MW turbines, which are not available yet.

• Construction: The lifting of the nacelle, which weighs 1400 tons, to a height of 210 meters
requires larger cranes or new techniques.

• Operation and maintenance: The large maintenance operations involve heavy and high lifting,
which might be difficult and costly. The use of nearby ports could reduce the O&M costs.

• Decommissioning: No major problems are expected, as the operations are well-known and
the industry has 30 years to adapt to the larger turbines.

The other aspects (installation, transport) are not likely to pose new problems, as they are similar
to existing operations. From this, it can be concluded that the life cycle assessment of the 30 MW
solution causes major difficulties and the industry is not ready for it as of now.

In the last part of this study, the economic evaluation is done. In this part, the 30 MW solution
and the 15 MW X1 Wind PivotBuoy are compared to the IEA 15 MW UMaine VolturnUS-S. The
comparison is performed on a wind farm level. The comparison looked at AEP, CAPEX, OPEX,
ABEX and LCOE. The 15 MW X1 Wind PivotBuoy appeared to be economically feasible because
it had a lower LCOE than the 15 MW IEA. However, The 30 MW downwind solution appeared
to have an increase of the LCOE of 53%. Therefore, it is not economically feasible to upscale
the X1 Wind PivotBuoy to 30 MW. The main driver of this increase in LCOE is the costs of the
substructure of the 30 MW solution.

It can be concluded that the proposed 30 MW solution, in comparison with the two other turbine
concepts, is deemed unfeasible today. Upscaling the substructure of the 30 MW causes problems
regarding the structural integrity. Moreover, it is not feasible to build such a large structure since
the industry is not ready for the manufacturing and construction of such heavy and large structures.
Focusing on the economical evaluation of the concept, the LCOE of the 30 MW solution is 53.7%
higher compared to the IEA 15 MW wind turbine designs.

8.4 Opportunities

This study towards the upscale of a 30 MW also provides some opportunities and recommendations
for the future:

1. No structural optimization is performed for the 30 MW solution. Singular hollow tubes are
deemed to be unfeasible. However, using trusses instead of hollow beams can lead to better
stress distribution and reduction of the weight of the substructure.

2. The 15 MW X1 Wind PivotBuoy is deemed to be more economically feasible when compared
to a semi-submersible floater. Since the structural analysis in the report only focused on the
30 MW solution, it would be interesting to look more in detail into the structural analysis
and life cycle assessment of the 15 MW X1 Wind PivotBuoy to investigate future possibilities
and cost reductions.

3. As of now, no crane is available to lift a nacelle of 1400 tons. It would be interesting
to investigate the possibilities of modular nacelles. The nacelle will be lifted in parts and
installed at the top of the structure.

4. To reduce the LCOE of a wind park, it could be interesting to investigate the possibilities of
creating a construction and maintenance yard that serves several wind farms to reduce the
OPEX and thus the LCOE.
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5. This study assumes a fixed power tender of 450 MW, which corresponds to 15 * 30 MW
turbines. However, the study also shows that the available space could accommodate at least
19 * 30 MW turbines, which would lower the LCOE. Therefore, a future research direction
could be to optimize the space utilization and consider a fixed space tender instead of a fixed
power tender.

6. The misalignment of the downwind turbine is caused by the wind and currents. The AEP
decreases when the average misalignment of the 30 MW turbine increases. This can be
prevented by accessing the downwind turbines in sheltered waters to reduce the average
misalignment.



Appendix A

TOPFARM and PyWake

A.1 Wind Farm Optimization

As previously stated, PyWake andTOPFARM play an important role in optimizing wind farm spacing.
Achieving this optimization requires the customization of default settings to align with specific wind
turbine characteristics, site conditions, constraints, drivers, and cost models. Lastly, implementing
the wake model’s sensitivity to see how variations in the wind model’s complexity affect the overall
outcome.

A.1.1 Wind turbine

A new class WindTurbine is created with distinctive attributes of each of the three turbine types
examined in this project. This class incorporates essential properties such as rotor diameter and hub
height. Additionally, it incorporates parameters relating to power generation and thrust coefficient
corresponding to specific wind speeds for each turbine type. This class will subsequently find
application within the engineering wake model PyWake optimization tool TOPFARM, contributing to
the calculation of the optimal spacing between wind turbines.

A.1.2 Site

To create a site, a new class is designed to encapsulate critical information about environmental
conditions and correlate them with specific types of power generation. The initial step involves
analyzing wind data, focusing on the frequency and directionality of wind from 12 equally divided
sectors spanning 0 to 360 degrees. This wind data is represented using a Weibull distribution, with
shape and scale parameters derived from the actual data. This distribution faithfully mirrors the
real environmental conditions prevalent in the Celtic Sea, precisely at the project’s location.
Subsequently, the wind farm’s parameters are defined, including details such as its geographical
boundaries, the number of wind turbines it consist of, and the predetermined initial positions for
these turbines within the specified boundaries.
This class will subsequently find application within the optimization tool TOPFARM, contributing in
the calculation of the optimal spacing between wind turbines.

A.1.3 Constraints

The model primarily incorporates physical constraints, with two key constraints in focus. The first
constraint relates to spacing, ensuring a minimum distance between wind turbines because of the
influence of wake. The second constraint is related to boundaries, specifying that turbines must
remain within the defined boundary limits and cannot be positioned outside of them.
This class subsequently finds application within the optimization tool TOPFARM, contributing in the
calculation of the optimal spacing between wind turbines.
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A.1.4 Driver

In this research the gradient-based optimization technique employing the SciPy algorithm known
as Sequential Least Squares Quadratic Programming is used as the driver behind the optimization.
The OpenMDAO library offers various built-in drivers that leverage open-source optimization
algorithms. Gradient-based drivers are iterative algorithms that utilize gradient information of the
objective function concerning the design variables. They systematically explore the design space
to identify improved designs. The optimization process employs the EasyScipyOptimizeDriver
as the driver.
This optimization procedure aims to enhance the wind farm’s economic performance and overall
efficiency by strategically positioning the turbines.

A.1.5 Cost-model

TOPFARM employs a cost-based model to optimize the layout of a wind farm, considering factors
such as the AEP and the IRR. The functions for AEP and cost calculations are established. In
this context, the IRR serves as the primary financial metric for the optimization. The turbines’
positions are static, so alterations in AEP due to changes in turbine placement become the key
factor influencing IRR. By experimenting with various parameters, the optimization outcome varies
accordingly.

A.1.6 Wake-model

The wake model is included in the PyWake packages. A wake is characterized by a mean wind
decrease (i.e. wake deficit) and turbulence increase behind a turbine. The primary motivation for
a detailed modeling of wind turbine wakes is that wind turbines located in wind farms experience
inflow wind conditions that is substantially modified compared to the ambient wind field that
apply for stand-alone wind turbines due to upstream emitted wakes. So, wake-models become
interesting when multiple wind turbines are placed in a certain space, because they can influence
each other, which can cause a decrease of generated energy. In this report different wake-models
will be compared to each other, so see what the effect of the wake-models are
The PyWake package incorporates a wake model that characterizes the phenomenon of wind tur-
bine wakes. A wake is defined by a reduction in mean wind speed and an increase in turbulence
levels behind a turbine. The primary reason for accurately modeling wind turbine wakes is that
wind turbines situated within wind farms experience altered inflow wind conditions compared to
standalone turbines. This variation occurs due to the wakes generated upstream by other turbines.
Therefore, wake models become crucial when multiple turbines are placed in close range to each
other because they can mutually influence each other, potentially resulting in reduced energy gen-
eration. This report will compare various wake models to assess their effects and implications on
wind farm performance.

The first one is N.O. Jensen deficit model which is only valid for far wake [91]:

V = U

(
1− 2α

(
r0

r0 + αx

)2
)

(A.1)

Where:
U = free stream velocity
r0 = wake radius
x = downstream distance
α = the entraintment distance (with a value of 0.1)

The second one is Bastankhah Gaussian deficit model [92], which is only valid for far wake
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∆U

U∞
=

(
1−

√
1− CT

8 (k∗x/d0 + ε)
2

)

× exp

(
− 1

2 (k∗x/d0 + ε)
2

{(
z − zh
d0

)2

+

(
y

d0

)2
}) (A.2)

Where:
∆U
U∞

= normalised velocity deficit
CT = thrust coefficient of turbine
k∗ = wake growth rate
x = downstream distance
d0 = diameter of turbine
ε = 0.2 β, with β being a parameter function of the turbine’s CT

z = vertical coordinate
zh = hub height of the turbine
y = spanwise coordinate

The third one is Fuga[93], which is valid for near wake, far wake and blockage deficit.

The FugaDeficit model calculates the wake deficit based on a set of look-up tables computed by a
linearized RANS solver. The look-up tables are created in advance The most important parameters
to create the look-up tables are:

• Wind turbine diameter

• Wind turbine hub height

• Terrain roughness length

• Lower and upper height of output domain

A wake deficit model is a model used to compute the deficit caused by a single turbine [10]. In
order to validate the results and to provide a bandwidth for the AEP, three different wake deficit
models were implemented in the simulations. Figure A.1 displays the diverse wake deficit models
that can be implemented in PyWake. Using this figure, three models with very distinguishable
wake deficit over the center line were selected. These models are NOJDeficit, FugaDeficit and
BastankhahGaussianDeficit.

Figure A.1: Deficit along center line from different models, [10].
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A.1.7 Optimizing the farm level
In order to attain insight into optimizing the AEP of a wind farm, various parameters come into
play. The initial stage involves optimizing the layout of the wind turbines within the predefined
boundaries while ensuring that the wind farm generates a target output of 450 MW of energy, as
detailed in the boundaries outlined in (section 1.4). The initial positions of the wind turbines are
predetermined. This optimization process is grounded in maximizing the IRR, aiming to position
the wind turbines to maximize power generation.

The subsequent step involves the implementation of various models to validate the AEP and eval-
uate the sensitivity of the created model. These models predominantly includes wake models and
optimization drivers.

In the final phase, a comprehensive analysis is conducted to determine the energy output of each
turbine under varying wind speeds and directions. This analysis provides insights into the individ-
ual contributions of each turbine within the wind farm’s layout.
To optimize the spatial arrangement of wind turbines and maximize the IRR, a solver relying on
the AEP and IRR is employed. Initially, the NOJ wake model is used, in which the specific wind
turbine and site parameters are incorporated. As this report progresses, various wake models will
be used to assess the model’s sensitivity. The site characteristics, as detailed in chapter 3, serve as
the foundation for this optimization.
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Numerical modelling

B.1 Approach

Step 1: Define Equation of motion
First, the equations of motion regarding an Euler-Bernoulli beam for a given element are given by
their respective PDEs
Step 2: Construct Lagrangian
Next, the EOMs of the system need to be obtained, whose individual bodies have to satisfy certain
constraints. For this, the Lagrangian (L) is defined as the difference between the kinetic and
potential energies:

L = T − U (B.1)

where T is the total kinetic energy and U is the total potential energy.
Step 3: Take derivatives
To derive the final matrix form, The Euler-Lagrange equation is used which relates the Lagrangian
to the equations of motion. Applying this equation to each degree of freedom, the equations are
obtained. These prescribe that the energy in the system is conserved.
Solving these equations results in an equation for each of the 12 degrees of freedom. This will yield
the complete matrix equation (the strong form):

M · Ü + C · U̇ +K · U = F (B.2)

However, if damping is included in the system, the equations cannot be easily decoupled and solved
using modal analysis. The generic damping matrix, when transformed to the modal coordinates,
does not result in a diagonal matrix. This means that the equations cannot be decoupled, and
solving for the modal responses becomes more complex.
The modal analysis approach is used for several reasons.

• Modal analysis allows obtaining the modal response of each mode, which is similar to a Single
Degree of Freedom system. Solving these coupled differential equations for each mode is
relatively easier and faster when compared to solving a system of coupled ordinary differential
equations for all degrees of freedom simultaneously. This simplification facilitates a more
efficient computation of the dynamic response.

• The highest frequency modes tend to be the least accurate in the analysis because of numerical
errors and assumptions made during the modeling process. Excluding these modes from
the analysis does not significantly impact the overall accuracy of the results, allowing for
computational efficiency.
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Therefore the damping matrix (C) is excluded from the equation of motion, resulting in:

M · Ü +K · U = F (B.3)

Damping is later re-introduced using modal damping, which assumes that each mode of vibration
in the system has associated damping. The modal damping approach allows for the inclusion
of damping effects by defining damping associated with each mode shape (as a percentage of the
critical damping). The damping matrix (C) is added as a diagonal matrix with the modal damping
coefficients on the diagonal.

B.2 Results

B.2.1 Pontoon left
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B.2.2 Pontoon right
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B.2.3 Pontoon front
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B.2.4 Mast front right
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B.2.5 Mast front left



Appendix B. Numerical modelling 133



134 B.2. Results

B.2.6 Pivot mast (diagonal)
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B.2.7 TLP
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Appendix C

Turret failure modes

Table C.1: Types of primary and secondary bearing failures.
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Appendix D

30 MW details OpenFAST

Table D.1: Location of joints final design.

Joint x-location y-location z-location Joint description
1 0.000000 -103.5000 -7.90000 Nacelle side Heaveplate 1 top
2 0.000000 103.5000 -7.9000 Nacelle side Heaveplate 2 top
3 -174.6000 0.000000 -9.50000 PivotBuoy Heaveplate top
4 0.000000 -103.5000 8.00000 Nacelle side buoy 1 top
5 0.000000 103.5000 8.00000 Nacelle side buoy 2 top
6 -174.6000 0.000000 8.00000 Hor. Connectors & diag. mast PivotBuoy
7 0.000000 -103.5000 8.00000 Nacelle side connection vertical mast 1
8 0.000000 103.5000 8.00000 Nacelle side connection vertical mast 2
9 -174.6000 0.000000 10.00000 Pontoon PivotBuoy top
10 0.000000 0.000000 199.0000 Top of substructure
11 0.000000 -103.5000 -8.00000 Pontoon nacelle side 1 bottom
12 0.000000 103.5000 -8.00000 Pontoon nacelle side 2 bottom
13 -174.6000 0.000000 -10.0000 PivotBuoy Heaveplate bottom
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