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Executive summary
Climate change is triggering an ever-growing demand for renewable energy. The U.S. is still far
behind Europe when it comes to o�shore wind energy. They have made ambitious plans to reach
30 GW in o�shore wind energy by 2030 while currently 42 MW is installed. One of the main
challenges in the U.S. is the installation method since a legislation called the Jones act prevents
the usage of European installation vessels for shuttling (the conventional method). Building a
Jones act. compliant installation vessel is a large investment which comes with risks and long
lead times. Feedering is an alternative strategy, but barely any research on it is available. Here,
a feeder vessel sails back and forth from the storage port to the (non-Jones act. compliant)
installation vessel to supply Wind Turbine Generator (WTG) components. These components
need to be lifted from the 
oating feeder in order to be installed. In the literature, this step is
deemed to be the riskiest. However, barely any technical research is available with regards to the
lift-o�.

In the �rst thesis of this double degree program, a lift/installation sequence called the direct
installation method is deemed to be highly interesting with respect to the logistics and costs.
Here, the tower segments and nacelle are lifted and installed directly (one by one). Nothing is
allowed to be attached to the bottom of the components so they can be installed immediately after
lift-o�. However, this research misses a technical study in order to understand if it is technically
reachable to directly install these components.

In this research, barges are used as the allocated feeder vessel based on a market study of suitable
available vessels. The tower segment of a 20 MW WTG is chosen to be lifted since this component
is deemed to be the most challenging. A heave compensator in the crane is used to decouple the
motions between the tower segment and the crane as much as possible. The scope is also set
to beam and regular waves due to time constraints of the project. This research focuses on the
pre-tension phase before the lift-o�. This contains the steps where the crane of the installation
vessel is already attached to the tower segment, pre-tension is building up and the release of the
sea-fastening. Here, pre-tension is a percentage of the load that is taken in the crane before the
lift-o�. This research aims to increase the understanding of whether a tower segment can be
released safely on the 
oating barge and what can be done in order to realise the idea of a direct
installation method.

Frequency, as well as time-domain simulations, are used to investigate the problem. In regular
waves, the results show that snap loads occur for pre-tensions up to 10%. From 30% and higher,
the tower segment will start toppling. Toppling is initiated due to the inertia of the large tower
segment when it is released from its sea-fastening. This means that when the barge starts rotating
back from the maximum roll displacement after the tower segment is released, the tower segment
keeps on rotating. Toppling the tower segment is not allowed since this could damage the tower
segment itself, the sea-fastening and/or other components on the feeder. The limiting wave
heights (in regular waves) for 90-degree incoming waves are extremely low, especially for the
higher pre-tensions.

Increasing the limiting wave height is a must in order to make the direct installation method
practicable. This can �rstly be done by using more tower segments. Therefore, reducing the size
of each segment. However, this is logistically less interesting due to the extra steps that need
to be taken. Another option is to implement a motion compensation tool that decouples the
motions of the feeder and the tower segment. The third option is to design a seafastening system
that reduces the moment after the release, by for example spring-loaded clamps, to counter-act
the toppling motion of the tower segment. All in all, can be stated that safely releasing a 20 MW
tower segment on a 
oating barge is highly challenging and more research is required to solve the
issues that are found in this research. This is necessary to allow the direct feeder method to be
used for future wind installation projects in the U.S.
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Chapter 1: Introduction
Climate change has become a major issue on a global scale and throughout the years, several
initiatives have been promoted with the goal of reducing CO2 emissions (UNCCC, 2020). For
example, the 2015 Paris Agreement triggered a large demand for renewable energy. To cope
with such growth, the renewable energy sector has been growing and developing over the years.
Wind energy projects became in high demand, especially o�shore, due to their higher capabilities
in terms of e�ciency and energy production and the limited visual and noise pollution (IEA,
2018). In Europe, after roughly 30 years, over 25 GW of o�shore wind energy is installed (Wind
Europe, 2021). On the contrary, to date, the o�shore wind market in the U.S. consists only of two
O�shore Wind Farms OWFs of 42 MW combined (U.S. Department of Energy, 2021). However,
the current government wants to move to a `clean energy revolution' and to `jump start' the
o�shore wind market (The White House, 2021). The U.S. o�shore wind target is set to reach 30
GW by 2030. This `new' o�shore wind market leads to opportunities as well as challenges for
foreign companies (contractors) who are specialized in installing OWFs.

One of the main challenges for these contractors is to comply with the rules and regulations in
the U.S. There is a federal legislation, called the Jones Act, that has four main requirements
which apply to the installation process of OWFs (Transportation Institute, 2020);

ˆ Transportation vessels must be owned by U.S. companies that are controlled by U.S. citizens
with at least 75% U.S. percent ownership

ˆ Transportation vessels must at least be 75% crewed by U.S. citizens
ˆ Transportation vessels must be built (or rebuilt) in the U.S.
ˆ Transportation vessels must be registered (
agged) in the U.S.

For contractors with a non-Jones act compliant installation vessel, this legislation prohibits the
use of the conventional method. for this method, an installation vessel loads multiple full sets of
WTG components on deck in the port. Then it sails to the OWF to install all carried components
at the allocated locations. Next, it sails back to the port to repeat the process. This method
is also depicted and explained stepwise in Appendix A. This is the most common installation
strategy for Wind Turbine Generator (WTG) components (tower, nacelle and rotor blades).
Investing in a Jones act compliant installation vessel is a high and risky investment and has a
long lead time. Therefore, another installation method called feedering is currently investigated
by multiple non-U.S.-based companies. This strategy uses Jones act compliant feeder vessels to
transport/supply the WTG components to the non-Jones act compliant installation vessel which
stays o�shore. This is explained in more detail in Appendix B.

Feedering WTG components o�shore is new for the o�shore wind market. Ait Alla et al. (2017)
and Oelker et al. (2018) were the �rst to investigate di�erent feeder strategies. Rippel et al.
(2019) criticised their work on the basis that they only used one con�guration in their simulation.
The investigation continued in the �rst thesis of this double degree program with multiple
con�gurations/strategies, as well as the implantation of practical knowledge of Van Oord, being a
marine contractor with OWF installation experience (Smorenberg, 2021). The �rst thesis results in
the conclusion that shuttling (the conventional method) would be better than feedering. However,
shuttling is not allowed in the U.S. with the current European (non-Jones act) installation vessels.
All these studies were mostly focused on the best logistic con�guration as well as the economics
of the installation process. A technical investigation of the feeder process for WTG components
has not yet been investigated in the literature.
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Chapter 1. Introduction

In the paper of Haselsteiner et al. (2019), the riskiest step during the feeder installation process
is deemed to be the WTG component lift-o� from the 
oating feeder. Here, the crane of the
jacked-up installation vessel needs to be connected to the component while it is still sea-fastened
to the feeder. The component moves with the motions of the feeder (caused by the environment)
due to the sea-fastening. When the sea-fastening is released, the component will have more
Degrees of Freedom (DOF) and potentially slide or topple while still placed on the feeder deck.
An (unwanted) accidental lift-o� (and set/slam down) could also occur if the crane takes the full
load of the component by accident. These are some of the potential risks during the release stage
for a lift-o�, of which very limited knowledge is available. During the lift-o� itself, there are many
unknowns, such as how the component will respond when lifted from a feeder while it rolls and
translates due to the waves and if there would be a re-hit between the feeder and component
when lifted. On top of this, WTGs are rapidly increasing in size and weight, which potentially
increases the risks even further.

Damaging a component is unacceptable since this would (most likely) delay the entire installation
project. Therefore, a clear understanding of what happens with the component during the release
of sea-fastening and lift-o� is key to avoiding and/or decreasing the risks in the �eld. Haselsteiner
et al. (2019) suggest a deeper study where hydrodynamic simulations are used to learn more
about the motions of the component. This deeper study is undertaken in this thesis.

The next chapter explains the problem in more detail and provides the research questions.
Chapter 3 explains the methodology of how the main research question is being answered. Here
hydrodynamic frequency and time-domain simulations are used as suggested by Haselsteiner et al.
(2019). In Chapter 4, the results are shown and evaluated. This is followed by a discussion of the
project in Chapter 5. The last chapter, Chapter 6, draws conclusions and answers the research
questions.

2



Chapter 2: Problem description
This chapter �rstly provides the problem statement that includes the goal, scope and knowledge
gap. Next, the main research question, as well as sub-questions, are stated. Lastly, the problem
is analysed on a deeper level by stating all the in
uencing elements during the process. This
includes assumptions to narrow down the scope of the problem.

2.1 Problem statement
The goal of this research is to increase understanding of the lift-o� operation for WTG components
from a 
oating feeder. A jack-up vessel is set to be the installation vessel. The complete lift-o�
operation starts when the feeder vessel is positioned next to the jacked-up installation vessel and
it has to maintain this position. Secondly, the crane of the installation vessel needs to connect to
the WTG component that will be lifted. The individual components are temporarily �xed to
the feeder vessel by sea-fastening. The sea-fastening needs to be released during the next step.
The release can be before or during the process as the tension in the crane is building up. The
component can be lifted from the feeder only when the sea-fastening is released. This is the
complete lifting procedure in short and will need to be repeated for all components.

As described in Chapter 1, the release and lift-o� itself have the highest risk of damages. Therefore,
the phase where the crane is being connected to the component is left out of the scope of this
research. This leaves two main parts, the release and the lift-o� itself, which are two sequential
parts. It is important to understand that a lift-o� can only happen when the component can
be released safely. During a project for a marine contractor such as Van Oord, both parts need
to be investigated in sequential order and iterative loops are required to �nd the best solution
for that particular project. However, this research does not o�er the best solution. So more
technical understanding of the process is needed to create insight for a workable solution. On top
of this, there is limited time for this research, and only one phase can be investigated thoroughly.
Therefore, as a result of the above-mentioned reasons, the focus of this research is at the release
stage. The scope will not include an investigation of the actual lift-o� itself. However, this will
be included in the overall picture.

Very little is known when it comes to lifting WTG components from a 
oating feeder o�shore since
this has not been done in the past. Haselsteiner et al. (2019) described the state-of-the-art tools
that would reduce the risk and increase the workability during the lift-o� procedure. However,
they only investigated this on a qualitative level. They suggested that hydrodynamic simulations
are necessary to evaluate their ideas, such as the usage of motion compensation tools, as well as
gaining knowledge of this process.

In fact, Zhu et al. (2017), did a lift-o� simulation of a WTG tripod foundation as shown in Figure
2.1a. This �gure shows an installation vessel that lifts a tripod from a 
oating (feeder) vessel.
They brie
y investigate the lift-o� where a barge is used as well as a jacked-up installation vessel.
They found that a lift-o� from a 
oating barge is much more demanding than from a steady
ground (like from a jacked-up vessel). However, they mainly looked at the lift itself since the
tripod has a very wide base and relatively low Centre of Gravity (COG) making it relatively stable
on top of the moving barge. This size comparison is depicted in Figure 2.1b. This �gure shows
the foundation being a tripod as well as the WTG which is installed on top of the foundation.
They found that one of the issues are the crane wire snap loads during the phase before the lift.
These snap loads are unwanted sudden peak loads in the lines caused when a line is slack and
becomes taut. It could even be that the tripod is accidentally lifted (and set back) due to the
barge excitations. This is called an accidental lift-o� and should be avoided due to the risk of
damages.
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Next, they found that a re-hit is also a risk when the actual lift-o� is started. This occurs when
the component is lifted with intent but the barge slams against it due to the excitations. The last
risk is just after the lift-o�. The tripod is accelerated when it is lifted. This creates a dynamic
e�ect on top of the static load causing a peak load in the crane (cable). The dynamic e�ect is
called the Dynamic Ampli�cation Factor (DAF) which is a percentage of the static load. During
the lift, the crane takes 100% of the load plus for example 5% (DAF) due to the accelerations.
All these risks are shown in the two time-domain simulations in Figure 2.2. The two lines in this
�gure represent di�erent seeds. Each seed represents a wave train (in irregular waves) where only
the phase of the waves is di�erent for each seed.

Figure 2.1: a) Tripod on a barge for a lift-o� (Zhu et al., 2017), b) Fully installed WTG on a
tripod (Pasin et al., 2019) - not to scale

In the current research, snap loads and accidental lift-o�s remain an important part of the problem
since the focus is on the release phase. The DAF and re-hit probability play a smaller part in the
problem since they must be considered as a follow-up issue for when this research is extended
(with a lift-o�). On top of these issues, the stability of the components does play an important
role since the components can topple and be damaged when the sea-fastening is released. For
example, one of the components are tower segments. These have a much smaller base and higher
COG in comparison with a tripod, especially for the next-generation (20 MW) WTGs. This
makes the tower segments more unstable on deck of the moving feeder when the sea-fastening is
released.

When toppling occurs, all the loads rest on one pressure point on, for example, the connection

ange, potentially damaging it. In addition, the component will slam back against its sea-fastening
when it is rotated back again. Therefore, toppling is not allowed. To solve this, a wide base frame
could be attached to the bottom of the tower segment which increases the stability when the
sea-fastening is released. When the tower is lifted from the feeder, the base frame will still be
attached. This implies the requirement that the tower has to be placed on deck of the installation
vessel before installation to remove the base frame.

In the �rst part of this double degree program, Smorenberg (2021) called this strategy the `indirect
installation method' since the components are lifted from the feeder to the installation vessel
before installation. Smorenberg (2021) also found that it would be bene�cial to install WTG
components, tower segments and/or nacelle, directly from the feeder, instead of placing them
on the installation vessel �rst. This is the so-called `direct installation method'. In order to do
so, nothing can be attached to the bottom of the component during the lift-o�. Thus, a base
frame cannot be used to increase stability. This creates a very interesting knowledge gap which
is the understanding of the behaviour of a WTG component when its sea-fastening is released
without a support frame. The technical challenges need to be identi�ed and investigated in order
to increase the possibility for the market to use the direct feeder installation strategy.
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Figure 2.2: Time series of a tripod lift-o� from a feeder, based on (Zhu et al., 2017)

2.2 Research questions
The goal of this research is to increase understanding in the release phase for a direct installation
method of WTG components from a feeder vessel. This is also the scienti�c contribution as there
is very limited knowledge available of for example the responses of a component when released.
It is never been done before since the global market did not have the need to do so. However,
since the U.S. market is growing, feedering will become a must due to the Jones Act as long as
there are too few Jones Act compliant installation vessels available to ful�l the demand. The U.S.
market will contain next-generation WTGs to increase their sprint to more sustainable energy.
This leads to the main research question:

What are the reactions of a next-generation WTG component when released from
its sea-fastening on a feeder vessel in the U.S. o�shore wind market?

1. What elements are key to understanding the release of the WTG component?

2. What is the suitable approach to determine the reactions?

(a) How can the key elements/aspects be included in a time-domain simulation?

3. How will the model be veri�ed and validated?

4. What are the parameters that can be used in a sensitivity analysis?

5. What parameters is the system most sensitive to?

The �rst sub-question is answered in this chapter next since the key elements de�ne the scope of
the problem. The other sub-questions are answered in the following chapters.
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2.3 In
uencing elements
In this section, all elements that could contribute to the problem are discussed and assumptions
are made to reduce the size of the problem. The elements are subdivided into component types,
feeder types, environment, positioning system, crane, cable and compensation, and sea-fastening
and feeder interface.

2.3.1 Component types
One of the most important elements in the problem is the component that is lifted from the
feeder and in which order. A WTG contains three types of components; rotor blades, nacelle and
a tower. The length of these rotor blades, the height of the tower and the weight of the nacelle
increase as the WTG size increases as shown in Figure 2.3. This research focuses on the future of
o�shore wind energy. Therefore, 20 MW WTGs are used in this research. When a component is
released from its sea-fastening, it could potentially start sliding over deck or toppling due to the
motions of the feeder. Each component type is described as why or why not they are �t to be
used further in this research.

Figure 2.3: Expected increase in size of o�shore WTG over the years (IRENA, 2019)

Rotor blades
The blades are transported horizontally. Two support frames are needed to be able to lift a long
and 
exible blade. These support frames are called blade racks. To increase space as well as
lifting e�ciency, all three blade racks are stacked on top of each other as shown in Figure 2.4.
The blades combined are estimated to weigh roughly tonnes and each blade has a length of

meters. Lifting the blade out of the rack is a very precise task since the blade is most likely
to be damaged if it hits the blade rack. This is normally done on a steady platform such as the
deck of the installation vessel when jacked up. This means that lifting the blades out of the rack
and installing them straight after the lift would be too risky. Therefore, the blade rack needs to
be lifted from the feeder to the installation vessel before installation. This is out of the focus of
the knowledge gap where components need to be installed straight from the feeder and will not
be looked into.
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Figure 2.4: Example of a blade rack lift(Snieckus, 2020)

Nacelle
In this research, the assembled nacelle and hub is referred to as the `nacelle'. The nacelle contains
all components for the rotor blades to be connected, a housing and the drive train to generate
electricity. The nacelle has an estimated weight of roughly tonnes and a rough dimension of

meters. There are two main types of drive trains that are used in the market. The �rst
option is the direct drive where the rotor is directly linked to the generator as depicted in Figure
2.5. The COG of the nacelle is within the circumference of the 
ange that connects to the tower
due to heavy parts (rotor and generator) in the front. The second one is the nacelle with the
conventional drive train of which the rotor is attached to a gearbox. The gearbox is connected to
a generator as depicted in Figure 2.5. The COG of this option would be more or less straight
above the 
ange (within its circumference) that is used to connect the nacelle to the tower.

Figure 2.5: Direct drive and conventional drive train nacelles (Friedrich and Lukas, 2017)

The horizontal position of the COG is important since the nacelle should still be stable when the
sea-fastening is released. With this remark, the direct drive would not be �t for a lift without a
support frame. The nacelle would topple over (forwards) since the COG is not above the 
ange
which is the base where it will be resting on. The conventional drive train nacelle can be used for
a direct installation from the feeder since the COG is within the 
ange diameter. This means
that the nacelle would be statically stable on a horizontal ground which allows the nacelle to be
sea-fastened without a wide base frame.
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Tower
The tower of a 20 MW WTG is expected to be roughly meters high. This means that the
tip of the tower will move by roughly 2.4-4.9 meters (amplitude) when the barge rolls in the
waves only by degrees. This makes the connection phase between the crane and the tower
almost impossible. Therefore, the tower is split up into multiple segments, as depicted in Figure
2.6 where a full tower is split up into two segments. The tower suppliers normally supply the
towers in multiple smaller segments to a storage port. In the port, these can be stacked on top of
each other to form the desired number of stacked tower segments for feedering (e.g. two, three
or four). Smorenberg (2021) found that the fewer tower segments used, the better the result
logistically assuming that each tower has similar workability. Therefore, the tower is split up into
two segments in this research. The COG of both segments is within its base since it is along its
centre line. This makes it possible to sea-fast each tower segment without a wide base frame.

Figure 2.6: Feeder concept with tower divided into two segments (Huisman Equipment, 2021)

Tower versus Nacelle
The most critical component is the component that would be the most unstable one on the

oating vessel. Instability is de�ned when the component starts toppling due to external forces.
First, static toppling will be investigated. Static toppling initiates when the COG is no longer
vertically above the base. For now, the assumption is made that the COG is on the centerline on
the base and at half the height of the component. The tower segments of a 20 MW WTG have a
height of meters, a base of meters in diameter and a weight of roughly metric tonnes.
The nacelle is meters high and wide and meters long, has a base of meters in diameter
and weighs roughly metric tonnes. These components are depicted in scale in Figure 2.7.
The angle at which the component will just not topple can be calculated by Equation 2.1. This
angle would be created by the feeder which is not fully horizontal.

� = tan � 1
�

Rbase

HCOG

�
(2.1)

Where:
� is the allowed static angle until toppling [ � ]
HCOG is the height of the COG from the base [m]
Rbase is the radius of the base [m]
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The maximum angle before toppling is roughly 31� for the nacelle and roughly 7� for the tower
segment. This means that the tower segment will (statically) start toppling at a signi�cantly
smaller angle than the nacelle. This is also visually con�rmed by Figure 2.7.

Figure 2.7: Scaled representation of the nacelle (left) and tower size (right)

Besides static toppling, the component can also topple due to the dynamics of the accelerating
feeder. The component will either rotate with the vessel or remain at its current angle (delayed
response) or keep rotating while the feeder rolls underneath the component as shown in Figure
2.8. This �gure shows a feeder with a tower at a heeling angle. The feeder rotates to its upright
position but the component remains at an angle. This e�ect is dependent on how prone a
component is to rotational motions and can be determined by the rotational inertia. A higher
rotational inertia indicates that a component requires a large moment load in order to rotate
(di�cult to rotate), while a low inertia requires less moment load (easier to rotate). This is stated
by Newton's second law for rotation.

The moment of inertia for the nacelle in pitch and roll direction can be calculated with respectively
Equations 2.2 and 2.3. The nacelle is assumed to be a rigid homogeneous block. The tower is
simpli�ed to a thin-walled tube due to its large diameter compared to the wall thickness. The
thickness is therefore left out of the equation. The moment of inertia for a thin-walled tube is
provided in Equation 2.4.
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Figure 2.8: Component that does not rotate with the barge due to high inertia

I nacelle � pitch = M �
L 2 + H 2

12
(2.2)

I nacelle � roll = M �
H 2 + W 2

12
(2.3)

I tower = M �
�

1
2

R2 +
1
12

H 2
�

(2.4)

Where:
I is the moment of inertia [kg�m2]
M is the mass of the component [kg]
L is the length of the nacelle [m]
W is the width of the nacelle [m]
H is the height of the component [m]
R is the radius of the tower [m]

The moment of inertia of the nacelle for pitching and rolling are roughly respectively
and tonnes�m2 using the input values provided above by Van Oord. These inertia values
are relatively small compared to the moment of inertia of the tower which is roughly
tonnes�m2. Despite being an estimation due to the assumption of the shape, size and weight of
the components, it provides a clear di�erence in which component is more prone to toppling due
to accelerations of the feeder, which is the tower.

The last element to understand which component is most critical during the sea-fastening release
is the excitation of the connection point with the crane. A horizontal force will be implemented
in the force scheme when the crane is building tension. This horizontal force creates a moment
that could be critical for toppling. The more the component moves, the larger the horizontal
force. The crane will be connected to the top of both components. The excitation of the tower
tip is much larger than the excitation of the nacelle top due to the signi�cant height di�erence.
On top of this, the vertical distance between the crane tip and the component top is much larger
for the nacelle than for the tower segment. The crane angle and therefore the horizontal force
will be much smaller for the nacelle than for the tower based on this knowledge.

The tower is more prone to toppling than the nacelle on all three elements, static toppling,
dynamic toppling and horizontal loads due to the crane tension. For these reasons, the tower is
further used in this research as the component that will be investigated for the release to a direct
installation method.
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Lifting order
After internal discussions with Van Oord, the most logical order to lift the components is to start
with the tower segments since these are the highest components and could limit the reach of the
crane when other components are to be lifted �rst. Therefore, removing the tower segments �rst
is a must. The load case in the problem is for a fully loaded feeder where the tower segment is
lifted �rst.

2.3.2 Feeder type
The next element of the problem is the feeder vessel itself. It should be able to carry a full set
of WTG components on deck (including sea-fastening). In the �rst thesis in this double degree
program, Smorenberg (2021) found that a Platform Supply Vessel (PSV) would outperform
a barge logistically due to its sailing speed as well as its independent positioning capability.
However, this research did not perform a market study as well as a stability study to understand
if it even would be possible to carry one full WTG set on a PSV. Therefore, the �rst step in this
element is to do a market investigation of the vessel availability in the U.S. Van Oord provided a
list of available PSVs to allow for a stability calculation. The largest most common PSV available
is 95 meters long and 20 meters in width, while the cargo deck is only 65 meters long. This small
deck makes it di�cult to position all components on one PSV as one can see in Figure 2.9. The
blades have to be located on the side of the feeder close to the living quarters which is a risk
during the lift-o�. The deck size is large enough to store the nacelle and the tower segments as
shown in the �gure.

Figure 2.9: PSV deck layout of a 20 MW WTG

In addition, the vessel has to be stable in the water. A vessel would be in equilibrium when the
COG (G) is positioned in a vertical line with the Centre of Buoyancy (COB) (B). As soon as an
external force rolls the vessel, the COB shifts (B1) and creates a righting moment as shown in
Figure 2.10. The metacentre (M) is the point where the vertical buoyant forces of the upright
(zero inclination) position intersect with the buoyant forces when the vessel is heeling. The
distance between the Centre of Gravity (COG) and the metacentre has to be positive in order
to create a righting arm (G-Z) and be stable (stability condition). This distance is called the
metacentric height (GM ). The keel is indicated by the `K'. The upright water line is L-W and
the inclined (vessel) water line is L1-W1 where� is the roll angle. The weight and buoyancy
forces are represented by respectively the `w' and `b' arrows.

Figure 2.10: Forces scheme for an included vessel (Barrass and Derrett, 2012)
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If the GM value is negative, the vessel is unstable and the vessel continues rolling in the same
direction until the stable condition is reached. According to Barrass and Derrett (2012), a vessel
can be sti�, tender or in between. A sti� vessel has a large restoring arm (G-Z), which can be
calculated by the GM � sin(� ). This indicates that the larger the GM values, the sti�er the vessel.
However, this results in a relatively small rolling period which could be undesired if the roll period
is within the wave periods. A tender vessel has a lowerGM value. The righting moment for
these values is small which leads to long rolling periods. This could be more desired if the roll
period is above the incoming wave periods. The downside is that theGM is low and the vessel
could become unstable due to unforeseen circumstances, a negativeGM leads to instability. For
heel angles up to 10 degrees, theGM can be calculated by Equation 2.5 since the barge will not
roll more than 10 degrees. This 10-degree limit is set because When the angle becomes larger, the
buoyancy point starts shifting vertically which must be taken into account (Barrass and Derrett,
2012). The BM can be calculated by Equation 2.6.

GM = KB + BM � KG (2.5)

BM =
I
r

(2.6)

Where:
GM is the metacentric height (G-M) [m]
KB is the vertical distance between the keel (K) and COB (B) [m]
BM is the vertical distance between the COB (B) and metacentre (M) [m]
KG is the vertical distance between the keel (K) and COG (G) [m]
I is the moment of inertia of the water plane area [m4]
r is the displaced water volume of the vessel [m3]

The GM for the largest available PSV that carries all components resulted in a negative value,
-7.7 meters, which means that it is not stable. Due to the fact that a PSV has a limited deck
space as well as instability, a single PSV cannot be used as a feeder in the U.S to transport WTG
components. Other con�gurations where the components are spread over multiple PSVs still
resulted in negative or just above zeroGM values. Another issue is that the blades are extremely
long and are di�cult to place on deck or safely overboard. Therefore, in this research, barges need
to be investigated despite not being the best option logistically. The available barges according
to Van Oord data are roughly 32 meters in width and 120 meters in length. A similar study as
for PSVs resulted that a barge has a large enough deck space to locate all WTG components as
well as a highGM of 19 meters to overcome instability issues. An example of a loaded barge is
shown in Figure 2.11. Here the nacelle and tower segments are located around the longitudinal
centre line of the barge and the blades are more to the side. This loading pattern can be counter
ballasted to prevent the barge from heeling. Due to the aforementioned reasons, the barge will be
used as a feeder vessel for the rest of this research.

Figure 2.11: Barge deck layout of a 20 MW WTG
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2.3.3 Environment
The environment plays a key role in the problem since it causes the motions of the feeder. The
environmental elements are the waves, current and wind. The role of each element is explained
next including potential assumptions to simplify the problem.

Waves
The waves interact with the feeder vessel. The interaction depends on the shape of the hull and
the height, periods and directionality of the incoming waves. For regular waves, there is only
one period, height and direction (sinusoidal shape). However, a singular regular wave is not a
realistic representation of the real world. A closer more accurate representation of the real world
has multiple regular waves at the same time where each has its own height, period (at di�erent
phases) and directionality. This is shown (without directionality) in Figure 2.12. These waves are
called irregular waves.

Figure 2.12: A simple time history of an irregular wave (Journee et al., 2015)

Irregular waves can be expressed in a wave energy spectrum as shown in Figure 2.13. Here,
each frequency has an accompanying energy in m2s. Two characteristics are used to determine
the wave energy spectrum, which are the signi�cant wave height (Hm 0) and peak wave period
(T p). The signi�cant wave height is the `mean value of the highest one-third of the wave heights'
recorded (Holthuijsen, 2010). The signi�cant wave height value is a very close representation
of visually estimated wave heights in experiments. The peak period is the `mean period of the
highest one-third of the waves' (Holthuijsen, 2010). The wave energy spectrum can then be used
to determine the motions of a vessel in irregular waves. This will later be explained in more
detail.

Figure 2.13: Wave energy spectrum example (Journee et al., 2015)
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Waves are created by the energy of the wind that passes. The energy is provided by the friction
between the surface and the wind (for still water) and the air pressure (Holthuijsen, 2010). Two
types of wind-generated waves are de�ned; wind waves and swell waves. Wind waves are waves
that are generated in a wind �eld and located in that same wind �eld where they are created.
Swell waves are waves that have moved out of the wind �eld where they were created. These
have shorter frequencies than wind waves. A simpli�ed visualisation is provided in Figure 2.14.

Figure 2.14: wind waves versus swell waves, based on Mazarakis (2019)

The O�shore Wind Farm (OWF) locations in the U.S. encounter both types of waves. According
to Van Oord, the peak periods (Tp) of the incoming wind waves range between 4 and 6 seconds
while the swell waves range between 4 and 11 seconds. This means that two wave spectra must
be merged into one, a so-called, double-peaked spectrum. An example of such a spectrum is
shown in Figure 2.15. Here, `Ss' represents the swell wave spectrum and the `Sw' the wind wave
spectrum. Additionally, directionality plays an important factor in the U.S. since wind and swell
waves often come from one direction while the wind wave have a larger spreading.

Figure 2.15: Double peak wave spectrum example of two Jonswap spectra (Akbari et al., 2020)

Within a wave, di�erent types of load responses can be de�ned. First, there are �rst-order wave
reactions in which the vessel response is linearly related to the amplitude of the waves. These
responses of the vessel per wave frequency are described by Response Amplitude Operators (RAOs)
as shown in Figure 2.16 (Journee et al., 2015). For example, heave contains the heave amplitude
motion per meter wave amplitude for a speci�c frequency. Each incoming wave directing has a
speci�c RAO.
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Figure 2.16: Heave and pitch RAOs as an example (Journee et al., 2015)

For irregular waves, the wave energy spectrum and the RAOs are used to determine the response
spectrum of the vessel. The response spectrum is determined using Equation 2.7 (Holthuijsen,
2010). This can then be used to determine the signi�cant response amplitude of the vessel (Rm 0)
by Equations 2.8 and 2.9 (Journee et al., 2015).

Resp(! ) = RAO(! )2 � S� (! ) (2.7)

m0R =
Z 1

0
Resp(! ) � d! (2.8)

Rm 0 = 2 �
p

m0R (2.9)

(2.10)

Where:
Resp(! ) is the response spectrum [m2s]
RAO is the response amplitude operator of the respective response [-]
S� (! ) is the wave energy spectrum [m2s]
! is the wave frequency [rad/s]
m0R is the variance squared of the response spectrum [m2]
Rm 0 is the signi�cant response amplitude [m]

A limiting response (e.g. max allowable roll amplitude) is required to determine the workability
of the activity (lift-o�). This can be done by an iterative scheme. Here, the signi�cant response
amplitude of the vessel for each Tp and steps-wise increasing Hm 0s are calculated. The limiting
Hm 0s for each Tp are found when the combination reaches the limiting response amplitude. This
iterative scheme is shown in Figure 2.17. To truly determine the Hm 0 per Tp. In U.S. waters, a
double peak spectrum as described before must be used. This signi�cantly increases the number of
calculations, simulations and iterations to be done since each combination of incoming directions
should be considered.
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Figure 2.17: Iterative scheme to determine the allowable signi�cant wave height per peak period

However, due to time constraints of the project, it is di�cult to include the double-peaked
spectrum and the irregular waves as described before. Regular waves are used for now, since this
research focuses on the phenomena and physics during the release stage and not the workability.
Nevertheless, the e�ect and the implementation of irregular and double peak spectrum will be
discussed in the following chapters.

Next, there are second-order wave reactions. These are quadratically related to the wave height.
High-frequency second-order wave forces are generally small compared to the low-frequency
second-order wave forces that are large. These low-frequency forces cause the feeder to drift away
from its position and are called wave drift forces. A positioning system would reduce the drift and
keep the feeder more or less in place. The importance of these waves, as well as the positioning
system, will be discussed later.

Current
The current is causing a similar e�ect to the feeder as the wave drift forces since it is a more or
less constant force. The current could enlarge the total drift force or reduce it, depending on the
direction relative to the low-frequency second-order waves. Again, the positioning system would
reduce the drift motions.

Wind
The wind interacts with the component on two levels, namely, the steady-state drag force and
the vortex-induced vibrations. Both interactions could enhance the toppling motion. First, the
drag force for steady-state wind is looked into. This is calculated using Equation 2.11.

Fdrag =
1
2

� CD � � � A � V 2 (2.11)
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Where:
Fdrag is the drag force [N]
CD is the drag coe�cient [-]
� is the density of air [kg/m 3]
A is the reference area [m2]
V is the wind speed [m/s]

The crane of the installation vessel (Van Oord's Aeolus) can operate up to 14 m/s wind speeds,
which is therefore taken as the wind speed. The area is the diameter of the tower multiplied by
the height. These are provided for a tower segment in Subsection 2.3.1. The drag coe�cient is
taken for a cylinder is roughly 1.15 according to Cao et al. (2014). This resulted in a steady-state
drag force of roughly 84 kN. This is very small compared to the weight of the tower segments,
which is roughly 5884 kN. The drag force is just over one percent of the weight for the largest
possible wind speed during a lift-o�. Therefore, drag forces due to wind are neglected.

The second element are the vibrations caused by the wind due to vortex shedding. The component
(tower segment) could start oscillating perpendicular to the wind direction as shown in Figure
2.18 (red arrows) if the vortex shedding period is close to the natural frequency of the component.
These motions are called vortex-induced vibrations. The frequency when this occurs can be
calculated by Equation 2.12 (MIT, 2014).

Figure 2.18: Forces due to vortex shedding (MACE, 2019)

f shedding =
S(Re) � V

D
(2.12)

Where:
f shedding is the vortex shedding frequency [Hz]
S(Re) is the Strouhal number [-]
V is the wind speed [m/s]
D is the diameter of the body [m]

The Strouhal number is dependent on the Reynolds number which indicates if the 
ow is laminar or
turbulent. The 
ow around the turbine is turbulent for all wind speeds that could be encountered.
with Reynolds number of roughly 5.8x105 at the lowest wind speed (1 m/s). Therefore, the
Strouhal number is 0.3 (MIT, 2014). The tower is not allowed to topple. It can therefore be
seen as a cantilever beam. The �rst three natural frequency modes of a cantilever beam can be
calculated by the equations shown in Figure 2.19 and Equation 2.13.
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Figure 2.19: First 3 mode shapes of a cantilever beam (Meirovitch, 2001)

I tube =
� (D 4

out � D 4
in )

64
(2.13)

Where:
! i is the natural frequency per mode [rad/s]
I is the area moment of inertia [m4]
m is the mass of the tower [kg]
E is the Young's modulus of steel [GPa]
L is the length of the tower [m]
Dout is the outer diameter of the tower [m]
D in is the inner diameter of the tower [m]

The results of the frequencies per wind speed are shown in Figure 2.20. It shows that the natural
frequency of the second mode of the tower is higher than the vortex shedding frequency. The �rst
mode intersects the vortex shedding frequency at roughly 6 m/s wind speed. This means vortex
shedding may occur. However, the drag load is very small and it will therefore take some time
before the tower starts oscillating. To prevent this phenomenon, vortex breakers can be placed
on the tower. Both wind-tower interactions are not or barely occurring as described. Therefore,
wind will not be taken into account in the problem.

Figure 2.20: Results of vortex shedding frequencies to the natural frequency of the tower
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2.3.4 Positioning system
The barge needs to be positioned next to the installation vessel. This position needs to be
maintained during the lift-o� of all components. Two types of positioning systems are available.
The �rst is a Dynamic Positioning (DP) system, which uses thrusters. It also requires equipment
to power these thrusters as well as computing power to steer them. This is not desired on a
barge. The second option is mooring, which is more common for barges. The barges can be
moored against the jacked-up installation vessel. Mooring lines across the seabed would not
always be possible due to the legs of the installation vessel and electrical cables on the seabed.
The mooring system should be su�ciently sti� or tender to have its natural frequency far away
from the frequency of the incoming waves to avoid large responses. If the designed frequency is
within the incoming wave periods, a damping system is required.

The wave drift forces are of low frequencies (long periods). This means that the excitation due to
these waves is also slow. Van Oord explained that a crane operator can move the crane with the
slow excitations to keep the crane tip above the component as much as possible. Therefore, the
e�ect on toppling due to the drift motions will not be investigated and second-order e�ects, as
well as the current, are not taken into account. This also leaves the positioning system out of the
scope, but with a remark that it should be designed properly.

2.3.5 Crane, cables and compensation
The crane is already connected to the component in the problem. When the component is
connected, it is normal that the lines below the crane hook become slack after connecting so the
motions of the component (nacelle and/or tower segment) do not pull on the crane. However,
when the lift is initiated, the tension starts to increase, and the crane and cables will encounter
forces. This will activate a new part of the complete system which are the crane and cable
sti�ness/damping. The crane cables will stretch as more force is applied. Simultaneously, the
crane tip bends downwards. This sti�ness could be bene�cial to the problem since it allows
some 
exibility in the system for the component to excite without toppling over. However, it
could also be disadvantageous since they act like springs and could therefore pull too hard on the
component, potentially causing toppling for example.

The sti�ness of the system creates di�culties during the lift-o� as well. While out of the scope,
the lift-o� should be considered. The components should be lifted as quickly as possible to avoid
re-hits between the lifted component and the feeder. This means a fast lifting speed, leading to
high acceleration as well as higher DAFs as explained before and shown in Figure 2.1 right after
the lift. The higher the DAF, the more the crane tip will bend downward (due to its sti�ness).
The crane tip will go to its static position when the acceleration reduces. However, due to the
spring element in the crane, the crane will overshoot its static position and act like a catapult
(upwards).

Pre-tension is key to reducing the overshoot and therefore the catapult e�ect. Pre-tension is a
certain percentage of the load (component weight) that is already taken by the crane before the
lift, thus within the scope of this research. The higher the pre-tension, the closer the crane tip is
bent to its equilibrium position when fully loaded. Accelerating the rest of the load (for the lift)
leads to a smaller DAF downward motion of the tip and therefore a smaller catapult e�ect. This
is also shown in Figure 2.21, where di�erent pre-tensions are used on a simple mass-spring-damper
(crane tip) system as an example. The mass is the crane tip that encounters the oscillations and
catapult e�ects. Three di�erent pre-tensions �rst will have a build-up stage to reach the desired
pre-tension. When the lift starts, the component will be quick-lifted within 1 second and then
slowly lifted by the crane. The y-axis shows the displacement of the crane tip due to these loads.
The graph shows that smaller oscillating peaks occur (lower DAF) for higher pre-tensions, which
would be bene�cial for the lift-o� itself. However, not only the crane tip is a�ected by the DAF.
The equipment within components is also sensitive to accelerations. Therefore, a lower DAF is
also recommended based on equipment sensitivity. The action of the lift-o� is not in the scope of
the problem but does in fact play a key role in the total problem for feedering.
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Figure 2.21: Mass spring-damper system that represents the crane tip motions during the lift-o�
to indicate the e�ect of pre-tension

A crane attached to the component directly does not allow su�cient time to build up pre-tension
due to the snap loads and accidental lift-o� that might occur. Therefore, the crane needs to be
decoupled from the motions of the component. This can be done by a heave motion compensator
between the crane hook and the component. There are two types of heave compensators. First
is a Passive Heave Compensator (PHC) that reacts to external forces without any additional
energy (Crane Master, 2022). It contains a spring and damper system that should be carefully
designed (correct spring and damper parameters) to avoid resonance frequencies for example. It
is complicated for such a system to reach high percentages of pre-tension due to the nature of the

uctuating spring forces (damped snap loads).

The other heave compensator is the Active Heave Compensator (AHC) which uses external
energy to compensate. The AHC has the ability to maintain an almost constant tension in the
crane cables during the lift-o� despite the excitation of the component (Seaqualize, 2022). Both
compensator types have a quick lift system, which allows for a lift by the tool to quickly increase
the distance between the component and the feeder (reduced re-hit probability). This research
investigates the release where pre-tension is one of the key elements. The PHC does not allow for
all pre-tension levels to be investigated and needs to be designed properly to work accordingly.
The AHC does also have these issues but to a much smaller extent, and will therefore be used in
this research. The AHC of Seaqualize is recently tested as shown in Figure 2.22.

Besides the AHC tool, a crane block is also present in the crane. Both elements should be
considered in the problem since these have a mass that could counteract or even worsen the
toppling motions of the component due to swinging motions. The natural frequency should be
avoided since this would lead to large excitations of the AHC and crane block and therefore large
horizontal forces on the component.

The installation vessel is jacked-up. However, it will still interact with the environment as well
as the barge that is moored to the vessel. Internal studies by Marin and Van Oord show that
the oscillating motions of the jacked-up Aeolus with a moored barge are around 10 centimetres.
This means, that the crane tip will also oscillate but potentially not with the same amplitude
and/or period depending on the natural frequency. This means that the crane tip would not
exactly be above the component, leading to a horizontal force when tension is applied. However,
the amplitude of the crane tip is very small compared to the motion of the tower tip when the
feeder is rolling. Therefore, the motions of the installation vessel are not taken into account in
this research.
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