
Hybrid
Monopile
A comparative study on
the technical and economic
feasibility
J.H.M. (Jan) Stevens

Te
ch
ni
sc
he

U
ni
ve
rs
ite
it
D
el
ft





Hybrid Monopile
A comparative study on the technical and

economic feasibility

by

J.H.M. (Jan) Stevens
to obtain the degree of Master of Science,

in the field of Civil Engineering,

at the Delft University of Technology,

to be defended publicly on Wednesday August 28, 2024 at 2:30 PM.

Student number: 5647258
Project duration: March 1, 2024 – August 28, 2024
Thesis committee: Dr. J.O. Colomes Gene, TU Delft

Dr. A. Tsouvalas, TU Delft
Ir. T. Balder, Heerema Engineering Solutions
Ir. A. Adriaenssens, Heerema Engineering Solutions

An electronic version of this thesis work is available at: http://repository.tudelft.nl/.

Cover image credited to Deltares [1].

The work in this thesis was supported by Heerema Engineering Solutions
Their cooperation is hereby gratefully acknowledged.

Copyright © Department of Hydraulic and
Offshore Engineering

All rights
reserved.

http://repository.tudelft.nl/




Preface

This thesis marks the end of my study at Delft University of Technology. It represents the final step
toward obtaining my Master of Science degree in Civil Engineering, with a focus on Hydraulic and
Offshore Structures. Throughout my studies, I have been deeply interested in the offshore world,
and this thesis has allowed me to explore this passion further by contributing to the development of
innovative solutions for offshore wind energy.

Conducting my research in collaboration with Heerema Engineering Solutions (HES) has been an great
opportunity. Working alongside experts in the field of offshore engineering has enriched my under-
standing and provided practical insights into the challenges and advancements within the industry.
This collaboration allowed me to investigate new ideas and contribute to more sustainable practices in
offshore wind development.

I am truly thankful to Thomas Balder and Arthaud Adriaenssens for their support and guidance through-
out this project. Our regular meetings were essential in improving my research and work on various
challenges. Their expertise, along with the assistance of the entire HES team, has greatly enhanced
the quality of this thesis.

Special appreciation goes to my supervisors from the TU Delft, Oriol Colomes Gene and Apostolos
Tsouvalas. Their constructive feedback, academic mentorship, and dedication have been crucial in
shaping the direction and outcome of this research. The bi-weekly meetings we had were particularly
valuable in keeping my work focused and continuously improving.

I am also grateful to my friends and peers for their support. Our coffee breaks and study sessions were
not only enjoyable but also provided a space to discuss and resolve engineering challenges, often
leading to new insights and solutions.

Lastly, I want to express my deepest gratitude to my family. Your unconditional support, encourage-
ment, and belief in me have been the driver of my journey. This achievement would not have been
possible without your unconditional support.

Jan Stevens
Delft, August 2024

iii





Abstract

To meet the ambitious targets outlined in the Paris Climate Agreement of limiting global temperature
rise to 1.5 degrees Celsius, global renewable power generation must triple by 2030, with offshore wind
energy expected to increase exponentially to 500 GW—a fourteen-fold rise from 2020. Despite a 48%
cost reduction from 2010 to 2020, offshore wind energy remains more costly per megawatt-hour than
fossil fuels, highlighting the need for cost-effective innovations in offshore wind farm foundations in the
North Sea.

Offshore wind farms are increasingly moving into deeper waters and utilizing larger turbines, which
arise challenges for traditional monopile foundations. The Hybrid Monopile (HMP) is a promising al-
ternative. It integrates features from traditional monopiles and jackets, potentially enhancing structural
stability, reducing environmental impact, and optimizing costs in deeper waters. This thesis evaluates
the technical and economic feasibility of the HMP compared to traditional foundation types such as the
traditional monopile and jacket structure, aiming to accelerate development of offshore wind energy
and contribute to global climate objectives.

This study uses a comprehensive methodology to assess the HMP’s structural integrity, installation
feasibility, and cost-effectiveness relative to traditional monopiles and jackets. The structural analysis
begins with a preliminary design phase to establish input parameters for the finite elements analysis in
Abaqus. This analysis evaluates natural frequencies and stress levels under varied conditions such as
water depth, soil types, and turbine sizes, assessing the HMP’s feasibility across different conditions.

The installation procedures are investigated, evaluating various strategies for HMP’s and compare it
with the installation strategies of traditional monopiles and jackets. The most efficient way of installation
is determined for the installation of the Hybrid Monopile while considering various options. This is
compared to industry standards for the installation of the traditional monopile and jacket structure. The
economic evaluation involves cost modeling. This analysis provides a cost comparison based on the
manufacturing and installation of the structures, highlighting the economic advantages of the HMP in
deeper waters and with larger turbine.

Structural assessments demonstrate that the HMP is capable of deployment in water depths up to
80 meters and supporting offshore wind turbines of up to 22 megawatts in the North Sea. Design
simulations indicate the HMP’s resilience against operational stresses caused by various environmental
forces. The installation strategies emphasize efficient methodologies for HMP installation. Due to the
fact the hybrid monopile requires an increased number of pin piles compared to jackets, the installation
cycle of the hybrid monopile is less superior to the jacket, where the traditional monopile outperforms
both of them based on installation time. Economic analyses highlight that while traditional monopiles
are cost-effective in waters until 40 meter, the HMP emerges as a competitive solution for deeper waters
and larger turbine configurations compared to jacket structures.

In conclusion, the HMP represents an advancement over traditional jackets assuming a 20% reduction
in interface piece manufacturing costs. Further optimizations in the design of the Hybrid Monopile
and installation procedures could enhance its competitiveness in relation with a jacket. The traditional
monopile is a more cost-effective solution in environments where possible, however the HMP offers a
promising solution where noise and environmental limitation arises.
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1
Introduction

1.1. Trend in offshore wind energy
In pursuit of aligning with the Paris Climate Agreement and limiting global temperature rise to 1.5 de-
grees Celsius, global renewable power generation must triple by 2030. The offshore wind energy sector
contributes significant in this effort, with a target of reaching 500 GW globally by 2030, a fourteen-fold
increase from 2020 [3]. Currently, fossil fuels like oil, gas, and coal account for 80% of global energy
production, while renewable resources meet 29% of global electricity demand. To accelerate the tran-
sition to renewables, it is crucial to reduce the costs associated with renewable energy. From 2010
to 2020, the cost of energy from offshore wind turbines decreased by 48% [4]. However, renewable
energy costs often remain higher than those of fossil fuels [5].

Figure 1.1: Increasing trend of water depth of wind farms [6] Figure 1.2: Increasing trend of wind turbines sizes offshore [6]

Figure 1.1 shows the increasing water depths of offshore wind farms, while Figure 1.2 depicts the
growing sizes of offshore wind turbines [6]. These trends emphasize the need to explore new power
generation methods that can handle deeper waters and support larger turbines. As offshore wind
development moves towards deeper waters to take advantage of better wind conditions, it also faces
more challenging environmental conditions. Newmethods should overcome the limitations of traditional
foundations and reduce the costs of offshore wind turbines.

While the long-term expectation is that the lifetime costs of offshore wind energy will become compet-
itive with or lower than those of oil and gas, current operational costs per MWh still favor fossil fuels
[5]. Therefore, there is an urgent need for advancements in bottom-fixed foundations to enhance cost
efficiency in offshore wind farms and support the broader shift towards sustainable energy solutions.

1
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1.2. Offshore wind turbine foundation types
An interesting development in the offshore wind industry is the development of the Hybrid Monopile,
which integrates the features of both traditional monopiles and jacket structures. In this section, the
concept of the Hybrid Monopile is introduced and outlined. Also an overview of the traditional monopile
and jacket structure, which will serve as a benchmark for comparison in this research.

1.2.1. Hybrid Monopile
The Hybrid Monopile (HMP) is a new concept for bottom-fixed offshore wind turbines developed by
Heerema Engineering Solution (HES) and Heerema Marine Contractors (HMC). It combines the con-
cept of the traditional monopile and jacket structure, although the Hybrid Monopile has differences.

Figure 1.3: Hybrid Monopile concept from HES
and HMC [7]

The Hybrid Monopile basically is a traditional monopile sup-
ported by six smaller pin piles (PP) with an interface piece
(IP) in between to connect the monopile to the pin piles (see
Figure 1.3). Installation of the Hybrid Monopile avoids pile
driving of heavy (mono)piles into the subsurface.

Utilizing pin piles as a foundation for the monopile has the
potential to result in smaller monopile diameters. The ad-
vantage of smaller diameters lies in the simplified instal-
lation process, as it could requires less heavy crane ves-
sels, fewer noise mitigation strategies and equipment. Con-
sequently, the manufacturing and installation of the HMP
could be a more cost-effective alternative compared to
jacket structures and allow for utilization in deeper water
compared to the traditional monopile.

1.2.2. Traditional monopile
The traditional monopile is a large, cylindrical steel tube
driven into the seabed to provide a stable and secure foun-
dation for offshore wind turbines. the traditional monopile is
widely used due to its straightforward design [8]–[10]. They
are suitable for various soil types like clay, sand, and gravel,
and can even be installed in rock-socketed layers [11] [12].
However, the feasibility of manufacturing and installation is
generally limited to water depths of up to around 45-50 me-
ters [2], [13], [14]. Installation in deeper waters require larger, heavier tradtional monopiles, increasing
costs and therefore larger vessels. Despite their technical and economic feasiblity up to water depth of
45-50 meter, the installation process can disrupt the seabed and affect marine ecosystems [15], [16].
Figure 1.4 schematically provides a clear overview of how to traditional monopile foundation looks.
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Figure 1.4: Monopile foundation for offshore wind turbine [17]

1.2.3. Jacket structure
The jacket structure, a well-established offshore foundation method dating back to 1947 [18], currently
constitutes approximately 10% of all offshore wind turbine foundations [19]. Technically feasible up to
depths of around 300 meters, as validated by its extensive use in the oil and gas sector [20], jacket
structures are particularly suitable for offshore wind projects starting from depths exceeding 40 meters
[15], [21] .

Figure 1.5: Jacket foundation for offshore wind
turbine [22]

Jacket structures can be installed across various soil types,
including stiff clay, and can be installed using piles or suc-
tion caissons. They are known for their reliability and rela-
tively labour-expensive manufacturing process, due to the
significant welding involved, which contributes to higher
production costs compared to other foundation types. Fig-
ure 1.5 schematically shows the jacket structure for an off-
shore wind turbine.

1.3. Research gap
the majority of the existing wind farms worldwide are in-
stalled in shallow and intermediate waters. About 80% of
offshore wind turbines use monopiles as their foundation,
followed by jacket structures, which account for nearly 10%,
as shown in Figure 1.6 [19], [21].

Even though the offshore wind energy sector has grown sig-
nificantly, current foundation options face challenges that
limit their effectiveness in different water depths. Traditional
monopiles are cost-effective in shallow waters but becomes
challenging around 50 meters of water depth [23], requiring
expensive alternatives like jacket structures [19]. The high
costs of jackets highlight the need for new solutions that are
both cost-efficient and technically feasible in deeper waters
with more severe environmental conditions [15], [24].

The deployment of foundations in deeper water for offshore
wind turbines correlates with an increase of expenditures. To compare, for an installation of a wind
turbine, around 19-36% corresponds to the costs for the foundation specifically dependent of the water
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Figure 1.6: Share of foundation types for offshore wind turbines in 2020 [19]

depth. Figure 1.7 shows the ratio of costs for the foundation and its installation compared to other
expenses in establishing an offshore wind turbine project. To make the offshore wind energy sector
competitive to more traditional energy production industries, such as the oil and gas industry, new
foundation concepts and installation solutions should be investigated (and developed) to lower the
foundation and installation cost that are associated with deep water deployment of wind turbines

Figure 1.7: Comparison total costs per kW for offshore wind turbines [2]

The development of the HybridMonopile
(HMP) represents a promising ad-
vancement aimed at overcoming these
limitations [7]. By combining aspects
of monopiles and jackets, the HMP
aims to extend installation depths, mit-
igate environmental impacts such as
noise pollution, and reduce manufac-
turing and installation costs compared
to traditional options [23], [25].

Comprehensive evaluations compar-
ing the technical and economic feasi-
bility of hybrid monopiles against tradi-
tional monopiles and jacket structures
in real-world conditions are limited. Ex-
isting studies often focus on retrieving
forces [26], [27], soil-stiffness curves
[28]–[34], limitations regarding noise
[35], [36], and the manufacturing and
installation of structures [37] comparable to hybrid monopiles, without providing a comprehensive as-
sessment of structural design, installation efficiency, and overall cost-effectiveness compared to tradi-
tional foundation methods for offshore wind foundations.

This research aims close these gaps through a comparative analysis of the HMP alongside traditional
foundation methods. By assessing structural integrity, installation feasibility, and costs, this study in-
vestigates the potential benefits of integrating HMPs into offshore wind projects. The findings provides
answers about the viability and practicality of HMPs as a pioneering solution for the offshore wind
energy industry.

1.4. Research question
The research question of this research is formulated as follows:

”Can the technical and economic aspects of bottom-fixed foundations be improved by implementing
the Hybrid Monopile as a bottom-fixed foundation in comparison to jacket structures and traditional

monopiles in the North Sea?”
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Subquestions:

1. Up to what water depths, soil conditions, and wind turbine sizes can the Hybrid Monopile be
feasibly manufactured and installed?

2. Is it possible to reduce the installation cycle time of the Hybrid Monopile compared to traditional
monopiles and jacket structures

3. Are there achievable cost savings in manufacturing and installation processes of the Hybrid
Monopile compared to traditional monopiles and jacket structures?

1.5. Research objectives and scope
This study focuses on to assess the technical and economic feasibility of the Hybrid Monopile compared
to foundation methods commonly used by the industry such as the traditional monopile and jacket
structures. The scope of this feasibility study is on structural design, installation assessment, and
manufacturing and installation costs. The research aims to determine what conditions are required to
make the HMP technically superior to - and more cost-effective than traditional foundation methods,
allowing it to be used wide-spread for offshore wind turbine solutions in the North Sea.

For the design assessment, sea state conditions of the North Sea are taken as input parameters. This
includes water depths, wave heights, and wave periods, which are critical to evaluate the structural
performance of the Hybrid Monopile. The comparison of the Hybrid Monopile with traditional monopile
and jacket structures based on data from projects that were conducted in the North Sea, providing
an equal comparison for the evaluation. The design analysis will consider various factors such as the
load-bearing capacity, the natural frequency and the stress magnitude in relation to the ultimate limit
state of the Hybrid Monopile.

Installation considerations are a significant aspect of this research. The installation time for the Hybrid
Monopile is primarily focused on the time a vessel needs to install a single foundation, irrespective
of location, transport logistics, and yard accessibility. This approach isolates the installation process,
allowing for a direct comparison of efficiency and practicality between the Hybrid Monopile and other
foundation types. Factors such as installation speed, equipment requirements, and potential challenges
during the installation process will be thoroughly examined.

The economic feasibility analysis will cover overall costs, including manufacturing and installation ex-
penses. This research aims to provide a cost-effective analysis, highlighting the economic advantages
or disadvantages of the Hybrid Monopile compared to traditional monopile and jacket structures.

1.6. Thesis outline
This research is structured into three main components to assess the overall feasibility of the Hybrid
Monopile compared to traditional monopiles and jacket structures. Firstly, a comprehensive literature
review is conducted to gather relevant research on structural analysis, installation assessment strate-
gies and cost-engineering.

Secondly, the methodology outlines how these components (structural analysis, installation assess-
ment, and economic evaluation) are executed. A framework is established to sequence these steps
logically, indicating how results from each model influence one another.

The structural analysis of the Hybrid Monopile is the initial focus. It determines details for each step,
including the approach and assumptions taken, to ensure reliable results that accurately reflect the
designs of the Hybrid Monopile, the traditional monopile, and jacket structure.

Next, the installation assessment examines the feasibility of installing the Hybrid Monopile, considering
it as a novel concept. Various installation possibilities are analyzed, and criteria are applied to determine
the optimal method. This assessment is compared with installation cycles for traditional monopiles
and jacket structures according to industry standard. This provides a detailed installation time per
foundation.

Lastly, the economic evaluation is derived from the outputs of the structural analysis and installation
assessment. Foundation costs are broken down into manufacturing costs, largely derived from the
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structural model, and installation costs, based on the installation assessment.

The research concludes with results from each assessment, addressing by sub-questions given in this
study, resulting in a final conclusion that summarizes findings and provides insights into the overall
feasibility of the Hybrid Monopile compared to the two alternatives.



2
Literature review

This chapter provides an overview of the theoretical background necessary for understanding the en-
vironmental loads impacting the design of the Hybrid Monopile. It begins by the hydrodynamic loading
and thrust forces acting on the structure, which are critical in determining the overall performance and
stability under varying environmental conditions, considering factors such as the dynamic amplification.
The chapter accordingly explores the soil-structure interaction, focusing on how the foundation of the
Hybrid Monopile engages with the surrounding soil at the installation site, considering factors such as
pile-group effects. Additionally, the chapter delves into the limitations associated with the manufactur-
ing and installation processes, including constraints related to noise pollution and other site-specific
challenges that influence the design and deployment of offshore structures.

2.1. Hydrodynamic loading
This section provides an overview of the different wave regimes, emphasizing the validity of the Morison
equation within specific regimes. Additionally, it explains the application of theMorison equation and the
parameters required to define the forces acting on structures in offshore environments. Furthermore,
it determines the drag and inertia coefficients for utilizing the Morison equation effectively. Finally, the
linear wave theory is outlined including the Wheeler Stretching method.

2.1.1. Morison equation
The Morison equation is a quasi-static equation used for a fixed body in an oscillatory flow, primarily
used to obtain the forces acting on offshore structures. To assess the applicability of the Morison equa-
tion for calculating hydrodynamic loading on structures, it is necessary to examine the ratio of diameter
to wavelength (x-axis) against the ratio of wave height to diameter (y-axis) within the wave force regime
spectrum, as depicted in Figure 2.1. This spectrum shows different hydrodynamic regimes, with the
Morison equation being suitable for regions III, IV, and V.

7
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Figure 2.1: Wave forces regimes [38]

Equation 2.1 represents the Morison equation, consisting of a sum of drag and inertia forces. The
formula is well-known within the offshore industry, the entire derivation of the Morison theory can be
found in Book for the hydrodynamic for offshore structures [26].

𝐹𝑀𝑜𝑟𝑖𝑠𝑜𝑛 =
1
2 𝜌𝑤 𝐶𝑑 𝐷 𝑢 |𝑢| +

1
4 𝜋𝐷

2 𝐶𝑚 𝜌𝑤 𝑢̇ (2.1)

Where 𝜌𝑤 is the density of water, 𝐶𝑑 is the drag coefficient, 𝐷 is the diameter, 𝑢 is the wave velocity,
𝐶𝑚 is the inertia coefficient and 𝑢̇ is the wave acceleration.

2.1.2. Drag and inertia coefficient
Sarpkaya [27] experimentally investigated the variation of drag and inertia coefficients with smooth
cylinders in U-tubes. Figure 2.2 and Figure 2.3 depict the graphs of Sarpkaya’s experimental results,
where 𝐶𝑑 and 𝐶𝑚 are functions of dimensionless numbers KC and 𝛽. The Sarpkaya Beta (𝛽) depends
on the ratio between the Reynolds Number (Re) and the Keulegan-Carpenter number (KC). The drag
and inertia coefficients can be determined based on the KC number, 𝑅𝑒, and 𝛽. The KC number can
be calculated according to Equation 2.2, the 𝑅𝑒 number is calculated according to Equation 2.3, and
the Sarpkaya Beta according to Equation 2.4.

𝐾𝐶 = 𝑈max𝑇
𝐷 (2.2) 𝑅𝑒 =

𝑈max𝐷
𝜐 (2.3) 𝛽 = 𝐷2

𝜐𝑇 (2.4)
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Figure 2.2: Cd as a function of KC according to DNV
standards

Figure 2.3: Cm as a function of KC according to DNV
standards

Figure 2.4: Comparison of Cd and Cm as functions of KC according to DNV standards

As can be seen from the figures, at very low KC numbers, until KC = 10, the inertia coefficient is constant
around 2.0 regardless of the Sarpkaya Beta parameter. Nevertheless, for the drag coefficient the
influence of the Sarpkaya Beta parameter affects number significant more, even for low KC numbers.

2.1.3. Linear wave theory
To extract the velocity and acceleration from the waves, the linear wave theory is used, also known
as the Airy wave theory. The Linear wave theory offers a simplified yet effective framework for under-
standing the dynamics of waves on fluid surfaces. This theory provides a mathematical description
of wave propagation where the wave amplitude is relatively small compared to the wave period and
water depth. It is assumed that the wave have a sinusoidal shape and that their interactions are linear.
Figure 2.5 represents an overview of the linear/Airy wave theory.

Figure 2.5: Overview of the linear wave theory [39]

Equation 2.5 and Equation 2.6 represents the equation to determine the velocity and acceleration re-
spectively from the propagated waves.

𝑢 = 𝜔𝑎cosh 𝑘(𝑧 + ℎ)
sinh(𝑘ℎ) sin(𝜔𝑡 − 𝑘𝑥) (2.5)

𝑢̇ = 𝜔2𝑎cosh 𝑘(𝑧 + ℎ)
sinh(𝑘ℎ) cos(𝜔𝑡 − 𝑘𝑥) (2.6)

The associated velocity potential and dispersion relation are formulated respectively according to Equa-
tion 2.7 and Equation 2.8.
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𝜙 = 𝜔𝑎
𝑘

cosh[𝑘(𝑧 + ℎ)]
sinh(𝑘ℎ) cos(𝜔𝑡 − 𝑘𝑥) (2.7)

𝜔2 = 𝑔𝑘 tanh(𝑘ℎ) (2.8)

In the four equations related to the linear wave theory, 𝑢 is the wave velocity, 𝑢̇ is the wave acceleration,
𝑘 is the wave number, 𝑧 is the observation depth, ℎ is the water depth, 𝜔 is the angular frequency, 𝑎 is
the wave crest, 𝑡 is the observation time, 𝑥 is the observation space, 𝜙 is the velocity potential and 𝑔
is the standard acceleration of gravity.

The linear wave theory regularly models wave motion only up to the mean sea level, providing a useful
but incomplete picture of the forces exerted by waves on structures. To address this limitation, Wheeler
Stretching can be used. Wheeler Stretching is a method used to enhance the accuracy of wave impact
predictions on structures that extend above the mean sea level. It effectively adapts the linear wave
theory to account for the vertical motion of waves as they interact with structures extending beyond the
mean sea level. This method adapts the calculated wave elevations by stretching or the wave profile
according to the water depth variations induced by the waves themselves.

The technique involves extrapolating the wave spectrum to include the heights of the waves above
the mean sea level, thereby ensuring that the forces exerted by these waves on structures are more
accurately represented. Figure 2.6 represent the a overview of how the Wheeler Stretching theory
applies for the ocean waves.

Figure 2.6: Wheeler Stretching Theory [39]

Equation 2.9 represents the equation applicable to extrapolate the mean sea level to the top side of
the wave crest.

𝑧′ = 𝑑𝑑 + 𝑧𝑑 + 𝜁 − 𝑑 (2.9)

Where 𝑧′ is the new z-coordinate in the Wheeler stretching model, 𝑑 is the water depth, 𝑧 is the coor-
dinate of the observation depth of the original coordinate system, 𝜁 is the z-coordinate corresponding
to the instantaneous water surface.

2.2. Thrust force on wind turbine
The wind loading consists two main components: the distributed wind loading on the wind turbine tower
above sea level and the thrust force on the rotor blades. The contribution of the distributed wind load
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on the tower is considered negligible. However, the thrust force is deemed significant. It acts as a
lumped load exerting on the center of the nacelle.

To determine the thrust on various types of wind turbines, certain assumptions are made: the flow is a
perfect fluid, steady, and incompressible, and the flow is uniform through the rotor blades. Figure 2.7
illustrates how the wind exerts the thrust force on the wind turbine.

Figure 2.7: Thrust force, adapted from [40]

The thrust force on the wind turbine can be calculated with Equation 2.10 [41].

𝐹𝑇 =
1
2 𝜌𝑎 𝐶𝑇 𝐴𝑑 𝑉

2
∞ (2.10)

Where 𝑇 is the thrust force, 𝜌𝑎 is the density of air, 𝐶𝑇 is the thrust coefficient, 𝐴𝑑 is the surface of the
rotor blades and 𝑉∞ is the free stream velocity. The thrust coefficient is a correction factor based on the
how much the wind velocity has been affected by the surface of the rotor blades.

The formula for the thrust coefficient is represented in Equation 2.11, where 𝐶𝑇 is the thrust coefficient
and 𝑎 is the axial induction factor

𝐶𝑇 = 4𝛼(1 − 𝛼) (2.11)

The axial induction factor indicates how much the wind velocity is affected by the surface of the rotor
blades. When a = 0.5, the thrust coefficient and so the thrust force is maximum. In the determination
of the design loads, the maximum thrust force is considered.

2.3. Soil-structure interaction
This subsection provides an overview of soil-structure interaction, which constitutes the final stage of
defining the structural model for monopile design. Here, the background of calculating the stiffness of
the springs that represent soil resistance are outlined.

2.3.1. Beam on Nonlinear Winker Foundation
To simulate the stiffness of the soil acting on the foundation piles, a soil-spring stiffness model is created
to simulate the stiffness of the soil at various depths. The model consists of three different types of
springs: lateral springs along the pile to determine the horizontal soil resistance, axial springs along
the pile to determine the shaft friction of the pin piles, and one axial spring at the tip of the pin piles
representing the tip bearing resistance of the pin piles. Figure 2.8 represents the model, which is better
known as the Beams on Nonlinear Winkler Foundation [30].

In the Winkler method, the soil is depicted by a series of nonlinear springs. The number of lateral
and axial springs varies along the pin pile shaft, as does the spacing between them. The nonlinear
response of the soil resistance acting on the pin piles is simulated with p-y curves (lateral), t-z curves
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(axial), and q-z curves (end-bearing). These curves represent the soil resistance over the deflection of
the pile in a certain direction, and are numerical models based on empirical tests.

Figure 2.8: Soil-spring stiffness model [30]

The curves are numerical models based on empirical test
and the curve is unique for every spring type and depths
the spring appears. In this research different p-y, t-z and
q-z models are used based the type of soil. The curves are
used to model the variation in stiffness along the depth of
piles. These curves change based on soil properties such
as unit weight, friction angle, cohesion, and layer depth.

2.3.2. P-y curves for sand
Terzaghi [42] conducted research in 1955 on the initial stiff-
ness of stress-strain curves for sand as a function of confin-
ing pressure and shearing strain magnitude. These values,
known as subgrade moduli, provided a basis for computa-
tional lateral pile responses. The first field experiences with
the lateral loading of piles date back to 1974 and were con-
ducted by Reese et al. [31], involving an embedded length
of 21 meters and a diameter of 0.6 meters. Reese et al.
established the first procedure for determining p-y curves
in 1974 [31], which can be used for both static and cyclic
loading. This method was widely adopted by the American
Petroleum industry until research by Murchison and O’Neill
in 1983 [43] suggested using a hyperbolic formula to sub-
stitute the formulation of Reese et al. This updated method and formula are still widely used in the
industry.

Figure 2.9: The API p-y curve for sand [44]

More recent research by Norris in 1986 [33] in-
troduced a new model to predict soil stiffness for
larger piles. However, this model overpredicts
the soil stiffness of sand for large monopile diam-
eters, resulting in insufficient penetration depth
when designing structures. Therefore, the model
is not recommended for use. As of now, a new
method for determining p-y curves for sand has
not been established. The method created by
Reese et al. in 1974 and adapted by Murchi-
son and O’Neill in 1983 is still used and is cur-
rently known as the API-sand method. It is rec-
ommended by ISO and DNV standards [34]. Fig-
ure 2.9 shows the API p-y curve for sand. The
entire derivation of the p-y curve is outlined in the
LPILE 2016 Technical Manual [44].

The resistance factor for sand is taken as the lesser value of the calculated 𝑝𝑢𝑠 and 𝑝𝑢𝑑 for shallow and
larger depths, respectively. Here, 𝑘 is the initial modulus of subgrade reaction, 𝑥 is the depth below the
seabed, 𝑦 is the lateral deflection of the pin pile, and 𝑏 is the diameter of the pin piles.

2.3.3. P-y curves for clay
P-y curves for clay soils are derived from empirical tests conducted by Reese, Cox, and Welch [29].
Their research focused on stiff clay under conditions with free water. Research by Welch and Reese
[32] explored clay behavior without free water, which is not applicable to offshore clay environments
[45]. Matlock [46] also studied similar conditions in 1970, but emphasized soft clay. It’s important to
note that both studies used relatively small pin piles up to 0.61 meters in diameter, whereas modern
pin piles are significantly larger.
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Figure 2.10: Example of a p-y curve in stiff clay with free water,
adapted from [44]

Haiderali et al. [45] investigated the accuracy of
these models under similar environmental condi-
tions but with larger monopiles of 5 meters and
7.5 meters in diameter. Their findings indicated
that Matlock’s p-y curves underestimate soil re-
sistance for larger diameters, potentially leading
to overdesigned structures.

Industry standards still rely on pile theories based
on Matlock and Reese, Cox, and Koop. To estab-
lish p-y curves for stiff clay with free water, follow-
ing Reese andWelch’s methodology, the process
begins with determining key soil parameters such
as undrained shear strength (𝑐), effective unit
weight (𝛾′), and pile diameter (𝑏). The param-
eter 𝜖50 is then derived from stress-strain curves
extrapolated from Reese, Cox and Welch’s em-
pirical tests.

In clay, undrained shear strength (𝑆𝑢) and cohe-
sion (𝑐) are closely related. Cohesion allows clay particles to adhere, significantly contributing to shear
strength. Moreover, clay’s low permeability restricts water flow, particularly under rapid loading, result-
ing in undrained behavior where drainage is negligible. Under these conditions, cohesive properties
primarily govern clay’s shear strength, overlapping with undrained shear strength.

After establishing soil properties and calculating 𝜖50, soil resistance (𝑃𝑢) is determined. Figure 2.10
illustrates an example of the p-y curve at various depths. The comprehensive derivation of p-y curves
in stiff clay can be found in the LPILE 2016 technical manual [44].

2.3.4. T-z and q-z curves
The establishment of the first t-z and q-z curves dates back to 1966 following empirical research con-
ducted by Coyle and Reese on axial loading of piles in clay, as documented in Coyle’s 1966 study [47].
Subsequently, in 1967, Coyle and Sulaiman conducted similar empirical tests on piles in sand, leading
to the first development of t-z curves [48]. Building upon this foundational work, Vijayvergiya in 1977
[49] and API in 1993 [50] provided general recommendations for estimating t-z and q-z curves.

Beyond empirical research, several researchers explored theoretical models related to the shear stiff-
ness of soil surrounding piles. Kraft et al. in 1981 [51], Chow in 1986 [52], and Randolph in 1994 [53]
contributed significantly to developing these theoretical approaches.

In 2006, Pando et al. [54] conducted a comparative study evaluating different models, concluding
that the error margins of various approaches were comparable. Consequently, newer models did not
demonstrate superior accuracy compared to the empirical models developed by Coyle and adapted by
API.

Currently, the API method, based on Coyle’s empirical models from 1967, remains widely used in the
industry for cohesive and cohesionless soils due to its established accuracy. This method is particu-
larly noted for its t-z and q-z curves, as depicted in Figure 2.11 and Figure 2.12, which illustrate the
nonlinear behavior of soil resistance under axial loading. Both clay and sand exhibit a similar nonlinear
pattern with respect to maximum vertical soil resistance. Following this peak, clay shows a decrease
in soil resistance, whereas sand maintains its maximum resistance level. These curves are derived
from empirical tests conducted by the American Petroleum Institute and are scaled based on the pile
diameter requirements.

For sand, the relative density is critical in determining shaft friction and tip bearing capacity, while for
clay, undrained shear strength is the primary factor influencing soil stiffness at different depths.
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Figure 2.11: T-z curve for sand and clay according to API
RP 2GEO [50]

Figure 2.12: Q-z curve for sand and clay according to
API RP 2GEO [50]

2.4. Dynamic amplification factor
The dynamic amplification factor for a single-degree of freedom (SDOF) mass-spring-damping system
is used to determine the excitation of a system when the frequency of a load approximates with the
natural frequency of the structure itself. Figure 2.13 shows the mass-spring-damping system with one
degree of freedom. below a short summary is given of how the derivation of the formula of the dynamic
amplification factor is established.

Figure 2.13: Mass-spring-damping SDOF system [55]

Equation 2.12 represents the equation of motion (EOM) of the mass-spring-damping system. The
equation of motion consist of a second order differential equation.

𝑚𝑥̈ + 𝑐𝑥̇ + 𝑘𝑥 = 𝐹𝑒𝑥𝑡 (2.12)

The response x(t) consists of two different solution; the homogeneous solution (where no external
force is there) and the particular solution (the steady state solution). The primary interest is the forced
response due to dynamic loading. Therefore the focus is on the particular solution which addresses
the system’s response to these loads. The influence of the homogeneous solution will be neglected in
this case.

The assumed solution is represents Equation 2.13

𝑥 = 𝑋̂𝑐𝑜𝑠(𝜔𝑛𝑡 − 𝜙) (2.13)

Where
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𝑥̇ = −𝑋̂ 𝜔𝑛 𝑠𝑖𝑛(𝜔𝑛𝑡 − 𝜙)
𝑥̈ = −𝑋̂ 𝜔2𝑛 𝑐𝑜𝑠(𝜔𝑛𝑡 − 𝜙)

Substituting these solution in Equation 2.12 and solving the obtained equation gives the results that is
represented in Equation 2.14

𝑋̂ = 𝐹𝑒𝑥𝑡
(√𝑘 −𝑚𝜔2𝑛)2 + (𝑐𝜔2𝑛)

(2.14)

Substituting Equation 2.14 in Equation 2.13 and rewrite the equation a bit Equation 2.15 is obtained.

𝑥(𝑡) = 𝛿ST

√[1 − (𝜔𝑤𝜔𝑛 )
2
]
2
+ [2𝜁𝜔𝑤𝜔𝑛 ]

2

⏝⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⏝
Amplitude 𝑋̂

cos(𝜔𝑡 − 𝜙) (2.15)

𝐹0
𝑘 = 𝛿ST,

𝑚
𝑘 =

1
𝜔2𝑛
, 𝑐𝜔𝑤

𝑘 = 2𝜁𝜔𝑤𝜔𝑛
Now it can be seen that the amplitude of the response is given by Equation 2.16, which simultaneously
is the solution of the derivation of the mass-spring-damping system.

𝑋̂
𝛿ST

= 1

√[1 − (𝜔𝑤𝜔𝑛 )
2
]
2
+ [2𝜁𝜔𝑤𝜔𝑛 ]

2
(2.16)

where:
𝑋̂
𝛿ST

= DAF

𝜔𝑊 = frequency of the wave spectrum

𝜔𝑛 = natural frequency of the structure

2.5. Pile group factor
The pile group effect is a crucial consideration in the design and analysis of pile foundations, particularly
when piles are installed in close proximity to each other. This effect arises due to the interactions
between individual piles within the group, leading to significant differences compared to the behavior
of a single, isolated pile.

Soil-structure interaction plays a vital role, as the presence of piles alters the stress distribution in the
surrounding soil. This change impacts how load is transferred from the piles to the soil, often reducing
the effective load-bearing capacity of each pile due to overlapping stress zones. The shadowing effect
further intensifies this by causing piles to shield each other from the soil, thereby reducing the effective
contact area. This leads to a reduction in the overall load-bearing capacity of the group.

One of the most significant impacts of the pile group effect is on settlement behavior. The settlement
of a pile group can be substantially greater than that of a single pile due to the combined compression
zones of the piles. If these interaction effects are neglected, the resulting design may underestimate
the settlement, leading to significant settlement that affects the structure’s serviceability.

Neglecting the pile group effect in foundation design can have several consequences. It can lead to an
overestimation of the group’s load-bearing capacity, resulting in foundations that may not support the
applied loads, causing a risk of structural failure or significant settlement. .

O’Neill conducted research in 1983 [28] on the effects of pile group efficiencies in different types of soils
with varying numbers of piles in the group. The study used pile diameters of 0.6 meters and 1 meter,
and lengths of 30 meters. The results of this research are depicted in Figure 2.14 and Figure 2.15.
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Figure 2.14: Group efficiencies from tests of model pile
groups in cohesionless soils subjected to axial loading [28]

Figure 2.15: Group efficiencies from tests of model pile
groups in cohesive soils subjected to axial loading [28]

The high group efficiency for cohesionless soils is primarily due to the radial consolidation that oc-
curs during driving, resulting in an increase in lateral stress and, consequently, an increase in shaft
friction per pile. However, group efficiency is lower in cases where the soil’s relative density is high.
Additionally, group efficiency for upwards loading is significantly lower compared to cases where down-
ward force is applied. Lastly, the greater the spacing between the piles, the more the resulting group
efficiency converges to 1, indicating minimal influence of the group effect on bearing capacity .

Zhang et al. researched in 2022 [56] the pile group factor for offshore pin piles in clay, considering
different numbers of piles, configurations, and loading angles. They concluded that the loading angle
has a higher influence compared to the number of piles or spacing. The situation that most closely
mimics the Hybrid Monopile is depicted in Figure 2.16 and Figure 2.17. The influence of the pile group
factor reduces with increased spacing between the pin piles.

Figure 2.16: Pile configuration for offshore piles subjected
to lateral loading [56]

Figure 2.17: Group efficiencies from tests of model pile
groups in cohesive soils subjected to lateral loading [56]

2.6. Limitation factors
In this research various limitation factors are identified over a broad range. A monopile with a diameter
of 20+ meter can be designed and structurally be approved. However, the technical readiness level of
the industry should be taken into account. The installation of the offshore foundation should be possible
when comparing the foundation methods with each other. When the offshore wind foundation is simply
not able to install due to weight, size or installation regulations, it is taken into account. This section
dives deeper into the limitations factors of the installation of offshore wind foundations.

2.6.1. Noise and vibration pollution
In the last couple of years more and more factors are considered during the installation of monopiles
or pin piles for other offshore foundation structures. Hammering of these piles causes a lot of noise
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pollution which affects the quality of marine life.

Multiple countries across the world introduced regulations for the noise pollution during offshore con-
structions works. Figure 2.18 represents the a overview of the regulations established by six different
countries. Germany, The Netherlands and Taiwan introduced the most restricted measurements to pro-
tect the quality of marine life. The USA even restricted any activities where noise pollution is created
during certain seasons where protected mammals are migrating.

Figure 2.18: SEL regulations established by various countries [57]

Researchers from the University of Hamburg [36] conducted research to identify the influence of dif-
ferent parameters like pile diameter, ram weight, strike energy and water depth. Various models are
created to mimic the sound exposure level (SEL) during the installation of piles, by performing a sen-
sitivity study, they investigated the extend of how the SEL is affected by these parameters. It appears
that with exception of ram weight, the SEL increases by increase the pile diameter, water depth and
strike energy. Besides, they investigated the SEL at twenty one different offshore wind projects, it ap-
pears that without and noise mitigation strategy none of these projects were allowed to be executed in
these countries.

Moreover, this research showed that projects where pile are installed of 8 meter, at a water depth
of 39 meter, the SEL reached 182 dB at 750 meter of the installation site. In the future, assuming
the deployment of monopiles at larger water depths which goes align with increasing diameters are
installed, the SEL is going to exceed the established limits.

Multiple noise mitigation measurements are introduced to reduce the SEL offshore. Research con-
ducted by the The Federal Maritime and Hydrographic Agency [35] shows that a Big Bubble Curtain
BBC is the most effective measurement to mitigate noise vibrations. According to the utilized models,
the sound exposure level can be reduced by approximately 15 to 17 dB in water depth of around 25
to 40 meters. The influence of the characteristics (e.g. size of the bubbles, pressure inside the bubble
curtain) of the BBC are insufficiently known on the SEL. For the employment of piles into deeper water
no accurate answer can be provided.

Besides hammering the piles, a vibrohammer can be used. In past projects it is proven that the vibro-
hammer can install monopiles of over 30 meter in diameter [58]. Vibrating the piles into the subsurface
reduces noise significantly. Nevertheless, vibrohammers are on average more expensive to use and
the soil conditions can be a limitations factor for the utilization of the vibrohammer. The vibrohammer
cannot provide enough energy to drive piles into the subsurface, specifically in stiff soils the vibroham-
mer is not able to provide sufficient energy.

Based on the information obtained from research mentioned above on the noise pollution, certain lim-
itation factors are identified. For this research the installation of piles larger than 9 meter in diameter
and deployment in water depth larger than 40 meter is considered unfeasible assuming the use of BBC
only. This can be extended to around 50 meters by using specific project measurements for noise
mitigation, as implemented by HMC in the He Dreight project [59]
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2.6.2. Lift capacity
The lift capacity and maximum hook height of the installation vessels are important to keep in mind.
The installation of wind turbines becomes difficult when the installation height of the nacelle extends
the hook height or the structure becomes to heavy to install. To assign a limitation to this, the largest
SSCV is considered to be a absolute limit to this.

The Sleipnir is the largest installation vessel in the world and has a crane capacity of 2 x 10.000 metric
tons, and has hook height above deck of 135 meter. Note for the SSCV more vessels are available
from different companies, however the Sleipnir is considered to be the absolute limit regarding off-
shore installation vessels, as soon as the working range or crane capacity is exceeded, the offshore
substructure is considered to be unfeasible to install in this research.

2.6.3. Manufacturing
The TitanGroup has recently announced plans to construct a new production factory for XXXLmonopiles
in northern Germany. This factory is expected to produce monopiles with a diameter of 14 meters, a
length of 140 meters, and a total weight of 3500 mt [37]. This facility is set to become the largest
monopile factory currently in operation.
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Research Methodology

In this chapter, the research methodology is explained to formulate an accurate answer to the main
research question. Initially, a framework is created to represent the overall approach of this research.
Subsequently, the structural model, installation model, and cost model are outlined within this frame-
work. These frameworks identify the steps conducted to achieve specific outcomes, which are essential
for answering the subquestions and, ultimately, the main research question.

3.1. Overall feasibility framework
Several models are developed to explore the technical and economic feasibility of the Hybrid Monopile
compared to traditional monopiles and jacket structures. The research divides these aspects into three
main categories: the design of each foundation type, their installation processes, and a cost evaluation
based on both design and installation factors. A clear framework is necessary since the output of
certain models is taken as an input for the following model. Figure 3.1 illustrates the framework of how
technical and economic feasibility are evaluated through structural design, installation assessments,
and economic evaluations.

Figure 3.1: Overview of overall feasiblity of the Hybrid Monopile compared to traditional monopile and jacket structure

3.2. Software
This report includes the provided software, code, and notebooks developed during the project.

19
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3.2.1. Abaqus
Abaqus is a software suite for finite element analysis FEA and computer-aided engineering (CEA).
Developed by Dassault Systèmes, it is widely used for simulating the behavior of products andmaterials
under various physical conditions. Abaqus offers a comprehensive range of tools for analyzing linear
and nonlinear problems, structural mechanics and fluid dynamics.

3.3. Framework models
In this section the framework of the structural model, installation model and costs model are outlined.

3.3.1. Structural model
The first model created in this research is the structural model used to obtain the design of the Hybrid
Monopile. Figure 3.2 provides the framework of how the design process for the Hybrid Monopile is set
up.

Figure 3.2: Structural model

The initial model developed in this research focuses on the structural design of the Hybrid Monopile,
as depicted in Figure 3.2. This model begins with inputs such as environmental conditions, soil char-
acteristics, and specifications of the wind turbines. Using these inputs, the model initially determines
the diameter of the monopile of the Hybrid Monopile based on statistical data from previous monopile
projects. The design of the interface piece and pin piles follows through iterative adjustments.

Once the preliminary design is established, the model calculates the forces acting on the structure,
which are specified by the user depending on factors like monopile diameter, turbine specifications,
and environmental conditions. Similarly, the soil-structure interaction of the pin piles is defined based
on input soil conditions, determining the dimensions and stiffness of the soil springs applied to the
structure.

The model conducts several critical checks during the design process. First, it verifies the bearing
capacity of the structure and pin piles against the applied forces. If forces exceed the capacity, ad-
justments are made to the pin pile dimensions and corresponding soil stiffness. Second, the model
assesses the natural frequency of the structure to ensure it does not overlap with critical 1P, 3P and
wave frequencies, requiring iterative design adaptions in case these the model of the Hybrid Monopile
does pass these checks.

Next, the Dynamic Amplification Factor (DAF) is computed to account for dynamic forces due to wave
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action. The DAF depends on the natural frequency of the structure relative to wave frequencies, with
adjustments made if necessary to maintain structural integrity under dynamic loading conditions.

Finally, stress levels within the structure are evaluated against Ultimate Limit State (ULS) thresholds.
If stresses exceed allowable limits, design adjustments are made to ensure structural reliability.

This iterative design process aims to design the Hybrid Monopile’s structural configuration. The output
of the model, the design of the Hybrid Monopile, is used as an input for the installation model and costs
model.

Lastly, Figure 3.2 shows outside of the model the design of the traditional monopile and jacket structure.
The design (dimensions and weights) of these structures are based on reference projects where wind
turbines are installed on these type of foundations in the North Sea.

3.3.2. Installation model
The second model that is developed is the installation model. This model determines the installation
strategy for the Hybrid Monopile, traditional monopile and jacket structure. Figure 3.3 represents the
framework for the installation model.

Figure 3.3: Installation model

The installation model takes as input values the design of the three different installation methods con-
sidered in this research. For the Hybrid Monopile and jacket structure it subdivides the part of the main
structure above water level and the pin piles. Based on these designs the weights and dimensions of
the various structures are determined.

Before determining the installation strategy, the model decides whether the manufacturing and installa-
tion is possible. In case the diameter of the monopile are becoming too big, the manufacturing monopile
is currently not possible. Similar for the installation, in case the structures are becoming too big, that
hammering is not possible due to underwater noise pollution or crane capacity limitations, it is not
possible to install a specific structure in specific water depths.

The model subdivides the installation of the structures in various phases. The first one is the installation
of noise mitigation, the second phase is the installation of the pin piles (this one does not apply for the
installation of the traditional monopile), the installation of the structure, and the last one is the levelling
and connection methods.

The output of the model is the installation time per phase, since various vessels could be used for
different phases. Besides, the model also provides the type of vessel and equipment required for the
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installation for a certain type of structure.

3.3.3. Costs model
The third model developed in this research is the costs model, depicted in Figure 3.4, which evalu-
ates the economic feasibility of the Hybrid Monopile compared to the traditional monopile and jacket
structure. This model takes inputs derived from the outputs of the structural and installation models,
including dimensions, weights, required vessels and equipment, and installation times for each foun-
dation type.

Figure 3.4: Costs model

The cost model calculates the manufacturing costs based on the dimensions and weight of each struc-
ture type, with costs per kilogram of steel accounting for labor-intensive processes such as welding,
particularly significant for jacket structures compared to monopiles.

Additionally, the model considers the type of vessels required for installation phases (noise mitigation,
pin piles, main structure), factoring in vessel dayrates and required equipment. By combining manu-
facturing and installation costs, the total costs for each foundation type (Hybrid Monopile, traditional
monopile, jacket structure) are determined, enabling a comparative analysis of their economic feasibil-
ity.

3.4. Verification and validation
Ensuring the validity of the Hybrid Monopile research requires a keen understanding of the potential
pitfalls and challenges in validating results. In structural, installation, and cost engineering, validation
can be achieved through several methods: application, comparison, statistical analysis, or simulation.
Choosing the right validation method is essential for accurate results.

The structural model is constructed using the software Abaqus, which is recognized for its reliability in
determining the natural frequency and stresses for structures. To ensure the model’s accuracy, a sensi-
tivity analysis is conducted, and the modal shapes of the structure are checked to verify they match the
expected shapes for the first, second, and third modes. The model is tested under various loading con-
ditions to assess its sensitivity and to ensure that the stress concentrations occur at expected locations.
However, exact verification and validation are challenging because the model cannot be compared to
reference projects where Hybrid Monopiles are used as foundations for offshore wind turbines.

Not all outcomes lend themselves to straightforward validation. For example, assessing the correct
installation of an offshore structure often relies on human interpretation rather than direct measurement.
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This subjectivity makes it difficult to validate qualitative outcomes with quantitative methods, such as
statistical analysis or comparison, potentially leading to flawed decisions.

A similar situation arises with cost comparisons. While cost estimates are based on existing literature
and sources, they cannot be exactly verified due to the lack of public data on reference projects for
offshore wind turbines. This limitation hinders the ability to ensure that the established costs accurately
reflect current conditions.

By acknowledging these challenges and carefully selecting appropriate validation methods, the Hybrid
Monopile research aims to produce reliable and credible results, ensuring that the proposed designs
and strategies are both technically and economically viable.





4
Structural analysis

4.1. Load combinations
The load combinations adhere to the standards outlined in IEC 61400-3 and Eurocode 0. As this
research includes various locations, the values are presented parametrically. Environmental loads are
provided based on their return period, while load factors are determined according to the ultimate limit
state.

The environmental conditions considered in this research are based on DLC 1.6 and are presented in
Table 4.1

Table 4.1: Environmental conditions corresponding to DLC1.6

Parameter Value
Wind speed Rated wind speed
Wave height 50 year return period
Current 50 year return period

Wave period Corresponding to wave height

The rated wind speed for the turbine ranges between 9-12 meters per second, depending on the ref-
erence turbine type considered for each situation. For the given design conditions, it is assumed that
the wind turbine operates at the rated wind speed, thus experiencing maximum thrust force.

Environmental conditions were derived from data downloaded from Copernicus [60]. Using hourly data
over the past 10 years, an extreme value analysis was performed to obtain the 50-year return value
for significant wave height and mean wave period. These return values were used to create a 20-
minute time series. This duration is sufficiently long to provide reliable estimates (t≥15 minutes) yet
short enough to maintain stationary wave conditions (t≤30 minutes) [61]. The values from this analysis
are used as inputs for the maximum wave height and wave period.

Table 4.2 presents the combination factors for the various types of loading based on the regulation in
the DNV-OS-C101 [62].

Table 4.2: Load combination factors according to DNV standards

Load Permanent load (G) Variable Load (Q) Environmental Load (E)
a) 1.2 1.2 0.7
b) 1 1 1.15

25
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4.2. Design conditions
To access the technical and economic feasibility of the Hybrid Monopile, the design across diverse
site conditions are established. This analyses is conducted on variables including water depth with
corresponding significant wave height and mean wave period representative to the North Sea, soil
conditions and the size of the wind turbine installed atop the foundation.

six different water depths are considered for the investigation of the design for the Hybrid Monopile,
traditional monopile and the jacket structure. The following water depth are considered: 30, 40, 50, 60,
70 and 80 meters. The reason to start from 30 is that the installation of large wind turbines required
large diameters of monopiles. Large diameter of monopiles installed in shallow water falls outside of
the spectrum where the Morison equation is valid. Therefore the analysis start from 30 meter water
depth. Figure 4.1 provides an overview of all variables considered for the design conditions of the
Hybrid Monopile.

Figure 4.1: Overview of various variables for the site conditions

4.2.1. Environmental conditions
In designing the Hybrid Monopile, the environmental conditions shown in the figure above are consid-
ered. The maximum wave height is derived from a significant wave height and peak wave period of
6.1 meters and 16.8 seconds, respectively, for water depths of 30 to 40 meters, and 9.6 meters and
20.8 seconds for water depths of 50 to 80 meters. Additionally, a constant current velocity of 0.3 m/s
is assumed.

For the resulting wind speed it is assumed that the rated wind speed for the various wind turbine sizes
occurs at the site. At these wind speed the thrust force is at maximum.

4.2.2. Soil conditions
The response of the piles heavily depends on the soil conditions where the foundation is installed,
in this research two different types of soil are investigated, sand and clay. These two soil types are
considered to be the most common in offshore environments. Both sand and clay contains various soil
characteristics, in Table 4.3 the characteristics of both the considered sand and clay are represented.
These soils will later on be used for the determination of the p-y, t-z and q-z curves for the Hybrid
Monopile.

The soil will be primary homogeneous, this means that the entire subsurface consist of sand and clay
with similar characteristics, It provides valuable insights to see how to the structure should be designed
in cases where the subsurface mostly consists or either sand or clay. Thus, for sand the subsurface



4.3. Hybrid Monopile 27

will be entirely homogeneous and has the characteristics as mentioned in Table 4.3. This is similar for
clay, however, this undrained shear strength will increase along with the increasing depth.

Table 4.3: Considered soil conditions for the designs

Sand Clay
Unit weight (𝛾) 21 (kN/m3) 16 (kN/m3)

Friction angle (𝜑) 32 ° 20 °

Cohesion (c) 0 kPa

15 kPa [0 - 4m]
100 kPa [4 - 20m]
200 kPa [20 - 40m]
300 kPa [40 - 60m]
400 kPa [60m +]

In this table it can be seen that the cohesion for sand is 0 and that the cohesion of clay varies along the
depth. The deeper the clay layer, which is relative to the seabed, the higher the cohesion of the clay
layer.

4.2.3. Reference wind turbines
In order to assess the feasibility of the Hybrid Monopile compared to the traditional monopile and jacket
structure different scenarios are created to analyze components of both horizontal and vertical loading
on its foundation. These scenarios consider factors such as the size of the wind turbine’s rotor, which
directly influences the thrust force exerted on the turbine. In the table the maximum thrust force at rated
wind speeds are assumed. Additionally, the weight of the tower, including the Rotor Nacelle Assembly
(RNA), is taken from the reference turbines. These wind turbines are categorized into five types, and
the preliminary design of the monopile part of the Hybrid Monopile is developed based partly on these
classifications.

Table 4.4: Overview reference turbines

Type Source
Rotor

diameter
(m)

Tower length
(m)

Tower mass
(t)

RNA &
blade mass (t)

Thrust force
(kN)

5 MW NREL 126 90 347 314 779
8 MW LW 164 110 558 410 1320
10 MW DTU 178 119 605 715 1560
15 MW IEA Wind 240 150 860 1082 2827
22 MW IEA Wind 284 170 1574 1023 3959

4.3. Hybrid Monopile
This section provides an outline of the structural model for the Hybrid Monopile, including the input for
the installation and cost assessment. Initially, a preliminary design is determined. Based on this pre-
liminary design, the forces acting on the Hybrid Monopile under different site conditions are calculated.
The input for the Abaqus model is then explained. Using the FEM model, the natural frequency and
stresses are calculated. Finally, the dynamic amplification factor is outlined, including the trends for
different types of structures. All design checks and results are obtain for installations in both sand and
clay. From these design checks, the final design of the Hybrid Monopile is derived.

4.3.1. Overview and assumptions
The structural analysis is conducted using Abaqus. Figure 4.2 provides an overview of the parametric
model setup. The model uses various colors to highlight different parts that can be adapted in the input
file. The main structural components include the monopile, the interface piece, and the pin piles.
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Figure 4.2: Overview of structural model HMP in Abaqus

Given the numerous input parameters, certain assumptions have been made to fix specific parameters,
ensuring a clear analysis of the influence of variable parameters. The fixed parameters are as follows:

• The number of pin piles for the Hybrid Monopile is fixed at six.

• The height of the interface piece, i.e., the distance between the top and bottom flange, is fixed at
5 meters for all cases.

• The design layout is fixed, with only the dimensions of the parameters being adaptable.

• The maximum distance between the sleeve of the monopile and the sleeves of the pin piles is
limited to 1 meter.

• The thicknesses of the structural elements of the interface piece, including the upper and lower
flanges, the monopile sleeve, the pin pile sleeves, and the supporting shims between the flanges,
are uniform.

The variable parameters in the Abaqus model include:

• Diameter and thickness of the monopile.

• Diameter and thickness of the interface piece.

• Diameter, thickness, and length of the pin piles.

4.3.2. Preliminary design of the Hybrid Monopile
To estimate the forces acting on the Hybrid Monopile supporting offshore wind turbines, a preliminary
design is established. This design involves replacing the lower part of a regular monopile with an
interface piece and several pin piles, with the design depending on the force magnitude and soil prop-
erties. The force magnitude on the Hybrid Monopile is determined by the hydrodynamic loading and
the reference turbine installed on top of the structure. Estimating the hydrodynamic loading requires
determining the diameter of the monopile.

Data from 100 offshore wind turbine projects in or around the North Sea, where sea conditions are as-
sumed to be similar, were extracted from a Spinergie database [63]. This dataset includes projects that
are either completed, under development, or currently being assessed. This data includes information
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on monopile diameters, water depths at the project sites, and the sizes of the installed wind turbines.
To obtain the preliminary diameters of the monopiles, the water depth is plotted against the diameter,
and wind turbine sizes are categorized into five groups.

Table 4.5: Five groups to determine preliminary design based on turbine size

Group Boundaries
1. 3 MW < WTG ≤ 5 MW
2. 5 MW < WTG ≤ 8 MW
3. 8 MW < WTG ≤ 10 MW
4. 10 MW < WTG ≤ 15 MW
5. 15 MW < WTG ≤ 22 MW

All data points were plotted, and a curve fitting is applied to derive a trend line. This graph enables the
estimation of a monopile’s diameter based on the water depth and the installed wind turbine size.

The curve fitting involved comparing the first, second and third order polynomial. The least squares
error for each trend line is calculated to determine the best fit. The least square error of each trend line
can be calculated with Equation 4.1.

𝑆 =
𝑛

∑
𝑖=1
(𝑦𝑖 − 𝑓(𝑥𝑖 , 𝜙))2 (4.1)

Where 𝑆 is the sum of the squared residuals of each line, 𝑦𝑖 is the y-value of the data points, 𝑓(𝑥𝑖 , 𝝓)
is the model function where 𝝓 is a vector with the best fitted parameter for the function. The model
function for the first, second and third order are represented below:

• First order: 𝑓(𝑥, 𝜙) = 𝜙0𝑥 + 𝜙1
• Second order: 𝑓(𝑥, 𝜙) = 𝜙0𝑥2 + 𝜙1𝑥 + 𝜙2
• Third order: 𝑓(𝑥, 𝜙) = 𝜙0𝑥3 + 𝜙1𝑥2 + 𝜙2𝑥 + 𝜙3

The analysis shows that the error difference between the first and second order is in 3 of the 6 cases
is 0%, see plots in Appendix A, the other three cases has error differences of 0.57 %, 3.43 % and 7.9
%. It is assumed that every group of wind turbine sizes follow the first order curve fit. For the case
where the error difference is 7.9 could be chosen to take the second order curve fit. However, this
should assume that preliminary design of monopiles for 5-8 MW wind turbines has a higher diameter
compared to 8-10 MW, which is highly unlikely, therefore also in the 5-8 MW case the first order curve
fit is assumed to be most representable. Figure 4.3 represents the overview of all first order trends of
the diameter of the monopile based on the water depth where they are installed and the wind turbine
installed on the foundation.



30 4. Structural analysis

Figure 4.3: First-order trend line for initial diameter of MP for the HMP

In the plot, it is evident that as the size of the wind turbines increases, the linear trend becomes steeper.
This observation can be attributed to the fact that larger wind turbines require larger supporting struc-
tures. Consequently, the diameter of the monopile, which supports the turbine, also increases. The
forces acting on the monopile grow exponentially with the increase in diameter, as these forces are
proportional to the square of the diameter. Therefore, as the diameter increases, the design of the
monopile increases relatively more compared to smaller diameters, leading to a steeper trend line in
the plot.

To ensure that the linear assumption is representative, the Pearson correlation coefficient is determined
between the diameter and the depth of the monopiles. Two different coefficients: the correlation and
the strength of the interpretation are determined in this case.

The Pearson correlation coefficient is calculated according to Equation 4.2.

𝑟 = 𝑛 (∑𝑥𝑦) − (∑𝑥) (∑𝑦)

√[𝑛∑𝑥2 − (∑𝑥)2] [𝑛Σ𝑦2 − (∑𝑦)2]
(4.2)

Where, r is the Pearson correlation coefficient, n is the amount of observations, x is the diameter of the
observation, y is the water depth of observation.

Calculating the Pearson correlation coefficient gives a value of 0.7 and the p-value = 0. According
to the literature, this means a positive correlation which is moderately strong. A p-value of 0 (or very
close to 0) indicates that the observed result is extremely unlikely under the null hypothesis, which is
that there is no correlation between diameter and water depth. This typically means that the correlation
is statistically significant, and there’s strong evidence against the null hypothesis of no correlation [64].

4.3.3. Forcing on Hybrid Monopile
The forcing on the Hybrid Monopile consists of the hydrodynamic loading, the wind loading (only the
thrust force is taken into account) and the vertical loading, which consists of the weight of the RNA,
tower and monopile itself. Figure 4.4 represents an overview of the loading on the Hybrid Monopile
including wind turbine.
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Figure 4.4: Wind and hydrodynamic loading on Hybrid Monopile [7]

The monopile is cut-off a few meters above the interface piece. From this point the replaced foundation
for the monopile is placed. Based on the linear/Airy wave theory and Wheeler stretching the velocity
and acceleration of the propagating waves are calculated. With Wheeler stretching the force on three
places on the monopile are determined, since especially in deeper waters, the forcing of the waves
does not go until the seabed. The determination of the forces on top, the lowest point where the waves
reach and the location in the exact middle of these two forces. This is done by calculating the wave
velocity and acceleration at the calculated depths, using the new coordinates of the wheeler stretching
model. These parameters can be plugged into the Morison equation to determine the forces at these
three locations. By using Simpson’s rule to determine the base shear from the hydrodynamic loading.
Simpson’s rule represents a simplified integral based the quadratic integration of the hydrodynamic
loading. Figure 4.5 represents an overview of the three calculated forces, this is an example, for
deeper waters, the Flower does not reach until the bottom.
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Figure 4.5: Three calculated hydrodynamic forces based on wave characteristics and Morison equation

The base shear and overturning moment are calculated according to Equation 4.3

𝐹𝑏 =
𝑍𝑢𝑝𝑝𝑒𝑟 − 𝑍𝑙𝑜𝑤𝑒𝑟

6 (𝑓𝑢𝑝𝑝𝑒𝑟 + 4𝑓𝑚𝑖𝑑 + 𝑓𝑙𝑜𝑤𝑒𝑟) + 𝐹𝑡ℎ𝑟𝑢𝑠𝑡 (4.3)

Here, 𝐹𝑏 represents the base shear force. 𝑍upper is the z-coordinate of the highest point where the
waves exert a force, and 𝑍lower is the z-coordinate of the lowest point where the wave forces extend.
𝑓upper denotes the force at the highest point where the waves exert a force, while 𝑓lower indicates the
force at the lowest point where the waves exert a force. 𝑓mid is the force at the midpoint between the
upper and lower points. Additionally, 𝐹thrust is the thrust force from the wind turbines.

The vertical loading of the structure consists of the weight of the tower, including the RNA and the
weight of the monopile. The weight of the monopile is based on the dimensions of the preliminary
design consequently, consisting on the density of steel, the diameter, the wall thickness and the length
of the monopile, which is based on the depth. For the submerged parts there needs to be accounted
for the buoyancy. It is assumed that the entire monopile is submerged and the tower including RNA
not. Therefore the vertical forcing depends on the weight of the structure minus the buoyancy of the
monopile self

The overturning moment depends on two loading components. The first is the hydrodynamic loading,
assumed to be quadratic and centered at two-thirds of the distance from the seabed. This component
of the overturning moment is calculated by multiplying the horizontal loading (base shear) by two-thirds
of the length of the monopile measured from the seabed. The second component is the thrust force
exerted at the center of the wind turbine blades. This thrust force is multiplied by the total length of the
structure above the seabed, which includes the length of the monopile and the tower of the reference
turbine.

𝑀 = 2
3 𝑍𝑢𝑝𝑝𝑒𝑟 𝐹𝑏 + 𝐹𝑡ℎ𝑟𝑢𝑠𝑡 𝐿𝑀𝑃+𝑡𝑜𝑤𝑒𝑟 (4.4)

These three force components are applied to the top side of the foundation of the Hybrid Monopile.
Figure 4.6 represents how the forces on the model are applied. The forces that are caused by the
environmental loading is multiplied by partial safety factor to account for the ULS situation.
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Figure 4.6: Forces on Hybrid Monopile model Abaqus

The horizontal loading, vertical loading and overturning moment are determined according the method
described above, the three forces exerting on the model for all the different site conditions are repre-
sented in Figure 4.7 until Figure 4.9.

Figure 4.7: Base shear on the reference point per water depth
and wind turbine size

Figure 4.8: Vertical loading on the reference point per water
depth and wind turbine size

Figure 4.9: Overturning moment on the reference point per
water depth and wind turbine size

As shown in the forcing bar plots, the forcing grows exponentially. When shifting to deeper water
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while maintaining the same wave height and wave period, the wave velocity and acceleration decrease
slightly. However, the preliminary diameter increases with deeper water. In the inertia component of
the Morison equation, the diameter is squared, resulting in an exponential growth of forces as depth
increases. The diameter’s influence in the inertia component is more significant than the wave velocity’s
influence in the drag component, where velocity is also squared.

4.3.4. Frequency spectrum
To check the design of the Hybrid Monopile for the various design cases, the natural frequency of the
Hybrid Monopile is checked to prevent overlapping of the wave spectrum, 1P and 3P spectrum with the
natural frequency of the structure. In cases where the input design occurs resonance in the frequency
spectrum, the design of the Hybrid Monopile is adapted so no chance on resonance will occur.

The wave spectrum is derived from the JONSWAP spectrum, generated using time-series data where
significant wave height and peak wave period are input variables defined by site conditions at various
water depths. Figure 4.10 and Figure 4.11 present the wave spectrum for two different scenarios: one
for water depths of 30 and 40 meters, and the other for water depths ranging from 50 to 80 meters. It is
observed that the wave spectra in deeper water are relatively lower compared to shallower water due
to the larger wave period in deeper waters.

Figure 4.10: JONSWAP Spectrum 30-40 meter WD Figure 4.11: JONSWAP Spectrum 50-80 meter WD

The 1P frequency of the turbine depends on the time that all three blades passed a certain reference
point, in this case the mast. The 1P frequency is determined based on the parameters of the reference
turbines mentioned earlier in this report. The frequency depends on the rotor speed, which can be
converted to Hertz. Equation 4.5 shows the equation from which the 1P frequency for different turbines
can be determined.

𝑓1𝑃 =
𝑅𝑃𝑀
60 (4.5)

The 3P frequency is the frequency every time a blade passes the mast, the calculation looks similar to
the one for the 1P frequency, only it should be multiplied with three, Equation 4.6 shows the equation
for the 3P frequency.

𝑓3𝑃 =
𝑅𝑃𝑀
60 ∗ 3 (4.6)
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Table 4.6: 1P and 3P frequency of various reference turbines

Wind turbine RPM (r/min) 1P (Hz) 3P (Hz)
3 MW 18.45 0.30 0.90
5 MW 12.10 0.20 0.60
8 MW 10.40 0.17 0.52
10 MW 9.61 0.16 0.48
15 MW 7.56 0.13 0.39
22 MW 7.02 0.12 0.36

The table illustrates that as turbine size increases, the frequencies of 1P and 3P decrease. Combining
all frequencies into a single plot alongside the natural frequencies from the Abaqus model allows to
check whether the structure’s natural frequencies align with wave, 1P, or 3P frequencies. As depicted
in Figure 4.12, for a 10 MW turbine at a water depth of 40 meters, the natural frequency of the HMP
overlaps with the 1P spectrum. To mitigate this, adjustments are made to increase the structure’s
natural frequency. Options include enlarging the monopile’s diameter or thickness, increasing the pin
piles’ dimensions, or modifying the interface piece’s size. Figure 4.12 exemplifies the natural frequency
including the results of such adjustments. For detailed frequency spectra across all scenarios, see
Appendix C.

Figure 4.12: Frequency spectrum of the waves, 1P and 3P, including first natural frequency of the structure, example is 40
meter water depth and 10 MW wind turbine in sand

To examine how water depth influences the natural frequency of the Hybrid Monopile, all verified natu-
ral frequencies against the respective water depths are plotted. As depicted in Figure 4.13, a general
trend emerges where larger water depths correspond to higher natural frequencies for the structure.
This trend occurs because deeper water requires larger dimensions for the Hybrid Monopile. As the
structural dimensions increase, the stiffness of the structure grows more rapidly than its weight. Con-
sequently, the natural frequencies of the structure increase with increasing water depths.

However, this trend does not hold for the 10 MW turbine. Initially, during the preliminary design phase,
the natural frequency overlaps with the 1P frequency of the wind turbine. Consequently, adjustments
were made to the parameters of the Hybrid Monopile to shift its natural frequency outside of this spec-
trum.
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Figure 4.13: Natural frequency of the HMP against the water depths, dashed line is in clay, solid line is in sand

Furthermore, the influence of various parameters on the natural frequency of the Hybrid Monopile is
examined. As detailed earlier in this chapter, some parameters are taken as variables while others are
kept constant. Analyzing the impact of these five parameters on the natural frequency using the 10 MW
turbine installed at a water depth of 40 meters, with preliminary design values serving as the baseline.
The parameters investigated include the diameter and thickness of the monopile, the thickness of the
interface piece, and the diameter and thickness of the pin piles.

Figure 4.14 illustrates how the natural frequency varies with changes in these design parameters.

Figure 4.14: Sensitivity of the natural frequency of the HMP with varying design parameters

From Figure 4.14, it is apparent that the diameter of the monopile has the most significant influence on
the natural frequency. This is due to the larger diameter of the monopiles compared to the pin piles,
which greatly affects the overall stiffness. A 10% increase in the diameter of a 10-meter monopile has
a much more substantial impact than the same percentage increase applied six times to 2.5-meter pin
piles, this is due to the fact that the diameter goes to the power four on the formula of the moment of
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inertia. Conversely, changes in the parameters of the pin piles and the interface piece have minimal
impact on the natural frequency of the structure. Although the thickness of the monopile also affects
the natural frequency, its influence is comparatively minor compared to variations in diameter.

4.3.5. Dynamic amplification factor
The dynamic amplification factor (DAF) is not directly calculated within the Abaqus model. Instead,
a Python script is used to determine the DAF for various cases. The DAF depends on two input pa-
rameters: the frequency of the wave spectrum, which is influenced by site conditions, and the natural
frequency of the structure. For this analysis, two different JONSWAP wave spectra are considered:
one for water depths of 30 to 40 meters and another for water depths of 50 to 80 meters.

Figure 4.15 and Figure 4.16 show the dynamic amplification factor based on the natural frequency of
the Hybrid Monopile deployed in water depths of 30-40 meters and 50-80 meters, respectively. The
wave spectra are based on the data presented in subsection 4.3.4. The y-axis represents the dynamic
amplification factor, while the x-axis illustrates the natural frequency of the structure. The DAF for
a specific case is determined based on the structure’s natural frequency. When the wave spectrum
frequency and the natural frequency of the structure are very close, the dynamic amplification factor
tends to infinity. For steel structures in water, a damping ratio of 2% is used [65].

Figure 4.15: Dynamic amplification factor against natural
frequency of the Hybrid Monopile, based HMP design in water

depths of 30 and 40 meter

Figure 4.16: Dynamic amplification factor against natural
frequency of the Hybrid Monopile, based HMP design in water

depths of 50 till 80 meter

The plots appear almost identical; however, the wave frequency for the 30-40 meter water depth is
slightly higher compared to that for the 50-80 meter water depth. This difference arises because the
significant wave height and mean wave period for deeper waters are greater, resulting in a lower wave
frequency. Consequently, the DAF varies for different natural frequencies of the structure.

To investigate the trend of the dynamic amplification factor, it is plotted against the water depth. It is
observed that smaller wind turbines, and consequently smaller hybrid monopiles, tend to have smaller
DAFs because their natural frequencies are significantly higher compared to larger structures.

As water depth increases, the DAF decreases for every wind turbine size. This is because, in each
case, the natural frequency increases with the size of the structure. An interesting observation is that
the DAF remains constant for the 10-megawatt wind turbine. This occurs because for the initial case
the natural frequency overlaps with the 1P frequency of the wind turbine. In the 30 and 40meter depths,
the design is adjusted so it falls just outside this spectrum. Thus, both depths have the same natural
frequency, resulting in an equal DAF.

Figure 4.17 illustrates the trend of the DAF for various wind turbines at different water depths. After the
first run, the DAF is determined for every structure, the occurring base shear and overturning moment
is done times the corresponding dynamic amplification factor. The design cycle start after this again to
check how the design responds to the increasing forces.
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Figure 4.17: Dynamic amplification factor for various wind turbines against the installation depth in sand. Solid line = sand,
dashed line = clay

4.3.6. Pile group effect
The pile group effect is crucial to consider, as discussed in chapter 2. However, no research precisely
simulates the exact conditions representative of the Hybrid Monopile. Therefore, assumptions are
drawn based on existing literature.

According to literature, for lateral forces on the Hybrid Monopile with a pin pile spacing of 5 meters,
the pile group factor is 0.95. For the smallest structure in this study (3-5 megawatt wind turbine in
30-meter water depth), the spacing is already 4.87 meters. Hence, the assumption is that a spacing up
to 6 meters results in a pile group factor of 0.95, while beyond 6 meters, the pile group effect for lateral
loading is considered negligible.

For axial loading, a similar approach can be applied based on available research. Although no exact
matches exist for the Hybrid Monopile, reliable assumptions can be made. In dense sand conditions,
the pile group factor for downward loading is typically around 1. Since the Hybrid Monopile also ex-
periences upward loading, an average value is considered, which is approximately 0.8 for dense sand
with spacing around 5 meters and above.

For clay soils, similar values can be used. A pile group factor of 0.8 is assumed for clay, based on
spacing of around 5 meters and higher.

4.3.7. Design Hybrid Monopile
The final stage of the structural analysis involves stress checks based on the Ultimate Limit State (ULS)
threshold. Stresses in the structure are computed considering its geometry and applied forces. After
applying safety factors described in the design conditions, these stresses are compared against the
maximum allowable stress for the chosen steel type, S355, as defined by Equation 4.7.

𝜎𝑁𝐸𝑑 × 𝑆𝐹
𝜎𝑁𝑅𝑑

+
𝜎𝑀𝐸𝑑 × 𝑆𝐹
𝜎𝑀𝑅𝑑

< 1 (4.7)

Here, 𝜎𝑁𝐸𝑑 , 𝜎𝑀𝐸𝑑 , and represent the occurring normal and bending stresses in the structure, respec-
tively. These are scaled by the safety factor and compared to the corresponding design resistances
𝜎𝑁𝑅𝑑 , 𝜎𝑀𝑅𝑑, , for the maximum allowable stress in the structure, a safety factor of 1.5 is considered, while
a factor of 1.15 is applied on the exerting environmental forces.
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An illustration of such occurring stresses is depicted in Figure 4.18, which exemplifies the situation for
a 10-megawatt wind turbine at 40-meter water depth. These stress checks are conducted for every
structure type to ensure that every Hybrid Monopile structures matches with the safety and design
criteria.

Figure 4.18: Example of occurring stress in a Hybrid Monopile for a 10-megawatt wind turbine at 40-meter water depth

Pin piles
The first part of design consist of the pin piles of the Hybrid Monopile. The pin piles are the piles driven
into the subsurface. Table 4.7 shows the dimensions of the Hybrid Monopile at the final design at
various water depth and wind turbine sizes. All the occuring stresses in the structures are relatively
close to the ULS threshold. It can be seen that at increasing water depth and wind turbine sizes, the
pin piles are also increasing in diameter, thickness and length. The dimensions of the pin piles also
ensures that the bearing capacity of the foundation is enough to maintain during severe environmental
conditions.

Table 4.7: Dimensions pin piles for sand at various water depths and turbine sizes

5 MW 8 MW 10 MW 15 MW 22 MW
L D t L D t L D t L D t L D t

WD 30 26 2 0.04 31 2 0.06 30 2.5 0.06 44 3 0.06 52 3.5 0.07
WD 40 28 2 0.04 34 2 0.07 37 2.5 0.06 51 3 0.06 54 3.5 0.07
WD 50 34 2 0.04 37 2.5 0.06 41 2.5 0.06 53 3 0.06 56 3.5 0.08
WD 60 44 2 0.05 51 2.5 0.06 56 2.5 0.07 59 3 0.07 61 3.5 0.08
WD 70 41 2.5 0.05 51 2.5 0.07 56 3 0.06 66 3 0.07 69 3.5 0.08
WD 80 54 2.5 0.06 51 2.5 0.08 58 3 0.07 61 3.5 0.08 71 4 0.1
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Figure 4.19: Weight of the pin piles of the HMP in sand

The total weight of the pin piles, including all six piles together, is illustrated in Figure 4.19. It can be
observed that the weights do not increase linearly. This non-linear trend arises because the dynamic
amplification factor for shallower water depths is significantly larger compared to deeper waters. Con-
sequently, the design of the pin piles in shallower waters tends to be relatively heavier than those in
deeper waters.

Table 4.8 and Figure 4.20 depict the dimensions and weights of the pin piles for the Hybrid Monopile
when installed in clay. It is evident that the pin piles in clay are slightly larger. This increase is attributed
to the less favorable soil characteristics of clay compared to sand. Particularly, the upper layers of clay
are relatively soft compared to deeper layers. Therefore, for smaller wind turbines and shallower water
depths, the pin piles need to be installed deeper to penetrate through these softer layers of clay to
achieve sufficient bearing capacity for the structure.

Table 4.8: Weight of the pin piles of the HMP in clay

5 MW 8 MW 10 MW 15 MW 22 MW
L D t L D t L D t L D t L D t

WD 30 40 2 0.05 53 2 0.07 53 2.5 0.06 60 3 0.05 65 3.5 0.07
WD 40 44 2 0.05 58 2 0.07 55 2.5 0.06 63 3 0.06 68 3.5 0.07
WD 50 50 2 0.05 59 2.5 0.06 65 2.5 0.06 68 3 0.06 74 3.5 0.07
WD 60 59 2 0.05 60 2.5 0.06 60 3 0.06 77 3 0.07 80 3.5 0.08
WD 70 60 2.5 0.05 65 2.5 0.07 65 3 0.06 73 3.5 0.06 77 4 0.08
WD 80 65 2.5 0.05 63 3 0.06 75 3 0.07 78 3.5 0.07 83 4 0.09
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Figure 4.20: Weight of the pin piles of the HMP in clay

Interface piece
This subsection describes the design of the interface piece, which is a crucial component of the Hybrid
Monopile, connecting the pin piles to the monopile. The interface piece includes an upper and lower
flange, a large central sleeve for the monopile, six smaller sleeves for the pin piles, and internal shims
for reinforcement. The shims are welded between the pin pile sleeves and the central monopile sleeve.

Table 4.9 and Figure 4.21 present the dimensions and weight of the interface piece for the Hybrid
Monopile installed in sand. As expected, these findings indicate that the dimensions and weight of the
interface piece increase with both the water depth and the size of the wind turbine.

Table 4.9: Dimensions of the interface piece at various water depths and wind turbine sizes in sand, values in meters

5 MW 8 MW 10 MW 15 MW 22 MW
D t D t D t D t D t

WD 30 12.74 0.05 14.48 0.06 17 0.06 17.5 0.09 19 0.13
WD 40 13.22 0.05 14.86 0.06 18 0.07 18.5 0.09 22 0.12
WD 50 13.68 0.06 16 0.07 18 0.08 19 0.08 22 0.13
WD 60 14.16 0.06 16.5 0.08 18.5 0.08 21 0.12 23 0.14
WD 70 16.5 0.07 17 0.08 18.5 0.1 21.5 0.11 24 0.13
WD 80 16 0.08 18 0.09 19.5 0.11 22 0.14 26 0.17
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Figure 4.21: Weights of the interface piece part of the Hybrid Monopile ,in sand

Table 4.10 and Figure 4.22 present the dimensions and weight of the interface piece for the Hybrid
Monopile installed in clay.

Table 4.10: Dimensions of the interface piece at various water depths and wind turbine sizes in clay, values in meters

5 MW 8 MW 10 MW 15 MW 22 MW
D t D t D t D t D t

WD 30 12.74 0.05 14.48 0.06 16 0.08 18 0.09 19 0.13
WD 40 13.22 0.05 14.86 0.06 16.1 0.08 18.5 0.09 22 0.13
WD 50 13.68 0.06 16 0.07 16.4 0.08 19.3 0.09 22 0.12
WD 60 14.16 0.06 16.5 0.08 17.5 0.09 21 0.13 21.5 0.18
WD 70 16.5 0.07 17 0.08 18.5 0.09 21.5 0.14 24 0.17
WD 80 16 0.08 18 0.09 18 0.11 22 0.15 26 0.17
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Figure 4.22: Weights of the interface piece part of the Hybrid Monopile, in clay

The design of the interface piece is closely related to the design of the pin piles. A stiffer interface piece
transfers more forces to the pin piles, making it an iterative process. Conversely, a less stiff interface
piece transfers fewer forces to the pin piles. For pin piles in 80-meter water depths, there is a significant
change in design requirements. Since the pin piles need to be larger, the interface must be adapted
accordingly.

Monopile
The design of the monopile part of the Hybrid Monopile is based on the preliminary design values
obtained from the project data for the traditional monopile. As indicated before, the influence of the
diameter of the monopile has the biggest influence on the natural frequency of the entire structure,
including the reference towers installed on top of the Hybrid Monopile. In the case of the 10 MW
wind turbine, the first natural frequency of the wind turbine falls into the 1P spectrum. In this case the
diameter of the monopile is slightly increased to ensure the first natural frequency falls outside of the
1P spectrum. Increasing the diameter also increased the environmental loading on the structure and
increase the weight of the structure itself. Besides this case, all the values of the monopiles are kept
similar to what is determined in the subsection of the preliminary design of the monopile part of the
Hybrid Monopile.

Table 4.11 and Figure 4.23 show the dimensions and weights of the monopile in various situations.
The length of the monopile consists of the following elements: the assumed 4 meters self-penetration
depth, the water depth where it is installed and extra for clearance.

The thickness of the monopile depends on the diameter. The thickness is calculated according to
Equation 4.8 [66].

𝑡 = 0.00635 + 𝐷
100 (4.8)
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Table 4.11: Dimensions of the monopile in sand and clay over various water depths and wind turbine sizes

5 MW 8 MW 10 MW 15 MW 22 MW
L D t D t D t D t D t

WD 30 47 5.74 0.064 7.49 0.081 7.64 0.083 8.78 0.094 9.51 0.101
WD 40 57 6.22 0.069 7.87 0.085 8.01 0.086 9.34 0.100 10.36 0.110
WD 50 72 6.69 0.073 8.24 0.089 8.37 0.090 9.91 0.105 11.22 0.119
WD 60 82 7.16 0.078 8.61 0.092 8.74 0.094 10.47 0.111 12.07 0.127
WD 70 92 7.63 0.083 8.99 0.096 9.12 0.098 11.03 0.117 12.93 0.136
WD 80 102 8.1 0.087 9.36 0.100 9.49 0.101 11.59 0.122 13.79 0.144

Figure 4.23: weight of the monopile part for the HMP

The weight of the monopile does not increase linearly, and the trend shifts notably between 40 and 50
meters of water depth. This change is attributed to varying environmental conditions. For instance,
the monopile designed for 50-meter water depth must deal with higher maximum wave heights. Con-
sequently, the pile itself needs to be slightly longer to accommodate these conditions, which explains
why the monopile is heavier in this scenario.

The contribution of the total weight of the Hybrid Monopile is calculated and represented in a pie chart.
Figure 4.24 and Figure 4.25 show the weight ratios of the pin piles, monopile, and interface piece of
the Hybrid Monopile.
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Figure 4.24: Ratio of weight per structural component at 40m
depth

Figure 4.25: Ratio of weight per structural component at 70m
depth

It can be observed that the pin piles contribute the most to the weight of the entire structure in both
cases. However, in deeper waters, the contribution of the pin piles decreases by around 10%. This
decrease is due to the increased resistance provided by the soil as the pin piles penetrate deeper into
the subsurface. The deeper the pin piles go, the more resistance they encounter per unit depth. The
interface piece consistently accounts for approximately 20% of the total weight in both scenarios. The
contribution of the monopile increases with increasing water depth, which is because the weight of the
monopile grows exponentially. This exponential growth is due to the diameter of the monopile being
squared in the Morison equation, which is used to determine the forces on the structure.

4.3.8. Design improvement
After running the simulations, several problems were identified for each situation. These issues are
illustrated in Figure 4.26, which indicates their locations on the Hybrid Monopile.

1. The stress right above the interface is particularly problematic in scenarios with water depths
greater than 50 meters and wind turbines of 10 MW or larger. To address this, a thicker steel
plate was incorporated in this part of the models.

2. The stress magnitude in the steel section between the monopile sleeve and the pin pile sleeves
also orovides issues.
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Figure 4.26: Design bottlenecks in the Hybrid Monopile

The issues could be mitigated by adding extra shims at critical stress points for additional support.
For the steel section between these points, it could be eliminated, allowing the sleeves to be directly
welded together. This modification would result in higher moments in the pin piles due to the reduced
distance. Consequently, the thickness of the sleeves or the dimensions of the pin piles would need to
be increased to compensate.

In addition to identifying problems, the simulations also highlighted areas where the design could be
improved. Certain parts of the design do not contribute significantly to the structural integrity of the
Hybrid Monopile, as shown in Figure 4.27.

1. The top and bottom flanges between the pin piles experience negligible stress compared to other
parts. These flanges could be removed to reduce the weight of the interface piece.

2. The pin piles currently have a uniform diameter and thickness. However, the highest stress mag-
nitudes occur on the top side, near the interface piece. This suggests that the dimensions of the
lower part of the pin piles could be reduced.
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Figure 4.27: Possible design improvements

An adaptation of the design can lead to a different load distribution within the structure. Therefore, it is
necessary to emphasize that the entire design loop should be redone to verify whether the proposed
improvement actually enhances the design.

4.4. Traditional monopile
To estimate the dimensions and weight of traditional monopiles, curve fit lines were drawn based on
project data from wind farms in the North Sea. As a form of validation, some public domain projects
were plotted on these lines. Figure 4.28 illustrates the trend lines depicting monopile heights against
water depths.
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Figure 4.28: Heights of the monopile, based on project data from wind farms in the North Sea

Unfortunately, no project data or assessments are available for projects involving wind turbines between
15 and 22 megawatts. However, the four categories of wind turbines plotted exhibit an interesting trend.
The plots for 8-10 MW and 10-15 MW wind turbines overlap and are steeper compared to those for 3-5
MW and 5-8 MW turbines. This difference might be attributed to older wind projects in the North Sea
being designed less efficiently than current projects and assessments due to the limited knowledge at
the time.

When considering the total heights of the monopiles, which include the length driven into the subsur-
face, the heights do not vary significantly compared to the diameters of the monopiles at different water
depths. For water depths between 30 and 40 meters, which are considered feasible in this study, the
height difference between turbine sizes is around 10%. This suggests that most of the strength and
stability is achieved by increasing the diameter rather than the length.

For simplification, the maximum values from the trend lines are considered governing for this case,
including for 15-22 MW wind turbines. The diameters and thicknesses of the monopiles are assumed
to be similar to those from the preliminary design of the Hybrid Monopile, as this data originates from
monopile projects themselves.

According to research conducted by Sánchez et al. [67], the penetration depth of monopiles in sand
and clay is considered to be similar. This suggests that the behavior of monopiles in both soil types
does not significantly differ from each other. Therefore, for both of the situation the same monopile size
is considered.

Table 4.12 and Figure 4.29 present the dimensions and weights of the traditional monopile considered
in this research, based on the curve fit data of the projects.

Table 4.12: Dimensions of the traditional monopile based on trend line of former wind projects

5 MW 8 MW 10 MW 15 MW 22 MW
L D t D t D t D t D t

WD 30 67 5.74 0.064 7.49 0.081 7.64 0.083 8.78 0.094 9.51 0.101
WD 40 77 6.22 0.069 7.87 0.085 8.01 0.086 9.34 0.100 10.36 0.110
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Figure 4.29: weight of the traditional monopile

4.5. Jacket structure
To determine the weight of the jacket structure based on the size of the wind turbine that needs to be
placed on top of it and the various water depths, a method similar to the estimation of the monopile
height is used. Curve fit lines are drawn based on projects conducted in the North Sea. It’s noticeable
that for the 3-5 MW wind turbine size range, no project data is available, and hence, no curve fit is
drawn for this group of wind turbines. Given that wind turbines are becoming increasingly larger, it is
highly unlikely that 3-5 MW wind turbines will be installed on a jacket structure in the North Sea in the
near future. Therefore, this group is neglected in the jacket structure analysis.

There was also insufficient information for the 10-15 MW range; thus, the lines between the 8-10 MW
and 15-22 MW ranges are extrapolated to obtain a reliable estimation for this group. No wind turbines
larger than 15 MW have been installed yet in the North Sea, so these data points rely on assessments
of jacket structures for certain water depths and wind turbine sizes.

It is assumed that the curve fit follows a linear trend. The second-order and third-order polynomials for
the various wind turbine groups can be found in Appendix A.
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Figure 4.30: Weight of the jacket structure for various wind turbine sizes and water depths

Figure 4.30 shows the weight of the jacket structure. These weights exclude the weight of the pin piles
required for the jacket’s foundation. It is assumed that each jacket needs four pin piles and that the size
of the pin piles is similar to those for a Hybrid Monopile. Figure 4.31 and Figure 4.32 show the weight
of the jacket and pin piles in sand and clay, respectively. The size of the jacket structure is considered
similar in both situations since the environmental loading for sand and clay will be similar. However,
the size of the pin piles differs because the bearing capacity of clay is less than that of sand, requiring
larger pin piles in clay.

Figure 4.31: Weight of jacket and pin piles in sand
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Figure 4.32: Weight of jacket and pin piles in clay

To provide a clear comparison of the Hybrid Monopile’s weight relative to the jacket structure, four
separate plots are presented, each corresponding to a different wind turbine size. These plots offer
insights into whether the Hybrid Monopile’s weight is heavier, lighter, or comparable to that of the jacket
structure in similar scenarios (see Figure 4.33 - Figure 4.36).
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Figure 4.33: Weight HMP vs Jacket for 8 MW Figure 4.34: Weight HMP vs Jacket for 10 MW

Figure 4.35: Weight HMP vs Jacket for 15 MW Figure 4.36: Weight HMP vs Jacket for 22 MW

The plots reveal that, in all cases, the weight of the Hybrid Monopile is greater than that of the jacket
structure. The trend lines are steeper for smaller wind turbines, such as the 8 MW and 10 MWmodels.
As the turbine size increases, the angle of the trend line decreases. This trend suggests that the Hybrid
Monopile may be over-designed for smaller turbines, as it might not require the full complement of six
pin piles for these lower-capacity wind turbines.
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Installation assessment

This chapter provides an evaluation of the installation procedures for the Hybrid Monopile, traditional
monopile and jacket structure. It details the essential installation steps, including average time esti-
mates and necessary equipment. While the installation methods for traditional monopiles and jacket
structures are well-established and straightforward, the installation of hybrid monopiles is a novel area
of exploration. This chapter delves into different installation strategies for Hybrid Monopiles, discussing
their advantages and disadvantages. Time estimates for specific installations are sourced from con-
structability studies and publicly available reports [68], [69].

5.1. Assumptions
For the installation of the Hybrid Monopile, traditional monopile and the jacket structure, some assump-
tions are made for the installation of it.

• It is assumed that the jacket will be installed with pre-installed pin piles, and then positioned atop
these pin piles, rather than having the pin piles installed through the legs of the jacket.

• It is assumed that the grouting vessel works highly efficient and never has to wait for the installa-
tion vessel before start grouting

• The installation of the pin piles of the next location doesn’t influence the hardening process of the
grouting of the former installed pin piles

• It is assumed that the tip of the monopile penetrates the subsurface due to the self weight of the
Hybrid Monopile

• It is assumed that the site is suitable for immediate installation of the foundation structure. No
preparation is needed.

• For the installation of the traditional monopile a double bubble curtain is required, while pin pile
installation only requires one bubble curtain as noise mitigation.

• The Hybrid Monopile is transported vertically. The interface piece is considered to be too big for
overhang on the barge. Overhang can cause wave slamming on the structure, especially since
the interface piece is relatively large

5.2. Hybrid Monopile
This section outlines the installation assessment of the Hybrid Monopile, which consists of four phases:
installing the pin piles, lifting and positioning the structure, leveling the monopile and connecting the
Hybrid Monopile to the pin piles.

53
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5.2.1. Installation pin piles and Hybrid Monopile
In the first phase, the installation process of the pin piles and the Hybrid Monopile is outlined. The first
installation strategy is described below:

Strategy 1
1. Installation pin piles using a template

The first method for the installation of the pin piles involves using a template, the spacing of the tem-
plate is made identically compared to the interface piece, to ensure that the Hybrid Monopile including
interface piece fits over the pin piles. Figure 5.1, Figure 5.2 & Figure 5.3 illustrates the installation of
the pin piles by using the template.

The installation vessel can sail to the installation site. The installation can be done in combination with
barges, positioned against the heavy crane vessel. The barges are responsible for the supply of the
pin piles during the installation. This mean that the heavy-crane vessel does not have to go to the
yard to retrieve the pin piles itself. When the installation of the template is done, the pin piles can be
hammered or vibrated into the subsurface by the installation vessel. As soon as all the pin piles are
installed, the template is removed and the vessel sails to the next site to repeat this.

Figure 5.1: Installation of the template for the pin piles (HMP)
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Figure 5.2: Installation of the pin piles. Figure 5.3: Remove template after installation all pin
piles.

2. Lifting and positioning of the Hybrid Monopile

Now the lifting and the positioning of the Hybrid Monopile can be executed. The hybrid Monopiles are
supplied by a barge. It is assumed that the Hybrid Monopile is transported vertically. Two different
steps can be taken to install the Hybrid Monopile.

• Case 1: The interface piece and the transition piece can be assembled to the monopile onshore.
In this case the HMP is installed together. (see Figure 5.4)

• Case 2: The interface piece can be assembled offshore. In this case the transition piece is in-
stalled afterward on top of the monopile. This involves one extra step which needs to be executed
offshore. (see Figure 5.5)

In case that the interface piece and the transition piece are already assembled to the monopile onshore
saves an extra step of installation offshore, consequently saving time and money during the installation.
However, in case the Hybrid Monopile becomes to heavy and certain crane vessels are not suitable for
the installation, it could be more advantageous to install the transition piece separately, as is illustrated
in the second case. In both situation the sleeves of the HMP are guided over the pin piles. This process
is quite dependent on the environmental circumstances. During severe environmental situations, this
event can be hard to execute. The tip of the HMP is expected to push through the subsurface based
on self penetration due to the weight of the HMP. The positioning of the sleeves above the pin piles
are accompanied by an ROV to monitor the situation.

The benefit of strategy 1 is that the cycle can be subdivided into different phases, where first the pin
piles and secondly the Hybrid Monopile is lifted and positioned on top of the pin piles. The separation
of installation allows for more flexibility during the installation.
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Figure 5.4: Case 1: Installation HMP including TP and
IP

Figure 5.5: Case 2: installation HMP including IP

Strategy 2
1. Installation of the pin piles using the interface piece

The second strategy for installing pin piles involves utilizing the interface piece. Unlike the first option,
this approach eliminates the need to transport the template to each new location. Instead, the interface
piece is positioned on the subsurface, facilitating the installation of the pin piles. However, using the
interface piece as a template introduces additional risks. Piling templates often incorporate advanced
tools to ensure straight and secure pin pile installation, including mechanisms for easy decoupling [70].
When using the interface piece as a template, each interface piece must be equipped with these tools,
which includes significant costs. Neglecting to equip the interface piece with necessary tools introduces
risks, such as potential damage to sleeves and pin piles during the installation process. This could result
in the components becoming fixed together, enabling the interface piece of being leveled.

Assuming the pin pile installation is executed correctly. The interface piece should be connected to the
pin piles to ensure that it is fixed. There are multiple ways of connecting the interface piece to the pin
piles, in the coming paragraphs various assembling methods are outlined.
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Figure 5.6: Position IP on the filter layer and install pin
piles

Figure 5.7: Install all the pin piles and keep the IP on the
filter layer

2. Upend the monopile and position on top of the interface piece

Two different installation steps are identified to upend and install the monopile, dependent on the weight
and height of the monopile including transition piece, note that this installation methods are similar to
the situation where the pin piles are installed with the use of a template.

• Case 1: The transition piece can be assembled to the monopile onshore. In this case the HMP
is installed together with the transition piece. (see Figure 5.4)

• Case 2: The transition piece can be assembled offshore. In this case the transition piece is
installed afterwards on top of the monopile. This involves one extra step which needs to be
executed offshore. (see Figure 5.5)

In case the interface is pre-installed, the the monopile should be placed into the interface piece. A barge
supplies the monopiles. The crane vessels can take the monopiles from the barge. The monopile
needs to be positioned above the interface piece. The same difficulties pops up with this method.
The upending and positioning of the monopile is dependent on the environmental conditions. Severe
environmental conditions effects the installation time, if it is even possible to install the monopile in the
interface piece. The installation of the monopile is being monitored by a ROV to correct unexpected
movements. When the monopile is at position it is leveled and assembled to the interface piece.

The benefits of strategy 2 is similar to strategy 1, where the installation cycle is split up in two different
stages. This allows for more flexibility in the installation scheme. The disadvantageous of this method
is that the interface piece should be equipped with advanced tools for the installation of the pin piles.
Besides, strategy 2 requires two times a levelling and connectionmethod, since first the interface should
be connected to the pin piles, and secondly, the monopile should be connected to the interface piece.
Also, the monopile needs to be kept in place during the grouting phase which leads to extra costs.
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Figure 5.8: Case 1: Installation HMP including TP Figure 5.9: Case 2: installation HMP without TP

Strategy 3
Installation of the Hybrid Monopile prior to the installation of the pin piles

The third method involves installing the entire Hybrid Monopile before the pin piles. Hybrid monopiles
are delivered by barges, and the installation vessel lifts and positions the Hybrid Monopile into the
water. The interface piece is assembled onshore at the yard, along with the transition piece if possible.
The Hybrid Monopile is then positioned on the subsurface and placed into a gripper to keep it vertically
stable. The crane can then hammer the pin piles into the soil. This method simplifies the positioning of
the monopile, as it does not need to fit over pre-installed pin piles. However, the interface piece must
meet advanced requirements to prevent damage during installation of the pin piles.

The downside of this strategy is that installing the pin piles can be challenging, especially if the interface
pieces are large. If the vessel is positioned above the interface piece, multiple pin piles cannot be
installed simultaneously. This requires the use of multiple installation vessels or repositioning of the
installation vessel to complete the installation of the remaining pin piles, which is time-consuming.
Besides, this entire installation cycle should be conducted in once, therefore a relative long weather
window is required for the installation of the Hybrid Monopile and pin piles.
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Figure 5.10: Installation of the HMP prior to the installation
of the pin piles

Figure 5.11: Case 2: installation HMP without TP

5.2.2. Levelling
For the levelling of the Hybrid Monopile, four different levelling methods are identified and considered
interesting during the installation of the Hybrid Monopile. The methods are outlined below including the
advantages and disadvantage of the method:

1. Levelling tool

The the first method involves employing a levelling tool invented by OilStates, an instrument utilized by
the industry for the accurate alignment of jacket structures onto pre-installed pin piles. This method is
mainly supported by the swaging connection technique, which will be elaborated on later in this chapter.
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Following the positioning of the Hybrid Monopile,
the levelling tool is positioned atop of the sleeves,
which are equipped with a Lotch ring. The level-
ling tool secures itself onto the sleeves, using the
built-in centralizers for alignment. Once horizon-
tally aligned atop the pin piles,The leveling tool can
adjust itself vertically because it is clamped in the
sleeves and can leverage against the pin pile, which
is vertically anchored in the subsurface [71]. Once
the Hybrid Monopile is levelled according to this
procedure, the connection process can proceed to
assemble the Hybrid Monopile to the pin piles.
The advantages of the levelling tool is that the lev-
elling of the Hybrid Monopile can be executed at
the location and the technology is proven since it is
already used multiple times by the oil and gas in-
dustry.
The disadvantages of the levelling tool is that off-
shore operation and hydraulic power is required. Figure 5.12: Levelling tool [72]

2. Levelling by crane

The second method to level the Hybrid Monopile, is to use the crane of the vessel. The cabels of the
crane are attached to the upper side of the Hybrid Monopile and level the Hybrid Monopile to its right
position. This approach offers the benefit of having connections situated above the sea level, making
them relatively simple to observe and secure. However, a difficulty from the vessel’s motion caused
by environmental factors, requiring dynamic compensation to properly align the Hybrid Monopile. Ad-
ditionally, multiple lift points must be installed atop the Hybrid Monopile to prevent major disturbances.

3. Shims

The third levelling option is to add shims in the sleeves of the interface piece. This method is not
applicable for the installation methods where the interface piece is used as a template to install the
pin piles. The shims are installed prior to the installation of the Hybrid Monopile. The installation of
the pin piles are measured after installation. Based on the elevation of the pin piles, a plan is made
to determine at what height the shims are installed in the sleeves. The assembling of the shims is
executed in the yard.

The advantages of shims is that the preparation can be done onshore and no offshore tool is required
for the levelling of the Hybrid Monopile. The disadvantage is that it is difficult to adjust the positioning
offshore.

Figure 5.13: Shims welded inside the sleeve of the Hybrid Monopile [73]
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4. Gripper

After positioning the Hybrid Monopile on top of the pin piles, the gripper is used to center the Hybrid
Monopile horizontally and vertically.

The advantage of the gripper is that the Hybrid Monopile can be levelled on the site. The disadvantage
is that the gripper requires a significant amount of space on the installation vessel and it is an external
tool.

Figure 5.14: Gripper tool attached to a vessel [74]

5. Hydraulic gripper

The hydraulic gripper is a ring which can be installed on top of the sleeves of the Hybrid Monopile. After
lifting and positioning of the Hybrid Monopile, the hydraulic grippers clamps around the pin pile. The
hydraulic gripper allows for live levelling during offshore operation.

The advantages of the hydraulic gripper is that it can be assembled on the sleeve onshore in the yard,
it allows for live levelling during offshore operation and it is proven technology.

The disadvantage is that the hydraulic gripper can only be used once, which makes the use quite ex-
pensive since multiple pin piles are installed per Hybrid Monopile. Besides, multiple tools are required,
for example a ROV needs to be used to monitor and check whether the operation is going correctly.
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Figure 5.15: Hydraulic grippers [75]

5.2.3. Connection methods
The connection method are responsible for the assembling of the interface piece to the pin piles, and in
some cases, for the assembling of the monopile into the interface piece. Multiple potential connection
methods are identified for the assembling, they are outlined below:

1. Grouting

The most common method for assembling connec-
tions involves the use of grout, a fluid-like material
similar to cement. Grouting typically consists of a
mixture of cement and water and is primarily used
to fill gaps and spaces to enhance load-bearing ca-
pacity [76]. Once the entire Hybrid Monopile is po-
sitioned or assembled into the interface piece, grout
hoses are installed. The grout is then injected into
the connection to fill the gaps and create a stable
connection. It is assumed that the Hybrid Monopile
remains stable during the grouting process due to
its geometry, which typically lasts around 12 hours.
Although the grout achieves its final strength after
approximately 28 days.
One advantage of grouting is its widespread use
in the industry. However, it requires considerable
equipment for grout injection and is relatively ex-
pensive. Additionally, the waiting time for success-
ful hardening can be a significant operational bottle-
neck, often requires a long period of mild weather
conditions for optimal curing. Figure 5.16: Grouting of the connections, adapted from [7]
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2. Swaging

Swaging is a connection method that involves the
plastic deformation of steel material. It can be em-
ployed alongside a levelling tool in the assembly
process of Hybrid Monopile. First, the levelling tool
ensures the Hybrid Monopile is leveled. Once hor-
izontally and vertically aligned, the swaging tool is
inserted into the pin pile. As pressure increases in-
side the tool, it causes the material of the pin pile
to deform. This deformed material is pushed into
pre-fabricated rings within the sleeves until the pin
pile material is completely plastically deformed into
the rings. This process fixes the connection, which
can then be repeated for subsequent connections.
One advantage of the swaging method is its rela-
tively fast operation compared to grouting. How-
ever, each swaging tool can typically be used
around 50 times before requiring maintenance. Ad-
ditionally, it is an expensive tool to use, especially
when multiple connections between pin piles and
sleeves are needed simultaneously.

Figure 5.17: Illustration of the swaging tool [72]

5.2.4. Installation strategy selection
Based on the installation strategies for pin piles and Hybrid Monopile, as well as the leveling and
connection methods, the preferred installation cycle for the Hybrid Monopile has been established.

The first decision involves choosing the installation strategy for the pin piles and the Hybrid Monopile
itself. Strategy 1 is preferred for several reasons. It requires only one installation template, eliminating
the need for every interface piece to be equipped with advanced tools, which significantly reduces
costs. Additionally, Strategy 1 can be divided into different installation cycles, offering flexibility that
minimizes the risk of major delays due to unpredicted circumstances. For instance, pin piles can be
installed during the day when noise restrictions are not in effect, while the Hybrid Monopile can be
installed at night. This approach also requires a smaller weather window, which is advantageous for
the installation process.

In contrast, Strategy 2 requires two connections of the structural components, which increases time and
costs. Furthermore, equipping interface pieces with advanced tools is assumed to be more expensive
than lifting the piling template from the subsurface and moving it to the next location.

Strategy 3 is deemed unfeasible due to its requirement for a significantly longer weather window. Addi-
tionally, installing pin piles while holding the Hybrid Monopile in place is impractical. The vessel would
need to be repositioned or supported by another installation vessel, substantially increasing time and
costs.

For leveling, shims are assumed to be the best tool. Shims are a common, cost-effective industry
technique that can be installed onshore, making them cheaper than offshore leveling. Offshore leveling
tools are considered to be too expensive, especially since six pin piles are installed per Hybrid Monopile.

Grouting is identified as the best connection method. It is well-established in the offshore industry.
Although it requires time to harden, it remains more practical than swaging. Swaging, while interesting,
can only be used 50 times before maintenance is needed. Given that each Hybrid Monopile uses six
pin piles, this limits the installation to only eight foundations before requiring an interruption for tool
maintenance.

An additional component in the installation cycle is the implementation of noise mitigation measures.
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For installing the pin piles, two different hammers can be used. Driving the pin piles into the subsurface
requires noise mitigation, for which a bubble curtain is considered sufficient.

In summary, Strategy 1, using shims for leveling and grouting for connection, is the most efficient and
cost-effective approach for the installation of the Hybrid Monopiles. Table 5.1 represents a overview
of the installation times for the entire cycle of the Hybrid Monopile. The elaborate overview of all
installation events are represented in Table 5.1.

Table 5.1: Installation times for the hybrid monopile including vessel type

Phase: Events Time indication
(SSCV)

Time indication
(OSV)

0 Installation bubble curtain - 12 h
1 Pin piles installation 74 h
2 Lifting and positioning HMP 7.5 h
3/4 Grouting - 21 h

5.3. Traditional monopile
The installation of traditional monopiles is a straightforward and well-known process in the industry.
This subsection provides a brief summary of the transportation and installation of monopiles.

SSCVs are supplied by barges. The monopile is upended from a horizontal to a vertical position us-
ing cranes aboard the installation vessel, or an upend frame. Once vertical, the monopile is carefully
lowered to the seabed at the location. Figure 5.18 and Figure 5.19 represents respectively the trans-
portation and installation of the monopile.

Figure 5.18: Transportation of monopiles on a barge [77] Figure 5.19: Installation equipment monopile [78]

With the monopile in position, the installation vessel uses a hydraulic gripper or temporary frame to hold
it vertically stable. A hydraulic hammer then drives the monopile into the seabed, delivering powerful
blows to the top of the monopile until the desired depth is reached. The process is closely monitored
using sensors and GPS technology to ensure the correct depth and alignment. When using a hydraulic
hammer, noise mitigation measures are required.

Once the monopile is driven into place, the transition piece is lifted and secured onto the top of the
monopile. To ensure a robust connection, grout is often used to fill the annular space between the
monopile and the transition piece. In some cases the transitions piece is already part of the monopile,
avoiding the extra installation of the transition piece including grouting

Table 5.2 represents the installation cycle for a monopile. The phases are a total summary of the.
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Table 5.2: Installation cycle of the monopile including vessel type

Phase: Events Time indication
(SSCV)

Time indication
(OSV)

0 Installation bubble curtain - 24 h
1 Preparing, upending and installing monopile 12.5 h

5.4. Jacket structure
Installing jacket structures is a well-established process in the industry, involving both transportation and
installation phases. Typically, jackets are transported via barges, although fewer can be transported in
once compared to monopiles due to their larger size.

There are two primary methods for jacket installation. The first method involves placing the jacket on
the seabed and driving pin piles through its legs to secure it. Alternatively, a strategy comparable to
the Hybrid Monopile installation involves pre-installing pin piles using a template before positioning the
jacket. Installation of pin piles can utilize hydraulic or vibrohammers, with noise mitigation measures
like a bubble curtain required depending on the hammer type used. Figure 5.20 and Figure 5.21 shows
the transport and installation of the jacket structure.

Figure 5.20: Transportation of jacket structures on a
barge [79]

Figure 5.21: Installing a jacket [80]

If feasible based on weight considerations, jackets can be lowered into the water with the transition
piece already assembled onshore, which saves an extra lifting and installation action offshore.

Following pin pile installation, gaps between the pin piles and sleeves are filled with grout to ensure a
solid connection. Similar to the Hybrid Monopile, the installation of jacket structures can be phased to
provide flexibility in the installation process.

Table 5.3 shows the installation time of the entire cycle of the installation of the jacket structure.

Table 5.3: Installation time of the jacket structure

Phase: Events Time indication
(SSCV)

Time indication
(OSV)

0 Installation bubble curtain - 12 h
1 Pin piles installation 52 h
2 Jacket installation 7.5 h
3/4 Grouting - 21 h





6
Economic Evaluation

This chapter presents the economic evaluation of the Hybrid Monopile, traditional monopile, and jacket
struture. The evaluation is based on manufacturing costs, which depend on structural design and
labor intensity, as well as installation costs, which are influenced by vessel use and equipment. At
the beginning of the chapter, an overview and assumptions are listed. Subsequently, the costs of the
foundations are plotted. Finally, a sensitivity analysis is conducted to examine how certain parameter
adjustments affect the results.

6.1. Overview and assumptions
To determine the costs associated with manufacturing and installation, certain assumptions are made
due to scope limitations. The costs considered in this research are sourced from publicly available
resources [81], [82].

• The cost of manufacturing the interface piece is considered to be 80% of the cost of a jacket per
metric ton (mT). This assumption is based on the simpler design of the interface piece, making it
easier to construct.

• Manufacturing costs include both the cost of steel and the labor required to construct the founda-
tions.

• Installation costs are based on the installation cycle that an installation vessel needs to conduct.

• Potential yard and transport costs are not included in this analysis, as the study is not restricted
to a specific location.

6.2. Manufacturing
The manufacturing of the Hybrid Monopile, traditional monopile and jacket structure consist of two
different parameters: the steel price and the labor price to manufacture the structure.

The following prices regarding the manufacturing of the pin piles, monopile, jacket and interface piece
are listed in Table 6.1. The prices are taken from a cost overview from the University of Strathclyde
[81]. The costs originates from 2013, therefore the average Dutch inflation rate over the last 10 years is
considered to update the costs to a more reliable nowadays estimation. This inflation rate is assumed
to be 2.54% per year [83]. The costs includes the steel and labour price to produce the structure.

67



68 6. Economic Evaluation

Table 6.1: Manufacturing costs various wind turbines

Costs [€/mT]
Monopile € 2164
Jacket € 4551
Pin pile € 1525

Interface piece € 3551

The interface piece is a structure for which no cost data is currently available. By comparing its design
to that of a jacket structure, it is assumed that the interface piece is relatively cheaper to produce. This
is due to its lower overall height and simpler welds, which require less labor. Therefore, the cost of
manufacturing the interface piece is assumed to be one thousand euros less per metric ton compared
to a jacket.

Figure 6.1 till Figure 6.5 gives the manufacturing costs of the Hybrid Monopile, traditional monopile and
jacket structure. The costs are based on the weight of the structures resulting from the chapter 4 and
the costs for manufacturing the structures, depicted in Table 6.1.

Figure 6.1: WTG Range 3-5 MW Figure 6.2: WTG Range 5-8 MW

Figure 6.3: WTG Range 8-10 MW Figure 6.4: WTG Range 10-15 MW

Figure 6.5: WTG Range 15-22 MW

Figure 6.6: Manufacturing Costs vs. Depth for Different WTG Ranges

This analysis reveals that manufacturing of monopiles is significantly cheaper across all scenarios, for
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every wind turbine type, compared to both jacket structures and Hybrid Monopiles. The assumption
that monopiles can be used in water depths up to 50 meters consistently makes them at least the most
cost-effective option for water depths until 40 meter. Until 50 meter of water depth is in this research
not assessed due to missing information regarding project specific noise measurements after 40 meter
water depth.

For jackets, it’s notable that no data is available for wind turbines in the 3-5 megawatt range. For the 5-8
megawatt range, the cost of jackets appears relatively linear when compared to hybrid monopiles. This
linearity arises because the increase in size for jackets follows a linear trend, whereas the increase in
size for hybrid monopiles, pin piles, and especially the interface piece, does not. For the 5-8 megawatt
range, jacket structures are invariably cheaper than hybrid monopiles.

In the 8-10 megawatt and 10-15 megawatt ranges, hybrid monopiles are cheaper than jackets up to
water depths of approximately 65 meters and 74 meters, respectively. Beyond these depths, jacket
structures become the more cost-effective option.

For the very large turbines in the 15-22 megawatt range, the costs of hybrid monopiles and jacket
structures are comparable up to a water depth of about 70 meters. Beyond this depth, the size and
cost of the interface piece for hybrid monopiles increase significantly due to the higher forces, making
jackets the cheaper option.

Figure 6.7 and Figure 6.8 show the cost ratios per structural component for the Hybrid Monopile.

Figure 6.7: Costs ratio per structural component Figure 6.8: Costs ratio per structural component

At a water depth of 40 meters, the interface piece is the largest cost contributor, despite consisting only
about 20% of the total weight of the structure. It accounts for approximately 40% of the total costs.
For water depths of 70 meters, the contribution of the interface piece decreases to 30%, but it remains
10% higher than its weight contribution.

It is also noteworthy that the cost share of the pin piles ranges from 23-30%, while their weight contri-
bution is around 50%, indicating significantly lower costs relative to their weight. Conversely, for larger
structures, the monopile component is the largest cost contributor, reflecting its substantial impact on
the overall costs for these deeper and larger installations.

6.3. Installation
The installation costs for hybrid monopiles, traditional monopiles, and jacket structures consist of two
main components: the vessel dayrate, which covers the operation of the vessel including crew and fuel
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costs, and the costs for the required equipment for the operation. The data required to determine these
installation costs come from the structural analysis and the installation assessment.

Based on the results of the structural analysis, it can be determined whether the foundation can be
installed based on the weight and dimensions of the structure. If a structure becomes too heavy for
the assumed smaller installation vessel, a heavier vessel is required, leading to a higher rate for the
installation of this type of foundation in certain water depths.

The installation assessment determines how long it takes for a specific type of vessel to complete an
operation. The installation process is subdivided into different phases to ensure that large vessels
are not used for installing smaller and lighter pin piles. For each phase, a certain type of vessel is
determined, and the total time (in hours) needed to install these structural components is calculated.
Table 6.2 represents the costs considered in this research. These costs come from a cost analysis by
Strathclyde University [81], which is considered reliable since they were established in collaboration
with the industry. However, these costs were established in 2013. To adjust these values to current
levels, the average Dutch inflation rate of 2.54% over the past 10 years has been taken into account
[83].

Table 6.2: Costs in dayrates for the different types of vessels

Operating range
[mT]

Costs
[€/day]

OSV - € 38,793
HLV (small) 0 - 3000 € 239,111

HLV (medium) 3000 - 5000 € 458,569
HLV (large) 5000 < € 694,709

The vessels are subdivided into three sizes: small vessels with lift capacities up to 3000 mT (e.g.,
Bokalift and Alfa Lift), medium vessels with lift capacities up to 5000 mT (e.g., Orion, Green Jade,
Aegir, and Les Alizes), and large vessels with lift capacities above 5000 mT (e.g. Saipem, Thialf, and
Sleipnir).

In addition to the use of vessels, suitable equipment is required for the installation of hybrid monopiles,
traditional monopiles, and jacket structures. For example, the placement of a bubble curtain requires
both an offshore support vessel and the equipment itself. The installation of pin piles and monopiles
requires a hydraulic hammer, and for monopile lifting and stabilization, equipment is needed to hammer
the pile vertically. Table 6.3 represents the costs of the equipment. These costs come from sources
from Strathclyde University [81] and BVG Associates[82].

It should be noted that the costs are based on the average prices from different equipment suppliers.
The price of the equipment is therefore vulnerable to market supply and demand fluctuations, especially
for hydraulic hammers. Consequently, the prices can vary significantly. Figure 6.9 to Figure 6.13
illustrate the total installation costs for the Hybrid Monopile, traditional monopile, and jacket structure
based on the assumed costs.

Table 6.3: Day rates of installation equipment

Costs
[€/day]

Bubble curtain € 29,637
Pile gripper € 11,855

Upending equipment € 11,855
Hydraulic hammer € 59,275
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Figure 6.9: 5 MW Installation Costs Figure 6.10: 8 MW Installation Costs

Figure 6.11: 10 MW Installation Costs Figure 6.12: 15 MW Installation Costs

Figure 6.13: 22 MW Installation Costs

It can be observed that the installation costs generally follow a linear trend. This is because the costs
of equipment and vessels remain constant within a certain range, regardless of the structure size.
Structures below 3000 mT have similar installation costs since the same vessels are used for their
installation. However, when a structure’s components exceed 3000 mT (or 5000 mT), a larger vessel
is required, leading to an increase in installation costs as shown in the plots. For traditional monopiles,
the vessels used are consistent across different foundation types, irrespective of the wind turbine size
installed. For hybrid monopiles and jacket structures, there are points where the costs increase due to
deeper water depths and thus larger structures.

The reason the installation costs for monopiles are significantly lower is due to shorter installation
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times. While the installation of the superstructure is faster for hybrid monopiles and jacket structures,
the overall installation cycle for all pin piles results in a much longer installation time for the vessel itself.

6.4. Total costs comparison
In the last paragraph, the total costs including a 10% uncertainty margin is added over the total costs
of the Hybrid Monopile, traditional monopile and jacket structure. The total costs consist of a sum of
the manufacturing and installation costs.

Figure 6.14: 3-5 MW Total Costs vs. Depth with CI (Sand) Figure 6.15: 5-8 MW Total Costs vs. Depth with CI (Sand)

Figure 6.16: 8-10 MW Total Costs vs. Depth with CI (Sand) Figure 6.17: 10-15 MW Total Costs vs. Depth with CI (Sand)

Figure 6.18: 15-22 MW Total Costs vs. Depth with CI (Sand)

The first important point to notice is that the traditional monopile, where feasible, is consistently the
cheaper option. This is due to several factors. Firstly, the manufacturing of monopiles is relatively
straightforward and cost-effective. When considering installation costs, the entire monopile can be
installed much faster compared to jacket structures and hybrid monopiles. This is because the installa-
tion of jacket structures and hybrid monopiles requires driving pin piles into the subsurface, which is a
time-consuming activity. The time required to install pin piles is almost equivalent to that needed to in-
stall a monopile itself. Therefore, the overall installation cost is significantly lower for monopiles. While
lifting and installing the jacket and Hybrid Monopile onto the pin piles can be done more quickly than
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installing a monopile, the extended preparation time for pin piles makes monopiles more cost-efficient.

When comparing hybrid monopiles to jacket structures, it becomes evident that jackets are more cost-
effective for 5-8 MW turbines. This is due to two primary reasons. First, the manufacturing cost of
jackets does not significantly increase with weight, as the weight-related cost trend is relatively flat.
Additionally, the weight of the Hybrid Monopile components does not increase linearly. Furthermore,
the assumed use of six pin piles can be a cost drawback, as the lighter design might not require such
a number of pin piles. This assumption increases both manufacturing and installation costs.

For 8-10 MW and 10-15 MW turbines, the Hybrid Monopile becomes more cost-competitive compared
to the jacket structure. Despite the relatively higher design costs of hybrid monopiles in shallower
waters, jacket structures remain more expensive. The trend lines for the weights of jackets become
steeper for larger wind turbines, although they remain linear. In contrast, the increase in weight for pin
piles, interface pieces, and monopiles is not linear and becomes more pronounced in deeper waters,
up to 80 meters. A similar trend is observed for 15-22 MW wind turbines. However, due to a significant
weight increase for 15-22 MW turbines in 80-meter water depth, hybrid monopiles are only feasible up
to around 70 meters.

The trends in clay are relatively similar to those in sand. However, in clay, the structure of the Hybrid
Monopile becomes slightly heavier due to the lower bearing capacity of the soil compared to sand. This
difference impacts the total costs for certain turbine capacities. Specifically, in the 8-10 MW and 10-15
MW situations, the total costs show a slight difference where the Hybrid Monopile is more cost-effective
than the jacket structure. However, for the 15-22 MW situation, the Hybrid Monopile becomes more
expensive compared to the jacket structure. The cost graphs for clay are detailed in Appendix D.

6.5. Sensitivity analysis
Given the vulnerability of costs to price fluctuations due to uncertainty in the manufacturing process of
the interface piece, an analysis is conducted to assess the impact on the costs of the three foundation
types considered. The cost of the interface piece, the most uncertain parameter, is initially assumed
to be around 80% of the jacket structure cost due to its geometry. This analysis explores the scenario
where the interface piece costs increase, potentially equaling or exceeding the costs of the jacket per
metric ton (mT). The goal is to determine whether the total cost comparison remains consistent or if this
change results in the Hybrid Monopile no longer being cost-effective in scenarios where it previously
was. The focus of this analysis is primarily on larger wind turbines, as they are more likely to be installed
in the future.

Figure 6.19: 8-10 MW Total Costs vs. Depth with CI for higher
interface piece costs

Figure 6.20: 15-22 MW Total Costs vs. Depth with CI for
higher interface piece costs

Figure 6.19 illustrate the total costs when the interface piece are similar to the jacket regarding manu-
facturing costs. The design remains quite cost-effective up to approximately 75 meters of water depth.
Figure 6.20 shows the total expenses for the 15-22 MW wind turbine. The total expenses are nearly
equal when the manufacturing costs of the interface piece are relatively similar, but beyond 75 meters
of water depth, the Hybrid Monopile becomes significantly more expensive.
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Figure 6.21: 10-15 MW Total Cost vs. Depth with CI for higher
interface piece costs

Figure 6.22: 15-22 MW Total Costs vs. Depth with CI for
higher interface piece costs

Figure 6.21 and Figure 6.22 show the costs for the 10-15 MW and 15-22 MW configurations if the
manufacturing costs of the interface increase by 1000 euros (21%) per metric ton. For the 10-15 MW
range, the cost-effectiveness of the Hybrid Monopile decreases significantly, with costs being equal
until around 60 meters of water depth and higher beyond that point, making it less effective than the
jacket structure from 60 meters onward. For the 15-22 MW range, the costs for the Hybrid Monopile are
higher in all scenarios. Therefore, if the manufacturing costs increase by 20%, the Hybrid Monopile’s
cost-effectiveness becomes negative in these cases.

It’s important to note that installation costs cannot be directly compared here since reducing the number
of pin piles may also influences the design dimensions, making such a comparison not viable.

The sensitivity of various parameters is evaluated to determine their impact on the total costs when
certain costs increase by 10% or when no noise mitigation is required. Figure 6.23 and Figure 6.24
illustrate the increase in total costs due to changes in specific parameters.

Figure 6.23: Influence of various parameters on total costs for
15-22 MW wind turbines at 40 meters water depth

Figure 6.24: Influence of various parameters on total costs for
15-22 MW wind turbines at 70 meters water depth

From the figures, it is evident that in deeper waters, the contribution of the monopile part of the Hy-
brid Monopile becomes significantly larger. This is due to the exponential increase in the size of the
monopile, as the diameter of the monopile is squared in the Morison equation. Additionally, it can be
observed that the contribution of noise mitigation for the Hybrid Monopile is around 2-3%, based on
the assumed costs for noise mitigation measures. If the costs for noise mitigation equipment increase,
their contribution to the total costs will also become significantly larger. From these sensitivity plots it
can be observed that improvements in design significantly contributes more to the total costs compared
to the vessel rate. A 10% in manufacturing costs contributes more than a 10% increase in installation
time.



7
Discussion and conclusion

This chapter includes the discussion, conclusions, and future recommendations. The discussion presents
the interpretations, meanings, and limitations on the results obtained in this thesis. Following this,
conclusions are provided on each subquestion, leading to the answer to the main question. Finally,
opportunities and recommendations for future research are outlined.

7.1. Discussion
7.1.1. Structural analysis
The first part of the discussion addresses the limitations and interpretations of the methodology used
for - and results obtained by the structural analysis of the Hybrid Monopile. One significant limitation
concerns the forces acting on the Hybrid Monopile.

The initial limitation is the use of linear wave theory. This approach is used for convenience due to
scope limitations but provides a reliable indication of the hydrodynamic loading that acts on the Hy-
brid Monopile. However, relying on linear wave theory can neglect the nonlinear effects of the waves,
potentially underestimating wave steepness and wave height. Additionally, the wave velocity and ac-
celeration might be underestimated, leading to larger wave forces than those accounted for. Using a
linear wave theory does not yield results as accurate a using a higher order-wave theory

The forces on the structure are considered as quasi-static loading, resulting from hydrodynamic- and
wind forces under worst-case scenarios. These forces are determined based on a 50-year return
period, which exceeds the typical design life of an average offshore structure. However, quasi-static
loading does not account for potential resonance of the Hybrid Monopile due to dynamic effects of the
hydrodynamic loading. To incorporate dynamic effects, a dynamic amplification factor is calculated to
account for the higher resulting displacements and stresses that could occur under dynamic loading,
which is common in offshore situations. Nevertheless, using a dynamic amplification factor does not
yield results as accurate as a full dynamic analysis would.

In this study, a single degree of freedom (SDOF) system is assumed to calculate and provide a prelim-
inary estimate of dynamic amplification for the Hybrid Monopile in an offshore environment. However,
the Hybrid Monopile is a complex offshore structure exposed to substantial dynamic loads from waves
and wind. Given their complexity, a multiple degree of freedom (MDOF) approach is generally more
accurate. Complex structures often exhibit multiple significant modes of vibration, stress propagation
and failure modes, and the interactions between these modes can significantly influence dynamic re-
sponses. While an SDOF model offers a basic estimation, an MDOF model provides a more reliable
and comprehensive results of the dynamic amplification, offering deeper insights into resultant forces
and displacements.

Certain parameters are kept constant throughout the structural design research of the Hybrid Monopile,
such as the number of pin piles and the height of the interface piece. It should be noted that the choice
of six pin piles may not always be optimal. This quantity was selected for the feasibility study of the
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Hybrid Monopile design. In scenarios where smaller wind turbines are installed in relatively shallow
waters, fewer pin piles might be more advantageous. Conversely, situations involving larger wind
turbines in deeper waters might benefit from more than six pin piles. Adjusting the number of pin piles
has the potential to optimize the overall design of the Hybrid Monopile. However, for the purposes of
the feasibility study, six pin piles are considered representative.

In addition to the pin piles considered in this study, the pile group factor is determined based on research
conducted by various researchers as described in chapter 2. However, none of these studies mimics
the conditions specific to the Hybrid Monopile. The assumed values for the axial and lateral pile-group
factor are chosen according to the situations most resembling the situation for the pin piles of the Hybrid
Monopile. However uncertainties arise concerning the precise pile-group factor.

This study primarily focused on the feasibility of implementing the Hybrid Monopile in the North Sea. To
assess whether this concept could be feasible in other global regions, two critical factors must be con-
sidered: wave characteristics and soil conditions. If a region exhibits wave heights and periods similar
to those studied, the Hybrid Monopile might be applicable there; however, if the maximum wave heights
exceed those considered, the resulting forces would increase the structure’s dimensions, weight, and
costs. Additionally, a longer wave period than in the North Sea would generally be less problematic,
as it would reduce the likelihood of resonance with the structure’s natural frequency. Conversely, a
significantly shorter wave period could lead to resonance issues, increasing the dynamic amplification
factor. Soil conditions are also crucial; the Hybrid Monopile is unlikely to be feasible in areas with
soft clay, as it would not provide sufficient soil resistance and might collapse. Further assessments
are needed to ensure structural integrity in different locations, and additional research is required to
address challenges such as floating ice, seismic activity, or rocky soil.

The final design, based on the structural analysis, aims to bring the occurring stresses in the structure
as close as possible to the stress threshold. However, the stress analysis of the Hybrid Monopile has
revealed several potential design improvements. For instance, it was observed that the upper and
lower flanges do not contribute significantly to the stiffness of the structure. Despite these insights,
the subsequent results of the study are based on the original design of the Hybrid Monopile, including
the structural components identified for potential adaptation in the structural analysis chapter. Conse-
quently, it should be noted that the results obtained for the Hybrid Monopile are not based on a fully
optimized structure. In contrast, the monopiles and jacket structures from other projects, which serve
as comparisons, are assumed to be optimized. Nevertheless, the design of the Hybrid Monopile is
considered representable for technical and economic improvement regarding shape and structure to
compare with the existing structure.

7.1.2. Installation assessment
This study primarily focuses on the installation of a single Hybrid Monopile, assuming that the vessel
can start operations immediately upon arrival at the installation site.

Various installation strategies for the Hybrid Monopile were established based on qualitative research
into the installation methods of different offshore structures. However, no quantitative analysis was
conducted to assess the lifting capabilities of specific vessels under various crane angles. Addition-
ally, a big bubble curtain is considered the most effective and commonly used noise mitigation system
to reduce noise pollution during the installation of pin piles and monopiles, according to the litera-
ture. Nonetheless, certain projects employ location-specific noise mitigation systems that could poten-
tially offer greater noise reduction and more feasible installation processes than assumed in this study.
Whenever a (double) bubble curtain is available, it is generally preferable to project-specific measures.

The results indicate that the installation time for the Hybrid Monopile is approximately 30% longer
compared to a jacket structure. This is because the assumed time spans for driving pin piles into the
subsurface, regardless of size, lead to a longer overall installation time for the Hybrid Monopile, which
has six pin piles, compared to the jacket structure, which has four pin piles. It is important to note that
the number of pin piles required for the Hybrid Monopile and the jacket structure can significantly affect
the installation time per structure.

This study assumes fixed time spans for the installation of pin piles without considering specific project
data, which is often not available in open sources. The actual installation time heavily depends on the
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penetration depth required for the pin piles and the soil type, which can influence the installation time
for Hybrid Monopiles, jacket structures, or traditional monopiles.

Another limitation of this research is the assumption that the transportation and positioning of the Hybrid
Monopile on top of the piles will be similar to that of the jacket. This approach does not significantly
reduce the time compared to jacket installation. This study qualitatively explained that horizontal trans-
portation of hybrid monopiles is not feasible due to wave slamming on the interface piece, which over-
hangs the vessel. However, a quantitative determination of the exact limitations based on significant
wave height, wave period, and required weather window is needed to check whether this is the case
for every location.

Finally, the installation analysis in this study focuses on a single structure, assuming the installation
vessel is already on site. Considering factors such as distance to shore, potential need for barges,
transferring foundations from barge to installation vessel, or a vessel needing to return to the harbor
to get the foundation, these assumptions would increase the installation time per foundation if multiple
foundations need to be installed. Nevertheless, analyzing the installation of a single foundation pro-
vides a reliable estimation of the installation time per structure, allowing for a comparison of the Hybrid
Monopile with the jacket and traditional monopile to evaluate its potential.

7.1.3. Economic evaluation
The economic evaluation in this research primarily focuses on the manufacturing and installation of a
single structure.

The manufacturing cost per metric ton for hybrid monopiles, jacket structures, and monopiles is based
on public sources and influenced by steel- and labor prices. Jacket structures tend to have higher labor
costs due to the extensive welding required. Additional factors affecting manufacturing costs include
yard usage fees, available space, and production and storage capacities, which can lead to manu-
facturing interruption. The largest interface size has a diameter of 26 meters, while jackets installed
in water depths of 80 meters have footprints of around 35x35 or 40x40 meters. Consequently, jack-
ets typically need more storage space and a larger piling template. However, location-specific costs,
such as those influenced by site-specific conditions around the North Sea, are not considered in this
research.

The installation costs are based on the expenses of an installation vessel and its required equipment.
The potential costs of a barge for the transportation are not included in this calculation because the
installation location is not specified, making these costs difficult to determine reliably. The use of barges
and the distance to shore can significantly influence the installation costs per foundation. Therefore, it
is important to note that the results of this research cannot be directly applied to any specific situation
in or around the North Sea. The cost evaluation provides an overview based on manufacturing and
installation costs, regardless of the installation site. To make a direct comparison, the design of the
three foundations should be optimized for a specific site, along with considerations for the location and
yard exploitation for manufacturing.

Both manufacturing and installation costs are heavily influenced by fluctuations in demand and sup-
ply in the offshore energy market. This includes the costs of steel, labor, and day rates for vessels
and equipment required for installing the Hybrid Monopile, jacket structure, or traditional monopile.
Therefore, these costs have significant uncertainties, and contacting suppliers to verify day rates is
recommended to mitigate these uncertainties.

Additionally, the cost of the interface piece is based on the design established in this research. Due to
its limited space requirements and limited required welding, it is assumed that the labor hours needed
to produce the interface piece are lower compared to the jacket. However, since the interface piece has
never been manufactured before, providing an exact manufacturing cost ratio for the Hybrid Monopile
is challenging.

Despite the uncertainties addressed in this economic evaluation, the cost comparison is considered reli-
able, as most uncertainties apply to all three structures in this research. A sensitivity study is conducted
to see the influence of the most uncertain parameter in this research, the interface piece. Therefore,
the cost ratio between the structures is deemed reliable.
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7.2. Conclusion
This study investigates the feasibility of the Hybrid Monopile, which is a new concept for the foundation
of offshore wind turbines. The main research questions of this research is formulated as below:

”Can the technical and economic aspects of bottom-fixed foundations be improved by
implementing the Hybrid Monopile as a bottom-fixed foundation in comparison to jacket

structures and traditional monopiles in the North Sea?”

To answer this research question three subquestions are formulated. First all the three subquestions
are carefully answered. The answer on the main question will be formulated so the final conclusion of
this research can be drawn.

1. Up to what water depths, soil conditions, and wind turbine sizes can the Hybrid Monopile be
feasibly manufactured and installed?

In the first part of this research, a structural analysis is conducted. A preliminary design for the Hybrid
Monopile is created, followed by checks on its bearing capacity, natural frequency, dynamic amplifi-
cation factor, and stresses within the structure. Based on these checks, the design of the structural
components of the Hybrid Monopile is evaluated. This evaluation, along with identified limitations,
determines the feasible manufacturing and installation conditions for the Hybrid Monopile.

Given that a new factory in Germany can manufacture monopiles with a diameter of up to 14 meters
and a length of 140 meters, it is concluded that the Hybrid Monopile can be installed in both sand and
clay soils, at water depths up to 80 meters, and with a wind turbine capacity of 22 megawatts. Larger
water depths for the same wind turbine size would require a diameter exceeding 14 meters, making
it currently economically unfeasible to produce, and would it hardly be possible to install. Therefore,
the Hybrid Monopile is technically suitable for installation in water depths up to 80 meters with a wind
turbine size of 22 megawatts.

2. Is it possible to reduce the installation cycle time of the Hybrid Monopile compared to traditional
monopiles and jacket structures

In the second part of this research, the installation assessment of the Hybrid Monopile is conducted
by introducing three different strategies for its installation. Based on the design from the structural
analysis, the preferred installation strategy is determined, including the leveling and connection of the
Hybrid Monopile. The structural analysis also informs the type of actions required for installation and
the installation type per action.

Given that the Hybrid Monopile is installed with support from six pin piles and is lifted from a barge
and positioned atop the already installed pin piles, its installation closely resembles that of the jacket
structure, which requires only four pin piles. Therefore, as long as the Hybrid Monopile requires more
pin piles than the jacket structure, the installation cycle, assuming the vessel is already on site and
ready to operate, is not faster than that of the jacket structure. However, if the number of piles for the
jacket structure increases or the number of pin piles for the Hybrid Monopile decreases, the installation
cycle of the Hybrid Monopile could potentially outperform that of the jacket structure.

Comparing the installation of the Hybrid Monopile with that of the traditional monopile, the Hybrid
Monopile’s installation is significantly more time-consuming. This is because the installation process
for a pin pile and a monopile is similar, with only the hammer size varying. Considering that the Hybrid
Monopile requires six piles for installation, its installation cycle takes considerably more time, making
it highly unlikely to outperform the installation cycle of the traditional monopile. From the results on the
installation times it can be concluded that the installation time of the monopile is 80% faster compared
to the Hybrid Monopile. Compared to the jacket structure, there is potential to reduce the installation
time, mainly based on the number of pin piles required for each structure. However, in this study the
installation time of the jacket structure is 28% faster.

3. Are there achievable cost savings in manufacturing and installation processes of the Hybrid
Monopile compared to traditional monopiles and jacket structures?

In the final part of this research, a cost evaluation is conducted for the manufacturing and installation of
the Hybrid Monopile, compared to the traditional monopile and the jacket structure. The manufacturing
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costs are based on the structural design of each type, while the installation costs are based on the use
of vessels and the required equipment for installation.

For the manufacturing costs, it is assumed that the cost of producing the interface piece, the most
uncertain structural component of the Hybrid Monopile, is lower than that of the jacket structure. The
manufacturing costs depend on steel prices and labor costs per metric ton of steel for each type of
structure. If the interface piece is indeed cheaper to manufacture, the overall manufacturing costs of
the Hybrid Monopile are lower than those of the jacket structure. This is mainly because the weight and
size of the interface piece are significant components of the Hybrid Monopile. According to the costs
evaluation, a 20% reduction in the manufacturing cost of this component could significantly decrease
the overall costs. However, if the manufacturing costs of the interface piece are equal to or higher than
those of the jacket structure, the Hybrid Monopile becomes less cost-effective, particularly for larger
turbines. This is due to the fact that the increase in size for the jacket and for the Hybrid Monopile the
trend goes slightly exponential. The deeper the water depth, the more the costs of the Hybrid Monopile
equals each other. Therefore it can be concluded that the manufacturing costs for the Hybrid Monopile
are lower compared to the jacket in case the costs of the interface piece is lower than the jacket per
metric ton

The installation costs for the Hybrid Monopile are higher than those for the jacket structure, primarily
because the installation cycle is longer due to the greater number of pin piles needed for the Hybrid
Monopile. Additionally, the type of vessel required for the Hybrid Monopile cannot be significantly
reduced in cost, as the weight of the Hybrid Monopile (including the assembled monopile and interface
piece) is comparable to that of the jacket. Consequently, similar vessels with similar day rates are used
for both structures. Therefore, it can be concluded that as long as the Hybrid Monopile requires more
pin piles compared to the jacket, the installation costs cannot the reduced significantly.

Comparing the manufacturing costs of the Hybrid Monopile with a traditional monopile, the Hybrid
Monopile is not more cost-effective. A traditional monopile is relatively simple and inexpensive to man-
ufacture compared to the more complex geometries of jackets or the interface piece of the Hybrid
Monopile. Therefore, it can be concluded that the Hybrid Monopile will not be more cost-effective to
produce than the traditional monopile for water depths up to 40 meters.

Regarding installation costs, the Hybrid Monopile is always more expensive to install than the traditional
monopile for water depths up to 40 meters. This is mainly due to the time-consuming process of
installing pin piles. Therefore it can be concluded that the using a Hybrid Monopile does not reduce the
installation costs compared to the traditional monopile.

Based on the answered subquestions the main research question can be answered.

This study concludes that the Hybrid Monopile is suitable for installation in water depths of up to 80
meters, extending its applicability to deeper waters compared to the traditional monopile. However,
in scenarios where the traditional monopile is a viable option, it always remain more cost-effective to
install compared to the HMP. It should be acknowledged, however, that an increasing number of coun-
tries are imposing stricter sound exposure limit during installation, potentially making the installation
of monopiles more challenging due to restrictions on pile driving. In this kind of situation the Hybrid
Monopile would be a interesting alternative since the diameter of the pin piles required for the Hybrid
Monopile are significant smaller compared to the diameter of the traditional monopile

When comparing the Hybrid Monopile to the jacket structure, the Hybrid Monopile does not exceed
the allowable installation depth of the jacket, which can be installed in deeper waters compared to the
Hybrid Monopile. Nevertheless, the economic evaluation suggests that the Hybrid Monopile has the
potential to be more cost-effective than the jacket structure when installed in North Sea conditions up to
water depth of around 70 meter. This indicates that the Hybrid Monopile could economically outperform
the jacket structure in specific scenarios, despite the jacket’s broader technical applicability.

In conclusion, the Hybrid Monopile presents a promising alternative foundation for offshore wind tur-
bines in the North Sea conditions. With further research and optimization, it has the potential to enhance
the feasibility and cost-effectiveness of offshore wind energy projects, contributing to the transition to-
wards renewable energy sources.
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7.3. Future recommendations and opportunities
The future recommendations highlight opportunities for further research and improvements in the Hy-
brid Monopile’s design, installation, economic evaluation. These recommendations aim to enhance the
research on the Hybrid Monopile’s feasibility and competitiveness in the offshore wind energy market.

Structural analysis recommendations
Future research should focus optimizing the number of pin piles and exploring alternative configurations
for the interface piece. This can further enhance the Hybrid Monopile’s structural performance and
cost-effectiveness.

Future research on the structural analysis also consist of a fatigue analysis which is not conducted in
the feasibility study. Most offshore structure are relatively vulnerable to fatigue due to the fluctuating
wind and wave forces. For the optimized design, an extensive fatigue analysis should be conducted.

Installation assessment recommendations
Optimizing installation strategies for the Hybrid Monopile, including potential horizontal transportation
and dynamic positioning, should be explored to reduce installation time and costs. Quantitative anal-
ysis of specific vessel capabilities and noise mitigation systems should be conducted to enhance the
accuracy of the installation assessment. Future research should also consider the impact of installing
multiple Hybrid Monopiles in an offshore wind farm.

Economic evaluation recommendations
Optimizing the Hybrid Monopile’s design for specific offshore wind farm sites, considering location-
specific factors and market fluctuations, is essential for enhancing its economic competitiveness. Fu-
ture research should involve detailed cost assessments based on specific project sites by taking into
account the distance to shore and potential yard and transport costs.

Overall recommendation
In the paragraphs above, specific recommendations were provided for various sections discussed in
this thesis. This final paragraph presents overall recommendations to make the concept of the Hybrid
Monopile more feasible.

As previously addressed, the structural design of the Hybrid Monopile is not fully optimized. Structural
optimization can lead to significant weight reduction and, consequently, cost reduction. The cost com-
parison indicates that the structural components significantly impact the total costs of the structure. A
lighter structure will likely result in an overall reduction in the weight of multiple structural components of
the Hybrid Monopile. Therefore, the first step is to optimize the structural design of the Hybrid Monopile.

Regarding the installation of the Hybrid Monopile, it would be beneficial to investigate whether the
Hybrid Monopile can be transported horizontally on a barge. This would allow more Hybrid Monopiles
to fit on a barge, thereby reducing transport costs. Additionally, determining the optimal number of
pin piles per situation could potentially reduce installation time. It is also recommended to conduct a
site-specific study and include a transport model to evaluate the required time, number of barges, and
specific use of yards. This would provide a better estimation of the total installation costs of the Hybrid
Monopile compared to traditional monopiles and jackets.

From an economic perspective, it is recommended to identify a yard where the Hybrid Monopile can be
manufactured. Currently, yards only exist for the fabrication of either monopiles or jackets. Investigating
the possibilities and potential costs of establishing a yard dedicated to fabricating the Hybrid Monopile
is highly recommended.

Opportunities
It could be interesting to check for ice-regions where jacket structures are not structurally feasible for the
foundation of offshore wind turbines. In these regions the Hybrid Monopile potentially has to compete
with the gravity-based structure. In these regions it would also be interesting to check whether the
Hybrid Monopile could be installed where the traditional monopile is not feasible to be installed. In
addition, certain regions in the world are subjected to earthquakes. It would be interesting to see how
to structure responds to the loads created by earthquakes.

Additionally, Heerema Marine Contractors recently introduced a silent pile-driving system. Instead of
vibrating or hammering piles into the subsurface, this system pushes them in. It would be interesting
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to explore the feasibility of using this technology for the Hybrid Monopile, as multiple piles need to be
installed. The push hammer can leverage the other piles to assist in installation. This method can
be performed without any noise pollution and has the potential to significantly reduce installation time
[84].
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A
Trend lines for the monopile and jacket

Appendix A provides the curve fit trend plots for the higher orders, this appendix shows them for the
monopile and jacket structure. In the report the linear trend line is used in all cases.

Curve fit Monopile
For each of the six different wind turbine groups, three polynomial fits are plotted along with their
respective least-squares errors (LSE). The polynomial fits are represented by solid lines up to the last
known data point, beyond which they are depicted as dashed lines to indicate extrapolation. This
extrapolation extends the trend beyond the available data points to predict how the relationship might
continue based on existing monopile foundation data for offshore wind turbines.

Curve fit for 3 MW < WTG ≤ 5 MW

In the plot for the wind turbines bigger than 3 MW and smaller or equal to 5 MW wind turbines, the first
and second order plots are the most representative, the third order shows a downward trend which
end up with negative values for the diameter in deeper water. The deepest water where the 3-5 MW
turbines is installed or an assessment is conducted is around 45 meter. Figure A.1 represents the curve
fits of the wind turbines bigger than 3 MW and smaller or equal than 5 MW.

Figure A.1: First, second and third order curve fit for 3 < WTG ≤ 5 MW
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Curve fit for 5 MW < WTG ≤ 8 MW

In the plot for the wind turbines bigger than 5 MW and smaller or equal to 8 MW wind turbines, the first
order curve fit is the most representative, the second order curve fit shows a steep upward trend while
around 30 meter water depth is the diameter decreases slightly, and third order shows a downward
trend for the diameter in deeper water. The deepest water where the 5-8 MW turbines is installed or an
assessment is conducted is around 65 meter. Figure A.2 represents the curve fits of the wind turbines
bigger than 5 MW and smaller or equal than 8 MW.

Figure A.2: First, second and third order curve fit for 5 < WTG ≤ 8 MW

Curve fit for 8 MW < WTG ≤ 10 MW

In the plot for the wind turbines bigger than 8 MW and smaller or equal to 10 MW wind turbines, the
first and second order curve fit is the most representative, both the curves have exactly the same LSE.
The third order shows a similar trend, however shows a more tempering trend after 65 meter. The
deepest water where the 8-10 MW turbines is installed or an assessment is conducted is around 65
meter. Figure A.3 represents the curve fits of the wind turbines bigger than 8 MW and smaller or equal
than 10 MW.
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Figure A.3: First, second and third order curve fit for 8 < WTG ≤ 10 MW

Curve fit for 10 MW < WTG ≤ 15 MW

In the plot for the wind turbines bigger than 10 MW and smaller or equal to 15 MW wind turbines, the
first and second order curve fit is the most representative, both the curves have exactly the same LSE.
The third order shows decreasing trend including going beyond negative values. The deepest water
where the 10-15 MW turbines is installed or an assessment is conducted is around 49 meter. Figure A.3
represents the curve fits of the wind turbines bigger than 10 MW and smaller or equal than 15 MW.

Figure A.4: First, second and third order curve fit for 10 < WTG ≤ 15 MW

Curve fit for 15 MW < WTG ≤ 22 MW

In the plot for the wind turbines bigger than 15 MW and smaller or equal to 22 MW wind turbines, the
first and second order curve fit is the most representative, both the curves have exactly the same LSE.
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The third order shows a tempering trend around 60 meter water depth. The deepest water where an
assessment is conducted for the 15-22 MW turbines is around 67 meter. Figure A.5 represents the
curve fits of the wind turbines bigger than 15 MW and smaller or equal than 22 MW.

Figure A.5: First, second and third order curve fit for 15 < WTG ≤ 22 MW

Curve fit Jacket
In this section of in the appendix the first, second and third order of the curve fit of the jacket are
represented including there least square error. Only the plots for the 5-8 MW, 8-10 MW and 15-22 MW.
There is not enough data available of jackets built, developed or assessed in the North Sea for wind
turbines smaller than 3 MW and in between 10-15 MW

Figure A.6: First, second and third order curve fit for 5 < WTG ≤ 8 MW
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Figure A.7: First, second and third order curve fit for 8 < WTG ≤ 10 MW, for the jacket

Figure A.8: First, second and third order curve fit for 15 < WTG ≤ 22 MW, for the jacket





B
Abaqus model

In appendix B the explanation of the assumption and algorithm is outlined for the Abaqus model is
outlined.

The Abaqus suite comprises several modules, with Abaqus/Standard and Abaqus/Explicit being the
most prominent. Abaqus/Standard is used for static and low-speed dynamic events (quasi-static),
such as stress analysis, while Abaqus/Explicit handles high-speed dynamic events, such as crash
simulations and complex contact problems. Both of these modules are numerical solvers based on
the Newton-Raphson method. Another key module, Abaqus/CAE (Complete Abaqus Environment),
provides a comprehensive environment for modeling, visualization, and managing simulation data.

Finite Element Analysis
To assess the stresses induced by wind and wave forces, a finite element analysis (FEA) is conducted.
This section will outline the approach for the FEA and explain the setup of the Abaqusmodel. The forces
exerted by wind and wave loading will be detailed in the subsequent subsection. The objective of this
analysis is to determine the deflection of the various structural components of the Hybrid Monopile,
from which the stresses can be derived.

The second analysis conducted using Abaqus focuses on determining the natural frequency of the
structure. To achieve this, reference turbines are modeled atop the Hybrid Monopile to obtain a reliable
response regarding the natural frequency and corresponding modal shape.

To conduct the FEA of the Hybrid Monopile a numerical model is created to verify the design of the
foundation of the Hybrid Monopile. Abaqus is a finite element analysis software used to analyse the
model. The structure is discretized with a certain amount of nodes, which are connected by elements.
Every element is modelled as an quad shell element, and every node has 6 DOF, resulting in an element
with 24 DOF.

Approach
To model the displacement and stresses in the structure, the structure is 3D-modelled in the software
Abaqus. Which allows to accurately model the response of the structure subjected to the forces of the
waves and wind. The elements are quad shells consisting of 24 DOF. Each node is subjected to three
displacement degrees of freedom and three rotation degrees of freedom.

To investigate the foundation of the Hybrid Monopile and reduce the computational time, the monopile
is cut-off a fewmeter above sea bed level. Therefore it is assumed that the monopile itself is structurally
stable and will not fail. The part that is modelled in Abaqus is the interface piece and the pin piles. The
resulting environmental forces exerting on the monopile and tower structure are concentrated on top
of the interface piece at the model.
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Assumptions and limitations
The finite element model is a representation of a real world situation, where it tries to mimic it as much
as possible. However, by creating such a model, some limitation arises which can lead to insecurities
of the model.

As mentioned in the former subsection, the Hybrid Monopile will be cut-off right above the interface
piece. The resulting forces on the monopile and tower structure are centralised and simplified as point
loads and moments. Three forces are placed in the exact middle of the 3D-model where the monopile
is cut-off. These three forces are a horizontal, vertical and overturning moment. This assumption is
made to simplify the exerting forcing on the model.

Additionally, the assumptions regarding material properties, such as the homogeneity and isotropy of
the quad shell elements, may not accurately reflect the actual characteristics of the foundation of the
Hybrid Monopile. Real-world materials often exhibit nonlinear behavior, anisotropic properties, and
other complexities that are not accounted for in the simplified model. While incorporating nonlinear
material models would provide more accurate representations, it would also increase the complexity
and computational time the analysis.

The soil-spring stiffness’s from the p-y curves, t-z curves and q-z curves are added to the model as
extra stiffness’s in the global assembly matrix. The springs are providing extra stiffness only for the
horizontal and vertical displacement of the nodes where they are assigned to. This assumption may
not fully incorporate the complex behaviour and interaction of the foundation of the Hybrid Monopile
with the subsurface.

Additionally, it is expected that during the installation the monopile itself will penetrate the soil due to the
self weight of the monopile. This will cause some extra stiffness to the model. It is however assumed
that the p-y curves does not any stiffness based on the resistance of the soil to the tip of the monopile.
The empirical data where the p-y curves are based on are not verified for such large diameters as a
monopile has. Therefore in real-world it would add extra stiffness to the structure, in the model no extra
stiffness is added to the tip of the monopile

During installation, the monopile naturally penetrates the soil under its own weight, contributing ad-
ditional stiffness to the overall system. However, in the model, it is assumed that the p-y curves do
not incorporate this added stiffness from soil resistance at the monopile tip. This assumption is based
on empirical data that hasn’t been verified for monopiles with such large diameters. Consequently,
while real-world scenarios would experience increased stiffness due to this soil resistance at the tip,
the model does not account for it.

It is important to acknowledge that mesh size significantly affects the model’s accuracy. Finer meshes
yield more precise models, but they also demand more computational time, which can be a limitation.
However, at this design stage, using a somewhat coarser mesh still provides a good representation.

Model set-up
The finite element analysis for designing the Hybrid Monopile follows a specific sequence of steps.
Initially, the structure’s geometry is constructed, and governing equations are established based on
plate theory. Subsequently, structural elements are discretized into nodes and elements. The next
step involves assigning properties to represent the actual material of these elements and create the
soil-stiffness springs according to theory described in section 2.3. Local mass and stiffnessmatrices are
then defined using shape functions derived from the governing equations for the shell elements. These
local matrices are aggregated into global matrices for both mass and stiffness. Boundary conditions
are applied to specific nodes within the global matrix. Finally, a linear system is formulated and solved
numerically using the implicit Newton-Raphson method.

Step 1: Discretize the domain

A file is created to make the model parametric, this allows to manually adapt the geometry, discretiza-
tion, soil conditions etc. This file prevents the user from adapting the and drawing the abaqus model
in Abaqus itself. Based on the geometry and meshing grip, the amount of nodes is determined. The
model is discretized with a mesh size of 0.5. The amount varies dependent on the length and diameter
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of the foundation of the Hybrid Monopile. Figure B.1 shows the discretized domain of the structure in
Abaqus.

Figure B.1: Discretization of the model in Abaqus

Step 2: Define element properties

The Abaqus model requires a parameterized input file where the geometry of the structure is defined.
The allows to run the model in multiple runs in once, instead of adapting the model in Abaqus self,
which is difficult and time consuming. The element properties are based on the geometry input of the
the structure and are calculated according to Equation B.1 until Equation B.4

𝐴 = 𝑝𝑖
4 (𝐷

2
𝑜𝑢𝑡 − 𝐷2𝑖𝑛) (B.1)

𝐼 = 𝑝𝑖
64 (𝐷

4
𝑜𝑢𝑡 − 𝐷4𝑖𝑛) (B.2)

𝐽 = 2 ∗ 𝐼 (B.3)

𝐼𝑚 = 𝑝𝑖
32 (𝐷

4
𝑜𝑢𝑡 − 𝐷4𝑖𝑛) (B.4)

On top of that, the material properties are assumed to be:

Gsteel =
𝐸𝑠𝑡𝑒𝑒𝑙

2∗(1−𝜈𝑠𝑡𝑒𝑒𝑙)

𝜈steel = 0.3 [-]

𝜌water = 1025 [
𝑘𝑔
𝑚3 ]
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𝜌steel = 7850 [
𝑘𝑔
𝑚3 ]

Esteel = 2.1 E5 [
𝑁

𝑚𝑚2 ]
Step 3: Create soil-springs

The third step is creating the soil-springs according to the p-y, t-z and q-z springs. This is done by
describing how the soil layers are built up. The soil characteristics are as described at the beginning of
the chapter. The soil-springs are simulated based on the depth of the layer where they are assigned.
The deeper the springs occur in the subsurface, the stiffer they are. The amount of springs can be
chosen dependent on the input. Limitations arise when the spring distance becomes to small compared
to the meshing size. When the spring distance for example becomes smaller compared to the meshing
size, multiple springs are assigned to one node, this leads to an unreliable stiff node and so are the
results.

The third step involves creating soil-springs based on the p-y, t-z, and q-z models. This requires de-
tailing the composition of the soil layers. The soil characteristics, as described at the beginning of
the chapter. Soil-springs are assigned according to the depth of the layer they correspond to, with
deeper springs being stiffer. The number of springs can be adjusted based on the input. However,
limitations arise when the spring spacing becomes too small relative to the meshing size. If the spring
distance is smaller than the mesh size, multiple springs may be assigned to a single node, resulting in
an unrealistically stiff node and unreliable results.

Step 4: Solve the system

In the last step the local K matrices of every elements are defined and solved, dependent on the
complexity of the system, Abaqus is making weak form of the partial differential equation (governing
equations) based on the principles of linear algebra. After defining the local matrices, the global matrix
is assembled, where it is important to connect the correct nodes to each other.

Based on the connectivity matrix, which allows elements to rotate over a certain axis, the global matrix
is assembled. Since the forces are static and the structure is not allowed to move in the water the
linear formulation is derived as described in Equation B.5. Where K is the force matrix and K the global
stiffness matrix.

F = K𝑢 (B.5)

In relatively simple systems, Abaqus can determine displacement (u) by inverting the global stiffness
matrix (K matrix). However, for large and complex systems, Abaqus uses a linear solver based on the
iterative implicit Newton-Raphson method to solve for displacement (u). For the Monopile, which is
considered a large system, Abaqus employs this iterative method.

The process involves assigning forces at different time steps. In the first 20% of the total time, Abaqus
checks the soil-stiffness spring curves to determine where soil resistance and displacement converge.
This process continues at 40%, 60%, 80%, and finally 100% of a total time span of 1 seconds. Thus,
static loads are applied over a 1-second period.

If the applied forces on the structure exceed the available soil resistance, the model fails to converge
because displacement continues to increase without a corresponding increase in soil resistance. Con-
sequently, the foundation cannot withstand the applied forces.

After confirming the ULS check of the structure, the natural frequency of the structure is checked. Since
it is an static situation the natural frequency of the system is calculated.

In Abaqus, the natural frequency of a structure is calculated using a modal analysis through an eigen-
frequency extraction procedure. This involves creating the finite element model by defining the ge-
ometry, specifying material properties, assigning sections, and meshing the structure. Appropriate
boundary conditions are applied to accurately represent constraints. An eigenfrequency extraction
step is then created, typically using the Lanczos solver, to specify the number of eigenvalues to be
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extracted. Abaqus formulates the equation of motion, Ku = 𝜆Mu, and solves for the eigenvalues 𝜆,
which are used to determine the natural frequencies 𝑓 = √𝜆

2𝜋 .





C
Frequency spectrum

In appendix C the overview of the frequency spectrum of every wind turbine type in the various water
depths are shows.

Frequency spectrum in 30 and 40 meter water deph

Figure C.1: 5 MW frequency spectrum in water depth of 30 and 40 meter

Figure C.2: 8 MW frequency spectrum in water depth of 30 and 40 meter
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Figure C.3: 10 MW frequency spectrum in water depth of 30 and 40 meter

Figure C.4: 15 MW frequency spectrum in water depth of 30 and 40 meter

Figure C.5: 22 MW frequency spectrum in water depth of 30 and 40 meter



103

Frequency spectrum in 50 and 80 meter water depth

Figure C.6: 5 MW frequency spectrum in water depth of 50 till 80 meter

Figure C.7: 8 MW frequency spectrum in water depth of 50 till 80 meter

Figure C.8: 10 MW frequency spectrum in water depth of 50 till 80 meter
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Figure C.9: 15 MW frequency spectrum in water depth of 50 till 80 meter

Figure C.10: 22 MW frequency spectrum in water depth of 50 till 80 meter



D
Cost overview for clay

Appendix D represents the graph’s for the economic comparison

Manufacturing costs

Figure D.1: WTG Range 3-5 MW (clay) Figure D.2: WTG Range 5-8 MW (clay)

Figure D.3: WTG Range 8-10 MW (clay) Figure D.4: WTG Range 10-15 MW (clay)

Figure D.5: WTG Range 15-22 MW (clay)
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Installation costs

Figure D.6: WTG Range 3-5 MW (clay) Figure D.7: WTG Range 5-8 MW (clay)

Figure D.8: WTG Range 8-10 MW (clay) Figure D.9: WTG Range 10-15 MW (clay)

Figure D.10: WTG Range 15-22 MW (clay)
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Total costs

Figure D.11: 3-5 MW Total Costs vs. Depth with CI (clay) Figure D.12: 5-8 MW Total Costs vs. Depth with CI (clay)

Figure D.13: 8-10 MW Total Costs vs. Depth with CI (clay) Figure D.14: 10-15 MW Total Costs vs. Depth with CI (clay)

Figure D.15: 15-22 MW Total Costs vs. Depth with CI (clay
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