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Abstract

This master thesis proposes a method for assessment of the allowable sea states for the single-lift
installation of a Wind Turbine Generator (WTG) with a Quick Connection System (QCS) on a bottom-
founded support structure with focus on the landing (mating) operation. The thesis also determines the
operability of this installation and examines how it could be optimised.

Due to an increase of WTG size, the current lifting height of state-of-the-art floating Heavy Lift Vessels
(HLVs) is insufficient to lift the WTG components to the required installation height. To overcome this
limitation, and to further reduce installation time, new installation techniques are being developed. The
single-lift installation methodology; where theWTG is lifted at the bottom of theWTG and just above the
combined Centre of Gravity, in combination with the C1 Wedge Connection; a newly developed con-
nection with a high ULS and FLS strength and large installation tolerances, forms a promising setup
for dual crane HLVs. The Quick Connection System (QCS) of the C1 Wedge Connection can create a
temporary connection able to provide sufficient restoring moment, required to keep the WTG upright.
In this thesis the operability of a floating single-lift installation of a WTG with a QCS is determined and
optimised. The performance of the QCS is compared to alternative connections and design improve-
ments for the operation are proposed.

Two computer simulation models are built and compared, where-after the most promising model is
expanded and further developed. This OrcaFlex model includes wave and wind loading in in-plane
directions (3 Degree of Freedom directions). Nine critical events and limiting parameters are identified,
containing motion limits of the WTG and QCS limits.

The results show that the operability for the base case (no Heave Compensation and strict limiting
parameters) is negligible. In all cases assessed, the time required to activate the QCS turned out to
be the governing limit. If heave compensation is incorporated and some parameters are altered (e.g.
increasing the allowed WTG rotation or the maximum C1 Wedge Connection gap between the flanges)
the operability can be increased to become feasible for wave peak periods up to Tp < 9s and significant
wave heights Hs < 2m. In this optimised situation the activation of the QCS is the governing instal-
lation activity, with respect to the load transfer phase situation. Here, a minimum of 16 QCS Wedges
are required for the load transfer phase and the pre-activation load transfer should be around 20% of
the WTG static weight. For Hs < 1.4m, the mating operation was found to be feasible without a QCS.
Here, it should be noted that optimal wind loading was assumed, and zero DP drift is incorporated.

It is recommended to expand the model to include all 6 DOF directions to verify if these results are still
valid for non-optimal wind loading conditions. Furthermore, with these results, a study could be set up
to determine the economic feasibility of this installation methodology. Such a study is essential as the
economic viability determines the adoption of the technology.
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1
Introduction

This chapter provides an introduction to the offshore windmarket and to this master thesis. The offshore
wind energy market is described to set the scene under which the thesis is written. The introduction
explains why the thesis is written and how. This includes the problem statement, research objectives,
research questions, and the outline of the report.

1.1. Offshore wind energy market
Over the last decades wind energy has developed from a small local energy supplying technology to
an energy source of global significance. With a Compound Annual Growth Rate (CAGR) of 38.5% for
offshore wind between the years 2000 and 2018, the growth did not seem to have a limit [53]. But as
inflation skyrocketed in 2022 and wind turbine costs increased by up to 40% over the last two years,
investments stagnated [110]. Not a single commercial scale offshore wind farm reached a final invest-
ment decision (FID) in Europe in 2022 [109]. The increase in costs even resulted in Vattenfall to stop
development of its British Norfolk Boreas offshore wind project [100], Orsted to cancel the offshore wind
projects Ocean Wind 1 & 2 on the US east coast [69] and BP & Equinor to terminate the Empire Wind
2 offtake agreement [10].

This practice stands in sharp contrast to the vision of most western countries to heavily invest in
offshore wind energy. The Netherlands, for example, almost doubled their offshore wind ambition for
2030 from 11.5 to 21 Gigawatt (GW) of installed capacity [66]. Since the beginning of the war in Ukraine
in 2023, countries worldwide have aimed to increase energy independence. Producing clean energy
locally is empowered by plans like the IRA and REPowerEU. The IRA is the largest piece of federal
legislation in the United States (US) to ever address climate change and energy. The IRA contains a
package worth 400 billion US dollars of stimulating measures to make the US economy and infrastruc-
ture sustainable [51, 83]. RePowerEU is a plan of the European Union (EU) to accelerate the energy
transition and become completely independent of Russian energy supply. RePowerEU aims at an in-
stalled offshore wind capacity in the EU of 90 GW in 2030 and 300 GW in 2050 (compared to 28 GW
in 2021) [82].

A quick calculation will show that the European goal is overly optimistic. The aim is to install 140.8
GW of offshore wind capacity between 2022 and 2031 [108]. This means an average of 14 1GW wind
farms installed each year. With the current wind farm installation project timeline this will be a great
challenge. If we choose a progressive turbine size of 15 MW on average and a water depth of 50 me-
ters, we can estimate the current fleet able to install these turbines. Figure 1.1 shows an overview of
the current fleet of crane vessels able to install large wind turbines. The vessels in the green area are
expected to be able to install 15MW turbines. Currently there exist 13 of these and including the 7 extra
planned (excluding the upgraded vessels) this results in 20 vessels able to install the 15MW turbines.
Assuming the European market is able to charter half of these vessels each year, each vessel will need
to install an average of 94 turbines per year (<4 vessel days per WTG) to reach this target (without
mentioning the required balance of plant for all these wind farms). This is an optimistic number looking

1



1.1. Offshore wind energy market 2

at the current industry practice of an average of 5 vessel days required per Wind Turbine Generator
(WTG) installation 1 when not taking into account seasonal changes in installation rate [90]. Looking
at the total installed capacity over the last years in Northern Europe, a similar trend can be discovered
(see Fig. 1.2). The total installed capacity between 2016 and 2024 varies between 2 and 4 GW/year,
without showing any clear increasing trend. This hindcast data is far from the desired 14 GW/year on
average until 2031.

Figure 1.1: Selection of the offshore wind industry heavy lift crane vessel capacity. The vessels in the green area are
estimated to be able to install 15MW turbines.

Figure 1.2: Total installed WTG capacity, in megawatts, in Northern Europe between 2016 and 2024.
Note that the 2024 data are not complete, since not all 2024 data is available [90].

To achieve the ambitious goals of the EU, it is imperative to create an attractive market that reduces
the investment risk in the offshore wind sector and its supply chain. The past few years this desired
effect has not been achieved, resulting in lower amounts of newly installed MWs for the upcoming years
(see figure 1.3). Whether the predicted increase after 2025 will become reality will depend on the fea-
sibility of future wind farms. This depends on factors such as Levelized Cost Of Electricity (LCOE),

1including transit and loadout
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auction design, increase in WTG scale, design optimisation and developments in the floating wind sec-
tor.

Figure 1.3: New offshore installations, global, in megawatts [108].

Especially scale increase of WTGs was a driver in reducing the investment cost (and thus LCOE)
over the last decade. With sizes growing to the limits of equipment and installation vessel size, huge
investments are required to install bigger turbines. Besides, the benefit of scale increase levels off
when the scale increases: i.e. if you want to build a 500MW wind farm, a turbine scale increase from 1
MW to 2 MW reduces the number of turbines needed by 50%. If the turbine scale is increased from 14
MW to 15 MW, the number of turbines is only decreased by about 7 %. These decreasing cost savings
are accompanied by increasing structural costs to accommodate larger bending loads on larger rotors.
This can be explained by the fact that the induced bending loads increase cubically with increasing ro-
tor diameter, while the WTG’s rated capacity only increases quadratically with rotor diameter. Overall,
this results in the WTG cost per MW to increase for future (bigger) WTGs [68]. Even when taking into
account the cost reduction because of fewer turbines required, the LCOE increases for WTGs with a
greater rated capacity [68].

In the same report, DNV states that there are no technical barriers to limit further growth of turbine
rating, but that numerical analysis shows there is no LCOE decrease with increasing turbine capacity
rating. Therefore, it expects the growth in turbine size to slow down over the coming years. Original
Equipment Manufacturers (OEMs) are calling for a standardised turbine size and to optimize this design
[49]. DNV expects the largest cost reduction can be achieved by industry learning and standardisation
in the fabrication process [68]. Also, the focus should shift from an eternal search of reducing LCOE to
circularity of the offshore wind industry and nature inclusiveness, according to the ex-CEO of Siemens
Gamesa David Molenaar [49]. Nevertheless, WTG size is still increasing, as turbine size increase is
associated with technical development.

The market has improved over the first half of 2023. Six projects have reached FID totalling 5 GW
of extra capacity [110]. One of the rapidly growing new sectors is the floating wind industry, exemplified
by the completion of the Hywind Tampen wind farm, which nearly doubled Europe’s installed floating
wind energy capacity from 113 to 208 MW [110]. Although this is negligible to the bottom-fixed market,
this is just the beginning of floating wind. Several GWs are under development in the UK and France
is auctioning a 250 MW wind farm off the coast of Brittany. It is expected that Europe will have 3-4 GW
of floating wind energy in operation in 2030 [110]. Although this capacity is still marginal compared to
the bottom-fixed capacity planned until 2030, it is a big ramp up from its current size. Therefore, the
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industry urges the EU to invest in up-scaling of the supply chain instead of only funding innovation. A
part of the supply chain is the fleet of installation vessels, capable of installing the WTGs offshore. As
shown in Figure 1.1, only a small portion of the current fleet is expected to be able to install large WTGs
(>15 MW). Next to investments in larger installation vessels, options should be explored to repurpose
other installation vessels to be able to install (part of) these larger WTGs.

1.2. Problem Statement
The development of bigger Offshore Wind Turbines (OWTs) is estimated to reach the historical turbine
size value of 25 MW [68, 97]. This scale increase will have numerous effects on the design, manufactur-
ing, and installation processes. As outlined in the previous paragraph, a shortage of installation vessels
capable of installing the next generation turbines is one of the challenges. As swift installation of these
huge turbines is required (see Section 1.1) to keep cost down and reach the set capacity targets for
2030 and 2050, fast and large installation equipment is required. Re-purposing floating Heavy lifting
vessels (HLVs) now mainly used in the Oil & Gas industry to the Offshore Wind industry is a solution
for the vessel shortage. These vessels already have the required lifting capacity to install enormous
turbines. The weight of towers and Nacelle Hub Assemblies (NHAs) is expected to pass 1000 mT and
therefore become a challenge to install for most conventional jack-up installation vessels. Faster instal-
lations can be achieved by floating HLVs as the time-consuming operation of jacking up and down is
not required for floating vessels. A limitation of some floating HLVs is the maximal crane lifting height,
although dual crane lifting configurations could surpass this problem.

A consequence of installing WTGs from a floating vessel is that relative motions will occur between
the vessel and the intended load set down area (support structure). WTG installations with floating
vessels are quite rare and thus little experience has been gathered. Especially when lifting heavy loads
with a high Centre of Gravity (CoG), which is the case for single-lift WTG installations, relative motions
can become critical to the stability of the load and vessel. To account for this, technologies have been
developed such as ballasting systems, Dynamic Positioning (DP) systems, Heave Compensation (HC)
systems in cranes and Guide & Bumper (G&B) systems. Their mutual goal is to gain control of the
motions related to the vessel and load during installations. The challenge in using these systems to
install complete WTGs lie in the relative high CoG combined with a small set-down base. Therefore,
the stability region during the load transfer from vessel to support structure should be investigated.

One of the effects of larger WTGs is the enormous overturning moment and axial loads they will
generate. These are applied throughout the tower and its support structure. To couple the turbine and
support structures, a connection with a high ULS and FLS capacity is required. The C1 Wedge Con-
nection is a newly developed connection that claims to be able to handle these larger loads, in addition
to being safe, fast and maintenance free. Since the connection allows larger installation tolerances2, it
might be a suitable connection for floating offshore installation operations. The C1 Wedge Connection,
in combination with the use of HLVs may be a very promising set-up to install WTGs with a single-lift
in a fast en safe manner with an acceptable operability.

This thesis is about the installation of whole WTGs from a floating vessel. More specifically, the
thesis will investigate the stability region during the load transfer from vessel to support structure. To
assess this, an installation scenario will be examined. Heerema has developed a single-lift WTG in-
stallation configuration, making use of a dual crane lift, see Figure 1.4. Making use of two cranes
instead of one, it is possible to lift the turbine with lifting points at the bottom and halfway up the turbine
tower. This reduces the required lifting height of the cranes, making the installation of bigger WTGs
possible, but decreases the stability. A stabilising frame alongside the tower is positioned only just
above the vertical CoG of the WTG. During installation, the load is transferred from the cranes to the
support structure. External loading from wind and waves induce forces on the turbine and on the crane.
During lifting, the tension in the crane wires is holding the turbine upright, preventing it from toppling
over. However, when the tower is being lowered onto the support structure, the tension in the crane

2installation tolerances here refer to the tolerances allowed when aligning the upper and lower section during the installation.
They can refer to tolerances in radial, circumferential and/or longitudinal direction. For the C1 Wedge Connection, this applies
for all of these, as described in section 2.5.3
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Figure 1.4: Render of dual crane whole WTG installation with SSCV Sleipnir

wires, and thus the up-righting moment, decreases. The base of the tower should now provide this
up-righting moment, but with a relatively small base without any connection to the support structure it is
not realistic to assume the tower base can do this (see Section 6.2). Therefore, C1 Connections devel-
oped the Quick Connection System (QCS, see Chapter 2.5.3). This system extends remotely activated
hydraulic cylinders to create a temporary connection between the WTG and the support structure. With
this temporary connection, the base is expected to be able to provide sufficient up-righting moment to
prevent the WTG from falling over. Then, outside of the critical time path, the permanent connection
can be made manually. However, the conditions under which the QCS can be activated are unknown.
This thesis therefore examines the installation conditions under which the QCS can be activated.

This thesis is written in collaboration with C1 Connections and Heerema Marine Contractors. Addi-
tional information about C1 Connections can be found at c1connections.com and additional information
about Heerema is available in Appendix A.

1.3. Research objective
In this paragraph the research goal and scope are presented. This paragraph explains the main objec-
tive of the thesis and the questions used to break it down into research steps. Furthermore, the scope
is presented, as well as the main assumptions.

1.3.1. Research Goal
The goal of this thesis is to determine the conditions under which the QCS can be activated, as ex-
plained in Section 1.2. In the offshore industry this is done by assessing the operability and/or worka-
bility of an installation activity. To keep the results generic, it is decided to assess the operability in this
thesis. Furthermore, the stability during the load transfer phase is calculated and discussed. Finally,
the operability is optimised, as this is desirable for the feasibility of the installation method. Are design
alternations required? What implications do these have on cost, procedures, and safety?

From the problem statement and the research objective, the main research goal is formulated:

’How to optimise the operability of a floating single-lift installation
of a Wind Turbine Generator (WTG) with a quick connection system (QCS)?’

https://c1connections.com/technology/
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The main research goal is divided into the following questions:

1. What effect do wind and waves have on the dynamics of a WTG after the alignment phase of the
installation?

2. Is a QCS required to keep the WTG stable during the load transfer phase?
3. What is the operability of the activation of the QCS during a single-lift WTG installation?
4. Is the stabbing window a limiting factor for the application of the QCS?
5. How do the support structure, WTG, rigging, and crane interact after the QCS is deployed?
6. How does the C1 QCS perform compared to alternative connections during installation?
7. What design improvements are required, if any, to make the C1 Wedge Connection suitable for

a single-lift WTG installation?

These sub-questions will help guide the thesis in finding an answer to the main research question. The
approach taken to answer the (sub-)questions is given below.

1.3.2. Scope
Due to limited resources a specific scope is selected to make the project manageable. First of all, a
state-of-the-art scale WTG will be considered. The models created will be simplified to ensure man-
ageable simulation durations. The models will simulate motions in the in-plane horizontal x, vertical
z and rotational θ direction (around y), totalling 3 Degree Of Freedom (DOF) directions. With these
directions, enough information is gathered to draw conclusions about stability in the main direction of
interest. Models are built and expanded step-by-step to keep track of changes and the (lack of) influ-
ence they have on the results. Vessel hydromechanics are only touched upon superficially and the
crane tip motion is used as the input to the model. The installation vessel used in this thesis is the
floating HLV SSCV Sleipnir and the WTG is installed on a mono-pile support structure.

1.3.3. Main Assumptions
In the thesis, a lot of assumptions are made to create the models. A list of the main assumptions is
given here. More specific assumptions are mentioned in the model descriptions.

• The support structure is rigid and fixed to the seabed.
• The WTG is modelled as a rigid body.
• No tuggers are added to the rigging arrangement. This can be done in future research to control
the load motion even better. But since this is not the goal of this thesis, it is left out here.

• The C1Wedge Connection is modelled as a number of spring/dampers equally spaced around the
tower’s circumference. Before the QCS is activated, they only work in compression (no tension),
mimicking the flange contact force. After the QCS is activated, they work both in compression
and tension.

• Bending forces in the C1 Wedge Connection are disregarded. To ensure the C1 Wedge Con-
nection’s structural integrity, deformation of the connections upper or lower flange is not allowed.
Once the WTG is rotated beyond the rotational tolerance in the fork, the C1 is assumed to fail.

• Constant stiffness and damping values are assumed for all modelled objects, except for the C1
Wedge Connection as described above at the fourth point.

1.4. Research Methodology
This paragraph presents the approach taken in the thesis as a whole. This paragraph elaborates on
the methodology and assessment criteria used to address the research question. Finally, the structure
of the literature review is presented in the report outline.

1.4.1. Approach
The thesis is built up in several stages. First, literature research is conducted. Here, relevant sources
from scientific papers, books, theses, patents, and other material are selected, evaluated, and syn-
thesized to write a comprehensive and balanced literature review from several perspectives. Then
conclusions and recommendations are drawn to incorporate during the thesis research. Input is gath-
ered to build a model to replicate the motions present in the case study. A Python model, based on
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analytically derived equations, is built up from scratch and is expanded step by step. This model is build
to increase understanding of the fundamental physical phenomena present during theWTG installation.
Once this model is sufficiently developed, it will be verified using a similar model built in the widely used
industry software package OrcaFlex (Chapter 4. This model is then expanded with more complex fea-
tures. The output of this model is analysed and a parameter sensitivity analysis is performed. Finally,
the model is used to assess the stability during the load transfer for different load cases. By iterat-
ing over the input parameters and limiting parameters, the operability of the installation is optimised.
The iteration loop of: model construction/adjustment→ result generation→ comparison/discussion→
model construction/adjustment → etc. is ran several times to acquire the desired model and results.

1.4.2. Assessment Criteria
In this subsection, the main assessment criteria are mentioned on which the model results will be eval-
uated. First an assessment is made on whether the QCS insertion slots in the C1 Wedge Connection
are overlapping for a long enough period of time to make a quick connection (Tstab criterion). A mini-
mum period is needed to activate the QCS, to make sure a safe and proper connection can be made
by completely inserting all pins. It would be dangerous if only a part of the pins is inserted. A second
criterion on which the installation will be evaluated is the ability to keep the rotation of WTG under a
certain threshold. This applies both before activation of the QCS (retain C1 structural integrity) and
after activation of the QCS (during load transfer). The third criterion concerns snap loads in the rigging
occurring during set-down of the WTG on the support structure. These result from impact of the WTG.
Literature research will be used to assess whether a maximum snap load or a maximum impact velocity
is preferable as a limiting criterion. Realistic values for all above mentioned criteria are taken from the
literature research. A comprehensive description of all used limiting criteria can be found in Section
5.2.

1.4.3. Outline of Report
The literature review is divided up into two parts: First, in Chapter 2, a more general assessment is
provided for all state-of-the-art structures and equipment involved in offshore WTG installations. The
functionality, applications and limitations of structures and equipment such as turbine parts, vessels and
connections are described. Then, in Chapter 3, the physics involved in the installation is described. The
loading on WTG and vessel are assessed and the methodology of modelling these systems in software
is explained. After these two chapters of theory, intermediate conclusions are drawn from several dif-
ferent perspectives and recommendations for the thesis are proposed. Chapter 4 then describes an
overview of the first modelling phase. In this phase two models are built (one Python model and one
OrcaFlex model). These models are compared and discussed, which leads to the development of the
Enhanced OrcaFlex model, described in Chapter 5. For this model, the contents, assumptions, and
methodology are presented. Chapter 6 then presents the results of the enhanced model, including the
results of the sensitivity study and the optimisation. The results here are specified for two situations,
where Situation 2 is the installation situation before activation of the QCS and Situation 3 is the instal-
lation situation after activation of the QCS (the load transfer phase). The Chapter finishes off with a
discussion about the validity and reliability of the results. Chapter 7 finalises this thesis with the con-
clusions (per research question) and proposes recommendations for further research on this model or
a way to use the conclusions from this thesis for further research on this topic.



2
State of the Art Offshore Structures

and Equipment

This chapter provides a theoretical background of offshore structures and wind turbine installation equip-
ment. Information is provided about equipment required to integrally install WTGs. This includes the
installation vessels, lifting configurations, installation aids and the connections between these compo-
nents.

2.1. Offshore Wind Turbines
Offshore Wind Turbines generally consist of two parts: the Wind Turbine Generator (WTG) and the
substructure. The offshore WTG is relatively similar to the onshore WTG. It consists of a tower, nacelle
hub and three blades. The offshore substructure differs from its onshore equivalent in most aspects
(size, shape, and composition). There are many different offshore substructures possible, here divided
into the two main categories bottom-founded and floating.

Figure 2.1: Schematic of the Mono-pile, gravity-based and jacket offshore wind turbine support structures [55].
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2.1.1. Bottom-Founded Support Structures
Support structures are the basis of the wind turbine. They transfer the loads from the turbine to the
earth and supply the turbine with the required connections. Most offshore support structures installed
so far are bottom-founded. There are three common types, as shown in Fig. 2.1: Mono-piles, jackets
and gravity-based [55]. The mono-pile (MP) is the simplest concept. A steel tubular is driven into the
soil. MP diameters currently lie between 3 and 8 meters, but diameters are still increasing. SIF, for
example, is building a new MP manufacturing plant to handle MPs up to 11 meters [88]. MPs are being
applied up to water depths of around 60 meter (see Fig. 2.2). A transition piece (TP) is fitted on top of
the MP to connect it to the turbine tower. Since the TP does not suffer piling impacts (as the MP does),
it can accommodate complex welded secondary steel structures like the access platform to the WTG.
TP-less support structures have been constructed for Hollandse Kust Zuid, among others [11]. Sec-
ondary steel items are hung-off the MP after its installation. Although this design reduces the weight
of the total primary structure, concerns arise about the availability of crane vessels able to install these
MPs, since they are longer and heavier. The gravity-based structure (GBS) is most comparable to
an onshore substructure. A large concrete base resists the overturning moments. The GBS is mostly
applied in shallow waters (<20 meter water depth) on clay, sandy soil and rock seabed conditions [55].
Jacket substructures are space frame structures made from steel tubulars that are welded together.
Jackets are used for intermediate water depths (20 to 60 meters water depth). Their broad base re-
sists the overturning moments, and the slender tubulars are loaded less by waves than the MP. The
cross tubulars give the structure its shear strength.

Figure 2.2: Support structure type versus maximum development water depth and installation date, for global projects
excluding China. The bubble area is approximately proportional to installed capacity [11].

2.1.2. Floating Support Structures
Floating support structures consist of a body that displaces water to make the OWT buoyant and a
mooring and anchoring system to prevent the OWTs from drifting off. Three examples of floating sup-
port structures are shown in Fig. 2.3. OWTs can be ballast-, buoyancy- or mooring-stabilised (or a
combination of multiple). Since the commercial interest for floating support structures is relatively new,
a wide range of concepts is still being considered, some with customized WTGs and/or installation
methods [55].
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Figure 2.3: Schematic of spar, semi-submersible and tension leg platform floating wind turbines.[55].

2.2. Wind Turbine Installation Vessels
In turbine installation strategies there are two main approaches used: (1) assemble the turbine onshore
and transport it to its location in one piece or (2) load the turbine in parts on a vessel and assemble the
turbine at its location of operation. Most wind turbines are assembled offshore, with the help of a crane
vessel. There are several distinct types of lifting vessels installing turbines which can be categorised in
jack-up and floating crane vessels. One type of jack-up crane vessel and three types of floating crane
vessels are discussed below. They are illustrated in Fig. 2.4.

2.2.1. Jack-up Installation Vessel
A Jack-up vessel is a vessel with retractable legs that can lift the vessel hull out of the water by extending
its legs to the seabed. This makes lifts to bottom-founded support structures almost entirely unaffected
by vessel motions due to waves, thereby simplifying alignment of WTG components. Soil conditions
are particularly important for the applicability of a jack-up vessel as a punch-through can be catastrophic
for the stability of the vessel. Jack-up legs are a threat to cables. Therefore, a safe distance should
be maintained, limiting the options for jacking up positions [28]. This causes the process of jacking
up to be time-consuming especially since lowering and lifting of the legs can only be done under calm
sea conditions. Despite this, almost all OWTs are installed with jack-up vessels [90]. State of the art
jack-up vessels can install up to water depths of around 70 m [15]
taking 1 to 2 days per turbine (time at turbine).
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(a)Cadeler’s Jack-up vessel Scylla (b)HMC’s Semi-submersible vessel Thialf

(c)DEME’s ship-shaped mono-hull vessel Orion (d) Scaldis’ sheer leg crane barge Gulliver

Figure 2.4: Four distinct types of offshore crane vessels [14, 44, 23, 105].



2.3. Installation Methodology 12

2.2.2. Floating Installation vessel
The floating crane vessel (or heavy lift crane vessel) is an upcoming type of installation vessel in the
offshore wind market mostly driven by the enhancement of the dynamic positioning (DP) system and
the need to install OWTs at locations where the soil is not suited for jack-up legs, or the water is too deep.
New vessels like DEME’s Orion or JdN’s Les Alizés are designed for bottom-founded support structures
installation [23]. The main benefits of floating installation vessels are its independence of water depth,
soil conditions and its capability to weathervane; they choose the most optimal heading for installation
whereby minimizing wave and/or wind interaction. Heavy lift crane vessels can be categorised as
follows:

• Semi-submersible crane vessels (SSCVs) can lift great loads but generally come with high day
rates.

• Ship-shaped mono-hull vessels can lift medium-sized loads but are sensitive to roll motions.
• Sheer leg crane barges can lift great loads but are limited in manoeuvrability and operability at
sea.

The continuous development of equipment, such as DP, crane, and motion compensation systems
(see section 2.6) enhance the operability of the floating vessel types. Also, the need to install OWTs
in deeper water and in locations with less favourable soil conditions increases the demand for floating
vessels.

2.3. Installation Methodology
By far most turbines are installed from jack-up vessels in five offshore lifts (tower, NHA and three blade
lifts) [3]. To reduce this number of critical (weather dependent) lifts, innovative configurations have
been thought of (see Fig. 2.5). Full rotor installation (3 lifts) and bunny ear installation strategies (3
lifts) are examples of this. Heerema recently developed and executed a double lift installation strategy
(tower and RNA) in the Arcadis Ost 1 wind project [42]. In this strategy the RNA was preassembled
on deck on a dummy tower and thereafter connected to the already installed tower. SAIPEM installed
five turbines in a single-lift for the Hywind pilot project in sheltered waters [107]. This project was also
ground-breaking as the turbines were installed on floating support structures with the use of a stability
frame. SAIPEM designed and patented the clamping system used to lift the 6 MW turbines [87]. The
lifting configuration is shown in Figure 2.6.

Figure 2.5: Offshore Wind Turbine Installation Methodologies and the number of critical lifts associated with them [55].
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Another project was executing in Europe involving a single-lift installation: the Beatrice Wind Farm
Demonstrator Project. This installation involved the sheerleg heavy lift vessel Rambiz’s two cranes, a
5 MW WTG and a jacket support structures (see Figure 2.7). Although the tower was relatively short,
the turbine was stabilised with an Upper Stabilising Frame (USF) and a Lower Lifting Frame (LLF). The
LLF was given a large diameter to give the WTG a large base to ensure sufficient stability during the
load transfer phase of the installation. Although this type of LLF required a lot of additional steel, it did
provide a stable landing of the WTG on the jacket. For the installation considered in this thesis, such a
LLF is not considered, since minimal changes to the support structures are desired and the connection
of such a frame to a TP or MP is considered too complex and expensive for the added benefit.

Figure 2.6: The lifting configuration used for the installation of the Hywind Pilot Project. The clamping device indicated by
number 7 is patented by SAIPEM and is a type of Lower Lifting Frame (LLF). The numbers 40 represent the crane’s blocks.

Part 11 is the Upper Stabilising Frame (USF) [87].

The chosen installation method depends on numerous factors including the installation equipment,
turbine size, wind farm location and supply chain specifics. Reducing the number of lifts can reduce
the charter costs but may also increase the installation difficulty. The costs can be reduced by faster
installation and doing commissioning actions onshore but can also be increased due to the need of
developing (project specific) installation tools or because of a reduced operability. Since the installa-
tion of OWTs is a repetitive process, a project specific assessment should be made if faster installation
methods outweigh the extra cost made.
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Figure 2.7: The lifting configuration used for the installation of the Beatrice Wind Farm Demonstrator Project [84].

Next to the installation methodology, the transportation strategy also heavily influences the installation
process. Logistical considerations should be incorporated to determine the best installation methodol-
ogy. Three transportation strategies for the single-lift installation method are explained and illustrated
below:

1. Shuttling; The installation vessel will sail back and forth from the marshalling port to the OWF
with one OWT suspended in its cranes. A large, deep-water quay is required with cranes able
to assemble the WTG on the quay and a support structures able to handle the WTG loads. The
feasibility of this strategy depends heavily on the sailing distance and the port selected. The
sailing distance is likely to be significant since floating vessel installations will mainly become
relevant for deeper waters, which are usually further away from ports.

2. Feeder barge; In this strategy, the installation vessel will stay at the OWF and one or multiple
barges will shuttle between the port and OWF. A prerequisite here is that a barge can sail with a
completely assembled WTG on its deck. If this is technically unfeasible, a transport similar to a
semi-submersible floating support structure tow-out could be used, although this could be quite
cumbersome.

3. Sheltered waters; The installation vessel will pick up pre-assembled WTGs from the quay (like
in the shuttling strategy) and install them on floating support structures in sheltered waters, as
with the Hywind Pilot Project. Here, a major cost saving is the sailing time. Since the installation
vessel can stay in the sheltered waters, short cycle times can be achieved. The floating OWTs
can be towed out to the site after mating of the support structure and WTG. Limiting factors here
are the onshore supply chain mobilisation speed and long-distance tows.
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(a) Shuttling transport strategy example of HMC’s Aegir lifting the DOT SJOR
Turbine before sailing to the OWF [94].

(b) Feeder transport strategy example of Boskalis’ Manta towing a
pre-assembled WTG on a semi-submersible floating support structures [98].

Note that this is a possible example of how a feeder strategy could be executed.
In the project related to this figure, the transport was not for feeder purposes.

(c) Sheltered water strategy example of SAIPEM’s S7000 lifting a WTG from the
quayside to later install it on a floating support structure in the sheltered waters
[95]. Multiple turbines are built up on the quayside awaiting their turn for the

mating operation.

Figure 2.8: Examples of the three considered transport strategies.
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A final, pioneering concept to be discussed in this paragraph is Huisman’s concept of a Windfarm
Installation Vessel (WIV), as shown in Figure 2.9. Huisman claims to reach a workability of 85% on
the North Sea resulting in a twenty to forty per cent reduction on installation costs per turbine [9]. The
semi-submersible vessel can carry and install 10 TPs and MPs or 8 WTGs [50]. Tridirectional motion
compensation and a DP-3 system enable the WIV to reach an extremely high workability. A large
installation tower at the bow of the vessel can rotate its dual hoisting systems, enabling parallel activities.
A scala of grippers, railings and beams enable the installation tower to lift hammers and assemble
WTGs onboard the vessel. The lack of crane booms and freely hanging crane blocks enables this
vessel to operate under severe weather conditions. Although this concept looks very promising for
the wind market, no detailed engineering or fabrication has commenced since its presentation in 2020.
Reasons for this lack of progress could be the high investment cost, low Technology Readiness Level
(TRL) of tridirectional motion compensated grippers or the insecure wind market circumstances.

Figure 2.9: Windfarm Installation Vessel (WIV) concept by Huisman [9].
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2.4. Steel Rigging Wires
Steel wires are used in many areas of engineering: from onshore applications in bridges or elevators
to offshore application in mooring lines or drilling lines. In crane vessels they are used to suspend the
crane boom and in winches to hoist loads for example. There are several types of wire configurations
used, see Figure 2.10 for some examples. To model the hoisting and rigging wires, representative
values for the stiffness and damping values need to be determined. A wire can be modelled in two
different ways: (1) as a tensile bar (see Fig. 2.11) or (2) as a combination of a spring and a damper. The
main difference between these methods is that the wire mass is accounted for in the tensile bar method
and not in the spring/damper combination. Both methods are applied when modelling crane wires and
rigging wires [114, 38, 81]. In the lifting set-up used in this thesis, the spring-damper combination will
be applied because the wire rope lengths are relatively small.

Figure 2.10: Spiral strand, wire rope, and 6xK36WS IWRC (used in HMC’s SSCV Thialf) [101]. 1

To determine the appropriate stiffness k and damping c equations 2.1 and 2.2 are used. Damping
is caused by inner rope friction [35]. The damping is modelled as viscous damping and is calculated as
a percentage of the stiffness 2. Literature papers use values between 1 and 10 % [114, 38, 81], while
a value of 1% seems more realistic according to [35] and [70], who use values between 0.7 and 2%.

k =
nEAeff

L
(2.1)

c

k
= ζ

√
m

k
(2.2)

where n is the number of wires; E is the Young’s Modulus of the wire; Aeff is the effective cross-
sectional area of the wire; L is the wire length; ζ is the critical damping ratio (assumed to be 5%) and
m is the load mass.

Figure 2.11: Tensile bar [89].

1The difference between spiral strand wires and wire ropes is the way the single wires are laid in successive layers to provide
flexibility and integrity. A spiral strand consists of a group of wires laid in helically layers around a central straight core wire. A
wire rope has generally six strands laid helically over a central wire, called the king wire, which is consisting of minor separate
wire ropes or twisted threads. Wire ropes are a lot more flexible in bending than spiral strands, which is why wire ropes are used
in pulleys and winch drums in cranes. Wire ropes are compacted, resulting in a larger effective area. While the wire stretches it
automatically starts to untwist. To minimise this twist, the cores are oppositely spiraled.

2notice the percentage has the unit seconds.
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2.5. Structural Connections between Turbine Tower and Support
Structure

The type and amount of connections present in an OWT is especially important for the design of the
installation methodology. The tolerances can vary multiple orders between different connections and
the speed of connecting and associated risks involved make connections an important part of the off-
shore operations. In this paragraph, the bolted L-flange, Slip Joint and C1 Wedge Connection will be
discussed, see figure 2.12.

(a) Bolted L-flange connection (b) Slip Joint connection (c) C1 Wedge connection

Figure 2.12: Three connection types used in offshore wind turbines [31, 30, 12].

2.5.1. Bolted L-flange Connection
Currently, most connections between large OWT components are bolted connections. Bolts are fas-
teners that, in combination with a nut, apply an axial clamping force to two unthreaded components
[65]. In OWTs, the bolt assembly is used to connect large components such as tower parts or tower
and substructure. The bolts are arranged in a ring-flange connection, see Fig. 2.13. The L-shape of
the flange displaces the bolt axis eccentrically to the line of force of the connection [65]. The bolts are
pretensioned during installation to reduce the fatigue loads [106]. However, it is hard to achieve the
desired bolt tightness. Torque tools can deviate up to 30% of the desired bolt tightness, while hydraulic
tensioners can deviate up to 20% [6]. Furthermore, elastic interaction during installation could cause
bolts to lose preload up to 98% after bolt tightening of adjacent bolts, although on average this is ex-
pected not to be this much [115].

This is not the only problem associated with the bolted L-flange connection. The clearance in bolt
holes is only a couple of millimetres, making alignment of the bolt holes difficult during installation in
the offshore environment [27]. Also, maintenance is required on the bolts since bolts are sensitive to
the highly corrosive offshore environment and the loss of pretension over time [13]. DNV advises to
inspect critical items at least each year [27].

Another risk associated with the bolted connection is the compliance to Health, Safety and Envi-
ronment (HSE) limits. With increasing turbine size (and thus loads), exceptionally large bolt diameters
such as M72 and M80 are required. These bolts can weigh up to 20 kg each, exceeding HSE man han-
dling limits [22, 34]. Getting the bolts into their installation position can become a complex operation if
they cannot be lifted in by hand and thus a crane is required. Also, the fatigue life assessment of these
large scale bolts is very difficult due to the lack of experimental data points to derive the fatigue design
curves [65]. A final downside of the bolted L-flange is the scalability of the connection. With growing
turbine sizes, flange and bolt loads increase. According to SIF, the bolted connection is close to its
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Figure 2.13: Bolted ring flange connection and equivalent single bolt segment [67].

maximum scalability [62]. This could be due to technical/economic factors or since these extremely
large bolts and flanges are difficult to produce [12].

All risks mentioned above make bolted connections unfavourable for future offshore installations,
where even larger turbines and relative motions pose great safety risks. The offshore wind industry
is familiar with these risks. Therefore, a project was launched by the GROW consortium to develop a
model for bolt and ring flange fatigue assessment for future large wind turbines [36]. The industry has
a strong need to improve the ring flange connections, as the current design procedures are insufficient
[52].

IQIP developed the Flange Clamp Tool (FCT) to facilitate a temporary axial connection between two
flange structures (see Fig.2.14). This can help with the installation of large turbine components since it
removes the need for personnel to stand under a suspended load. The tool is remotely operated and
has a fail-safe system arrangement. The system consists of two cylinders and a shaft that can clamp
inside a bolt hole with capacities up to 60 mT. [54].

Figure 2.14: Flange Clamp Tool (FCT) from IQIP
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2.5.2. Slip Joint Connection
An alternative to the bolted L-flange Connection is the Slip Joint. In the Slip Joint connection two
conical pieces are slid over each other to create a friction-based connection, as shown in Fig.2.15. The
connection does not need any moving parts or tools to secure or finalize the connection. This lack of
components also results in no need for maintenance. The difference in diameter between the lower
part of the upper cone and the upper part of the lower cone allows a large positioning tolerance during
installation, reducing the installation time substantially [93]. The Slip Joint can be applied between MP
and TP, TP and tower, and even between tower and RNA [30, 33]. So far, the Slip Joint has been
tested in numerous offshore projects but has not been commercially applied to a complete Offshore
Wind Farm (OWF).

Figure 2.15: The Slip Joint working principle of a friction-based connection.

Possible drawbacks of the Slip Joint are the extra material being used in the connection: it is double
walled over an overlap length of around 10meters (for large OWTs). The overlap length also causes the
need for extra lifting height of the crane installing the Slip Joint. Although the installation is simplified, the
Slip Joint settles over its lifetime. In the Borssele V project, the Slip Joint settled over its entire lifetime,
with peaks during its installation and the installation of the WTG components [93]. The reported overall
settlement during WTG installation is in the order of centimetres. Over the entire lifetime of the turbine
a maximum settlement of around five times this settlement is expected, all very gradually. The fact that
settlement occurs in this connection, requires an adapted design for components such as cable and
hose connections.

2.5.3. C1 Wedge Connection
The last connection discussed in this paragraph is the C1 Wedge Connection. Here, a straight and a
fork-shape flange are pushed towards each other by wedges inserted in slots in radial direction. The
wedge is extended by tightening a nut on a horizontally oriented stud, which push the two inclined
surfaces closer to each other creating a vertical force about 5 times the horizontally applied stud force.
This vertical clamping force is applied between the top surface of the lower flange and the centre sur-
face of the upper flange. The novelty compared to the bolted L-flange connection is that the load is
transferred direct and concentric between the segments and that bolt failure is avoided under static
and cyclic loads [17]. The required bolt size for this connection is much smaller than for the bolted
L-flange connection. The force variation in the bolt is almost negligible under service loads due to the
hysteresis effect in the fastener [18]. This makes the fastener insensitive to fatigue loading, increasing
the Fatigue Limit State (FLS) capacity of the connection.

The Ultimate Limit State (ULS) capacity can also easily be increased by using a larger wall thick-
ness of the lower flange. The use of a higher strength grade steel can also increase the ULS of the
C1 Wedge connection, in contrast to the bolted L-flange [17]. The wedge assemblies are too heavy
to lift by hand but can be prepositioned on the upper flange. During installation, the assemblies are
slid through the slots and thereafter are tightened by a hand tool. A portable pretension tool is used
to achieve the final desired tension in the fasteners. The flanges are designed such, that they allow
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Figure 2.16: The C1 Wedge Connection working principle [12].

for radial and tangential misalignment. The connection is also less susceptible to waviness (flatness of
the flange) than the bolted L-flange [22].

The C1 Wedge connection is also equipped with guiding plates and pins to avoid impact between
the upper and lower flange and to ensure the correct orientation of the connection. Extra bumpers can
be added to take out any ovality present in either one of the tubulars. After the alignment of the upper
and lower flange and slots, a hydraulically activated Quick Connection System (QCS) is activated. The
QCS automatically pushed out a number of pins to create a first locking mechanism in the connection.
This is shown in Figure 2.17. C1 Wedge Connections claim to reduce fabrication, installation, and
maintenance costs due to the use of a smaller flange & smaller diameter bolts compared to the L-flange
[22].
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(a) Start position, before QCS activation
(b) Stabbed position, during QCS

activation, QCS is unloaded
(c) Pre-loaded position, after QCS

activation, QCS is loaded

Figure 2.17: Quick Connection System (QCS) [12].

2.6. Heave Compensation for crane loads
In the offshore industry, the environmental conditions determine whether operations can be executed
or not. Increasing the operability of an operation will lower waiting on weather (WoW) time and ulti-
mately result in a faster and cheaper installation method. One technology used to increase operability
is heave compensation. This technology aims at reducing load motions and/or impact forces by com-
pensation of vessel motions in heave direction. In other words; the vessel motions are decoupled from
the load motions. In general, there are two types of heave compensation: Active Heave Compensa-
tion and Passive Heave Compensation. This section elaborates on these types and assesses their
performance.

2.6.1. Passive Heave Compensation (PHC)
The main principle of the PHC is to store energy from an external source and dissipate this later when
required. The standard model does not require energy to operate. The PHC consists of a gas accumu-
lator, coupled to a hydraulic cylinder with a nozzle (see Fig. 2.18) [16]. The nozzle ensures damping
in the system by restricting the flow. The hydraulic fluid is present at the rod-side of the piston and is
separated from the gas by a floating piston. The gas, usually Nitrogen, is compressed when the load
on the cylinder rod is decreased. By setting the accumulator pressure and volume, the stiffness of the
PHC can be determined. It therefore acts as the spring element in the system. A vacuum is present at
the non-fluid side of the piston [16].

The spring force is non-linear, but is modelled here as a function of the stroke (s) and (constant) stiffness
(k):

Fspring = ks (2.3)

If non-linear effects are ignored, the stiffness can be obtained as a function of the gas pressure at
equilibrium stroke (po), the area of the piston (A), the total stroke length (stotal), the compression ratio
(C) and the adiabatic coefficient (a) [16].

k =
poA

stotal
(Ca − 1) (2.4)

The dampening force is non-linear and dependent on the squared stroke velocity and the damping
coefficient (c), which depends on the flow characteristics through the nozzle [16].

Fdamping = c(
ds

dt
)2 (2.5)
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Figure 2.18: Standard PHC & equivalent Spring-Mass-Damper Model [16].

PHC is praised for its simplicity and robustness. In today’s industry, higher safe working loads
(SWLs) are available for PHC than for external AHC systems (not integrated in the crane) [86, 21]. A
limitation of PHC is the added weight, around 10% of the SWL, which can be significant for lifts designed
on the crane’s lifting limits. The available stroke of the PHC limits the wave height it can compensate for,
although PHCs can be put in series to increase the stroke (with all the corresponding consequences).
The performance of PHC is dependent on the excitation frequency of the vessel and the PHC settings
(stiffness and damping). Figure 2.19 shows how the relative load motion is dependent on the frequency,
as in a low-pass filter. By compensating the system with a PHC, the natural frequency can be tweaked
to assure the wave frequency spectrum is in the damping region of the system. Optimal tweaking of
the PHC will, in general, result in heave decoupling efficiencies up to 80% [57].

Over the last years, extra features have been added to PHC. Where the widespread application is
in subsea lifts, new features, like quick lift, make it also relevant for in-air lifts [16]. Quick lift enables a
load to be lifted of the deck of a vessel or barge by retracting the cylinder simultaneously to lifting the
load by the crane thereby reducing the chance of re-contact between load and deck. In the sub-sea
application, it is important to determine the critical stages and tune the PHC to operate best in these
phases. If desired, dual valve control settings can be added to the PHC, creating a step change in
system stiffness.

2.6.2. Active Heave Compensation (AHC)
A unique way to reduce loadmotions and/or impact forces is to actively control the heave compensation.
There are two types of AHC: tension control and motion control. Both systems operate similarly but
require different inputs and controllers. AHC usually involves a closed-loop control system that requires
energy input to operate as can be observed for a reference system in figure 2.20. The system consists
of a Motion Reference Unit (MRU), a control system (often a PLC) and an actuator (hydraulic or electric).
The input for the system usually consists of the heave motion of the vessel but can also use wave data
and/or forecasting. The choice of control method (using delayed signals or preset values) can have a
noteworthy influence on the performance of the AHC, especially with irregular waves [111]. Electric AC
motors are preferable if high power efficiency is required [4]. Although a dynamo can regenerate energy
during braking, it is difficult to store the energy on the vessels electrical grid (creating the need for a
battery). Hydraulic actuators provide the highest power to weight ration of all actuator types currently
on the market [73]. This allows hydraulic motors to reduce the footprint at the point of actuation which
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Figure 2.19: Bode diagrams showing an uncompensated (or poorly compensated) system operating within the wave spectrum
and a compensated system with the damped natural frequency lower than the wave frequency spectrum [111].

can be beneficial. System performance can be limited by the available vessel power, motor speed and
torque, measurement accuracy and delay, or computing algorithms. Besides, the wear of sheaves and
wire rope on the winches is increased by AHC. For sub-sea lifts, resonance of the wires should also be
investigated.

Figure 2.20: AHC Electro-mechanical system [32].

State of the art AHC systems are real time systems that can calculate and compensate any dis-
placement almost instantaneously. Accuracy then depends on the control model used and phase lag
in the controller. A way to correct for large phase lag is to make use of Model Predictive Control (MPC).
A MPC solves a quadratic optimization problem by minimizing a cost function (as depicted in equation
2.6 [111]) to determine the optimal controller output.

J =

Np∑
i=0

xT
i Qxi +

Nc∑
i=0

uT
i Pui +

Nc∑
i=0

∆uT
i P∆ui (2.6)

Here, x is the model state, u is the controller. Q, P , and R are weighing factors and Np and Nc are
the predictive and control horizon, respectively. The choice of the horizons and weighing factors will
determine computational time and therewith the error. Figure 2.21 shows a visualisation of the MPC
behaviour.

The addition of predictive modelling on the motion decoupling is significant. Kuchler et al. [61]
showed that adding prediction to a controller can reduce the peak value with over 50%. In general,
AHC can have efficiencies up to 95% [2, 37]. However, DNV GL [28] states that for AHC, the stated



2.6. Heave Compensation for crane loads 25

Figure 2.21: An example of the behaviour of a MPC system [111].

documented efficiency shall be multiplied with a safety factor of 0.9 with a maximum theoretical opera-
tional efficiency of 0.8. Therefore, designing an AHC with an efficiency above 90% is not feasible for
engineered lifts at this moment.

2.6.3. Comparison and variations of Heave Compensation
In this section PHC and AHC are compared, and alternatives are presented.

Comparison
To determine what type of heave compensation is required for a project, it is convenient to understand
the benefits and drawbacks of heave compensation. By identifying the differences and similarities of
PHC and AHC, a judgement can be made whether it is an added benefit for an offshore lift. Table 2.1
shows the main benefits of the AHC & PHC functionalities.

Description Applicable Type
Decrease of heave motions AHC
Decrease of impact loads AHC & PHC

No re-impact possible after set-down AHC & PHC
Tension slings after landing PHC
Requires no power to operate PHC

Table 2.1: Comparison of PHC and AHC. The type(s) mentioned possess the described positive functionality.

Besides the differences of PHC and AHC, it is also good to look at the weaknesses of heave com-
pensation in general. An obvious downside is the added cost of renting or buying the equipment. AHC
is more expensive than PHC, in general, but price ranges within AHC suppliers can vary, mostly due
to the power consumption and efficiency [111]. A second disadvantage of heave compensation is the
required additional lifting height. For AHC, it is easier to integrate the system in the crane, although this
should be done during the design phase of the crane. For PHC, solutions are presented such as ’lock
& release’ - where the piston can be locked during lifting from the deck (when lifting height is usually
more critical) - and ’same side pad-eyes’ - where the lifting points of the PHC are attached to the same
side of the piston, reducing the effective equipment height (although it can induce bending loads on
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pistons) [16, 20]. Another limitation is the maximum SWL of heave compensation. Especially in AHC,
the applicability of the technology is currently determined by its lift capacity. Some AHC systems can
reach a SWL of 1100 mT, while PHC is now in the design phase for 2700 mT [86, 21].

Figure 2.22: An example of an APHC model. Here, controlling the valve opening determines the stiffness parameter [47].

Alternatives
To mitigate the weaknesses of HC, manufacturers have combined PHC and AHC and created a hybrid
form of HC. This form is known under multiple names, but here we will use Adaptive Passive Heave
Compensation (APHC). APHC can adjust its stiffness and damping parameters with prescribed values
specified on the equipment. Then, during the lift, certain modes can be activated for corrections such
as crossing the splash zone (dry weight to submerged weight), depth compensation (continuous adjust-
ment for hydro-static pressure increase over the depth) and landing compensation (adjustments made
to lower landing velocity) [16].

Overall, PHC will achieve sufficient motion decoupling at lower costs for lifts where complete de-
coupling is not essential. When higher motion decoupling is required, active or a combined form of
heave compensation can be used. However, system complexity is increased, and the current industry
is limited in SWL and allowable efficiency limits prescribed in DNV standards. For the offshore wind
industry, heave compensation can play a role in component transfers from barges to installation ves-
sels and in installations from floaters. Currently, by reducing impact loads with PHC, and in the future
possibly with AHC if it has become more energy efficient, as the hybrid form APHC has.
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2.7. Intermediate Findings Offshore Structures and Equipment
The goal of the broad analysis of installation elements was to get a general understanding of how OWT
installations take place nowadays, to identify possible knowledge gaps and discover where improve-
ments can be made. WTG installations with floating vessels are quite rare and thus little experience
is gathered. If large WTGs are installed, the lifting height of current floating HLVs will become a prob-
lem. The single-lift installation method, making use of a dual lift, is the only way these turbines can be
installed without the need to modify the crane vessel. As the lifting height is limited, the lifting points
are situated at the bottom and halfway up the turbine tower. The nacelle is then positioned in between
the two cranes, higher than normally would be possible when lifting with one crane. Mating the WTG
to its support structures is expected to be an unstable operation, although this should be confirmed
with simulations. A Bolted L-flange connection with a FCT, a C1 Wedge Connection with a QCS or a
Slip Joint connection are all connections that can potentially provide a safe restoring moment to assure
stability during the load transfer phase of the installation. However, scalability of the bolted L-flange
connection, lifting height reduction of the Slip Joint and strength of the QCS and FCT form risks to the
implementation of these techniques. Excessive motions of the WTG can be damped in some direction
by using heave compensation, guides and bumpers, and/or tuggers.

Now that a general understanding of the current state of WTG installations is gained, it is possible to
try to combine this knowledge and develop a theoretical framework able to represent all these effects.
This framework, and the implementation of this to model the system behaviour, is described in Chapter
3.



3
State of the Art Modelling of

Dynamics of WTG during Installation

This chapter provides a theoretical background on installation dynamics. This includes the loading on
the installation equipment (vessel, crane, load, etc.) ; operational limits and modelling of the system.
For this thesis, wind and wave loading are considered. The potential presence of ambient current is
neglected because it is assumed that the vessel DP system will counteract most of the effect of such
an ambient current.

3.1. Wind Loading
The force acting on a body due to wind is called wind loading. The wind speed U is an important
parameter in the assessment of wind loading. Wind loading can also be critical during the alignment
phase of wind turbine components, especially when the mean wind speed and turbulence are high [56].
The mean wind speed can be given for different time periods, i.e. 10 minutes, 1 hour or 10 years. DNV-
RP-C205 states that short-term wind conditions (relevant for installations) typically refer to 10-minute
average wind speeds at 10 m height above the still water level, denoted as U10 [25]. The standard
deviation σU is a measure used to describe the wind variability.

3.1.1. Variations in Time
Wind speed has a wide frequency range, see Figure 3.1. Long term effects are created by seasonal
changes in temperature, passages of high- and low-pressure zones and daily changes in tempera-
ture. Short term effects are due to turbulence, created by terrain, obstacles, and local temperature
differences. For this thesis, a long term mean wind speed is considered as constant wind loading on
the WTG. Furthermore, the short-term effects are interesting since the time required to install a whole
WTG is expected to be in the order of minutes. Therefore, the next part will elaborate on the modelling
short-term effects.

Figure 3.1: Wind speed energy per frequency. The ’Spectral Gap’ represents the relatively low spectral density around a
frequency of 1.0 cycle/hr [112]. The short-term effects are relevant for this thesis and a mean wind speed is incorporated to

capture the long-term effects.

28
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3.1.2. Short-term Variations
The short-term variation in wind speed is called turbulence. It is often parameterized by the turbulence
intensity I (see Eq.3.1). Typical intensity values range from 5 to 30% [112]. There are different defini-
tions of turbulence spectra. The three most commonly used spectra are the Kaimal, the Von Karman
and the Mann turbulence spectrum. Of these, the Kaimal spectrum is best used for modelling empirical
observations of atmospheric turbulence [79]. Therefore, the Kaimal turbulence spectrum (Eq. 3.2 [25])
will be used in this thesis.

I =
σU

U10
(3.1)

SU (f) =
6.868σ2

UL1U/U10

(1 + 10.32fL1U/U10)5/3
(3.2)

Λ1 = 42m for z > 60 m

L1U = 8.1Λ = 340.2 m

L1V = 2.7Λ = 0.3333L1U

L1W = 0.66Λ = 0.08148L1U

(3.3)

Here, z is the height above sea water level and subscripts U, V and W indicate the turbulence
directions (longitudinal1, lateral and upward resp.) [25]. According to IEC 61400-1 the design load
case for transport and assembly should follow the normal turbulence model, giving a representative
value of the turbulence standard deviation as the 90% quantile for the given hub height wind speed (Eq.
3.4 [60]).

σU1 = Iref (0.75Uhub + 5.6) (3.4)

here Iref is a reference value of the turbulence intensity ranging from 0.12 to 0.18 for different
turbulence categories. Uhub is the wind speed at hub height.

3.1.3. Variations in Space
The wind speed varies not only in time, but also in space. There is a large variation of wind speed in
altitude, because of surface roughness. This can be taken into account in wind speed predictions by
applying a wind profile. Two common wind profiles used are the logarithmic and the power law wind
profile. Since the power law wind profile is better suited for large altitudes (above 100 m), this wind
profile will be used in this thesis [112]. The wind speed profile U(z) can be calculated with Equation
3.5 if the wind speed at reference height Uref is known [60].

U(z) = Uref

(
z

zref

)α

(3.5)

here, the power law exponent α is determined by the surface roughness, which can be assumed as
0.12 for open seas with waves [25]. z is the height above sea water level and zref is the reference height.

Another space-dependent influence affecting the wind velocity is wake generation due to upwind
objects such as operational OWTs or the crane of an installation vessel. Also upstream of the object,
stagnation causes wind variations. The proposed installation method modelling does not include these
effects as no nearby operational turbines are expected during installation and the influence of the crane
is assumed to be minimal. Turbulence is a large local variation of wind speeds. Turbulence appears in
patterns, which are called eddies. Eddies move along the main flow and cause local variations in wind
speed and direction when passing objects. This ultimately causes local force variations on the turbine’s
blades and tower surface. Eddies can be caused by local rising hot air, reflections and other random,
small-scale effects. Turbulence is incorporated in the Kaimal spectrum that is used in this thesis.

1in the direction of the mean wind speed
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3.1.4. Lift and Drag
Lift and drag are the two loading components of wind on an object. Lift is the component perpendicular
to the relative incoming wind direction and drag is the component parallel to the incoming wind (see
Equations. 3.6 and 3.7 [113]). Wind loading occurs on all modelled objects and will be discussed for
the most important modelling object here: turbine rotor and tower, and the vessel.

Flift = CL
1

2
ρairU

2
airA (3.6)

Fdrag = CD
1

2
ρairU

2
airA (3.7)

here ρair is the air density; Uair is the relative incoming wind speed; A is the surface in which the
wind is acting; and CL and CD are the lift and drag coefficients, respectively. They depend on the
shape of the object.

Rotor loading
The rotor of a WTG is designed to extract as much wind energy from the wind as possible. Therefore,
the lift forces are maximised to obtain maximal loading in the tangential direction of the rotor (lift). This
is done by creating curved surfaces on the blade. The wind needs to ’travel’ a longer distance going
around the upper curved side than around the lower side, as shown in Figure 3.2. This creates a low
air pressure on the upper surface side and a high pressure on the lower surface side, thereby ’pushing’
the blade upwards. The angle of attack α determines the ratio between lift and drag forces and can
be adjusted by pitching the blade. This is done to optimise the wind power output for different wind
speeds. Note here that a too large α will cause the wind flow to separate from the upper surface and
the lift will decrease (stall) [112].

Figure 3.2: Lift and drag forces on a wind turbine air foil (blade cross-section) [99].

An principal factor that determines the direction of the relative wind is the rotational velocity of the
main shaft. The absolute velocity of a blade element due to the rotation of the blades increases towards
the tip of the blade. Since the incoming wind velocity is about the same everywhere in the rotor surface,
the total resultant wind speed direction varies in the radial direction of the blade. To extract maximum
energy from the complete swept rotor surface, blades are designed in such a way that the blade is
thinner and curved towards the tip of the blade, see Figure 3.3.

During the installation of the WTG, rotation of the rotor is constrained by a locking pin or brake.
The blades should be pitched such, to minimize the forces on the blades. But still, considerable wind
loading will occur because of the curvature of the blades. The installation orientation of the WTG is pre-
determined and therefore, the incoming wind direction cannot be chosen once the WTG is assembled
on the quay.

Tower loading
The wind loading on the tower is drag-dominated, and proportional to the tower diameter [112]. The
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Figure 3.3: Schematic representation of a 5MW blade, showing air foils and their changing cord lengths and orientation [59].

wind speed is non-constant over the tower height (as explained in Subsection 3.1.3 and the drag coef-
ficient is dependent on the Reynold’s number and thus the surface roughness. Another effect of wind
loading on the tower is Vortex Induced Vibration (VIV). Relevant consequences of VIV on slender ele-
ments are the possible increase of fatigue damage and the increase of the mean drag coefficient [25].
The effect of VIV is neglected in the modelling of wind loading in this thesis, since the effect is assumed
to be minimal due to the relative short installation period and distortion of the wind flow around the tower
by the rigging, lifting frames and cranes. Whether this assumption is valid, should be further researched.

Vessel loading
In addition to the WTG, also the vessel experiences aerodynamic loads [5]. Similar to the tower, these
are drag dominated and only loading in surge, sway and yaw direction of the vessel will be incorporated
according to Equation 3.7.

3.2. Wave Loading
3.2.1. Description of Waves
Wave loading is the main additional loading for offshore installations with respect to onshore installa-
tions. To quantify the wave loading on vessels and offshore structures it is required to understand the
theory behind ocean waves. Figure 3.4a shows the terminology used in this thesis to express the wave
loading. η is the surface elevation: the distance between the still water level and the wave surface. H
is the wave height: the maximum difference in elevation within one period (trough to crest). λ is the
wavelength: this is the distance between successive crests. d is the water depth and T is the wave
period: this is the time interval between successive crests passing a particular location.

(a) Regular travelling wave properties [25].
(b) Time trace of the surface elevation defined with downward

zero-crossings [46].

Figure 3.4

These parameters are used to describe regular waves. These are harmonic waves with a constant
wave height and length. In irregular waves, the wave height and length are not constant. The local
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wave period can then be determined by measuring the time between two consecutive zero downward
crossings (see Fig. 3.4b). Almost all real ocean waves are irregular waves. In ocean engineering,
these are approximated as a summation of harmonic components. To do this, the wave elevation can
be expressed as a Fourier series (see Eq. 3.8 [46]).

η(t) =

N∑
i=1

Hi

2
cos(2πfit+ ϕi) (3.8)

Here,N is a great number (of frequencies),Hi/2 is the amplitude, fi the wave frequency, and ϕi the
phase for each component i. In a random-phase/amplitude model the wave height and phase are ran-
dom variables. They are randomly chosen for each realisation of the time record and are characterised
with their respective probability density functions (PDFs). The phase at each frequency is uniformly dis-
tributed between 0 and 2π in a random-phase/amplitude model. The amplitude is Rayleigh distributed
at each frequency (only parameter µi is varying over the frequencies) [46]:

p(a) =
π

2

ϕi

µ2
i

exp(−πϕ2
i

4µ2
i

) for ϕi ≥ 0 (3.9)

Here, a is the amplitude, µi is the expected value of the amplitude E{ai}. If the amplitude spectrum
E{ai} is known, a realisation of ϕ(t) can be created by drawing samples for the amplitudes and phases
from their PDFs. It should be noted that the random-phase/amplitude model generates a stationary
process. It is common to assume the sea is stationary for a duration of 20 minutes to 3 hours [25].
Additionally, wave components are not really independent from another. However, if waves are not too
steep and not in very shallow water, these interactions can be ignored.

The amplitude spectrum is usually presented in a different form: as the variance density spectrum
E(f). This is done because of three reasons [46]. First, the variance is a more relevant statistical
quantity: the sum of the variances is also the variance of the sum. Second, the energy of the waves is
proportional to the variance. This enables a link to be made to physical properties such as wave energy.
Third, the amplitude spectrum is based on discrete frequencies. Since nature has all frequencies, the
spectrum should be a continuously defined. This is done in Equation 3.10 [46].

E(f) = lim
∆f→0

1

∆f
E{1

2
a2} (3.10)

The variance density spectrum gives a complete description of the surface elevation of a sea state
in a statistical way, assuming the surface elevation is a stationary, Gaussian process. An example of a
variance density spectrum is shown in Figure 3.5.

Figure 3.5: Variance density spectrum showing the variance of (a part of) the spectrum can be obtained with integration [46].

In this thesis, second order wave loading effects such as Stokes drift is neglected.
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3.2.2. Wave Spectra
A stationary sea state can be characterised by parameters such as the peak period Tp and the significant
wave height Hs. The peak period Tp is the wave period at which a wave energy spectrum has its
maximum value. The significant wave heightHs is defined as the average height of the highest one-third
waves in a determined time-period (also written as H1/3 or Hm0

2). Wave spectra show the distribution
of energy for different frequencies. There are two often applied wave spectra for wind seas: the Pierson-
Moskowitz (PM) spectrum and the Joint North Sea Wave Project (JONSWAP) spectrum (see Fig. 3.6)
[40, 80]. The PM-spectrum (Fig. 3.11) is created for fully developed wind-generated seas.

SPM (ω) =
5

16
H2

sω
4
pω

−5exp

(
−5

4

(
ω

ωp

)−4
)

(3.11)

with ωp = 2π/Tp.

The JONSWAP spectrum (Eq. 3.12) is based on extensive wave spectra measurements taken in
the North Sea. It is formulated as an adaptation of the PM-spectrum with a peak enhancement function
G(f) and a normalizing factor Aγ for a developing wind generated sea state in a fetch limited situation,
although it can be used for arbitrary wind conditions in deep water. Deep water is defined as: d/λ > 1

2 .

SJ(ω) = Aγ(γ)SPM (ω)G(f) (3.12)

with

Aγ(γ) =
0.2

0.065γ0.803 + 0.135
(3.13)

G(f) = γ
exp

(
− 1

2

(
ω−ωp
σωp

)2
)

(3.14)

σ =

{
0.07 for ω ≤ ωp

0.09 for ω > ωp

(3.15)

Here, γ is the peak-enhancement factor. For γ = 1 the JONSWAP-spectrum reduces to the PM-
spectrum. The average value for the JONSWAP experimental data is γ = 3.3. DNV states that the
following value for γ may be used, if no particular value is given [25]:

γ =


5 for Tp/

√
Hs ≤ 3.6

exp
(
5.75− 1.15

Tp√
Hs

)
for 3.6 < Tp/

√
Hs < 5

1 for 5 ≤ Tp/
√
Hs

(3.16)

In this thesis, Equation 3.16 will be used to find the appropriate value for γ, as no particular value is
given.

2Note that H1/3 is the measured characteristic wave height and Hm0 is estimated from the wave spectrum.
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Figure 3.6: PM and JONSWAP spectral shapes [102].

3.3. Vessel Motions
To understand which motions may affect the operational limits of the installation it is required to under-
stand the basics of hydromechanics. Since the vessel is excluded in the used models in this thesis, only
the relevant knowledge will be treated. For a complete overview of hydromechanics, please consult
Offshore Hydromechanics [58].

3.3.1. Hydromechanics
The motion of rigid bodies, such as vessels, can be split up into 6 directions: Three translations (surge
η1, sway η2, and heave η3) and three rotations (yaw η4, pitch η5, and roll η6), see Figure 3.7. These
motions are called Degrees of Freedom (DOFs). The vessel position and orientation at any given time
can be expressed by a combination of these 6 DOFs, given the corresponding coordinate system. To
express the time dependency of a DOF, the Equation of Motion (EOM) can be used using Equation
3.17.

Figure 3.7: Definition of vessel motions in 6 DOF’s [58].

Mη̈ + Cη̇ +Kη = F (3.17)

Here, M , C, and K contain the (n × n) mass-3, damping- and stiffness coefficients. n is the DOF
direction (1-6). F is the sum of all external forces4 working on the system per direction n. The double

3including added mass for (partially) submerged bodies.
4For the translations Fn is a force. For the rotations Fn is a moment
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lines above the letters indicate matrices, the single lines vectors, and η̇ and η̈ are the first and second
time derivative of η, respectively. For a body like a vessel, F contains the Froude-Krilov forces and the
diffraction forces.

3.3.2. Response for Regular Waves
The vessels heave response due to regular waves is given by Equation 3.18. In Eq. 3.18, η̂3 is the
vessels heave amplitude, f is the wave frequency and ϕη3,ηa

is the phase difference between the wave
and vessel. The ratio between the amplitude of the vessel motion and the incoming wave motion,
η̂3

η̂a
, is called the Response Amplitude Operator (RAO). The RAO can be computed for all DOFs and

represents the bodies motion as a function of the wave frequency (and direction). The RAO and phase
as a function of the frequency are usually shown in a figure when vessel behaviour is described.

η3(t) = η̂3cos(ωt+ ϕη3,ηa
) (3.18)

with the vessel motion amplitude η̂3, the wave frequency ω = 2πf , and ϕη3,ηa
the phase difference

between the vessel and wave motion. Figure 3.8 shows an example of a heave RAO. The figure
distinguishes three different areas in the RAO [58]:

1. In the low frequency range (ω2 < k/m), the motions are dominated by the spring terms. This can
be physically interpreted as the body following the water surface elevation. The RAO converges
to 1.0 and the phase lag to 0.0.

2. In the mid frequency range (ω2 ≈ k/m), the motion is dominated by the damping term. The
higher the damping, the lower the amplitude in this region. A phase shift of −π occurs at about
the natural frequency.

3. In the high frequency range (ω2 > k/m), the motions are dominated by the mass terms. This can
be interpreted as the waves ”losing” influence on the bodies behaviour.

Figure 3.8: RAO with frequency areas [58].

Similar to the transition of amplitude spectrum to variance density spectrum, the response spectrum
SR(ω) of a motion can be found with the transfer function of the motion and the wave spectrum (see
Eq. 3.19).

SR(ω) = |RAO(ω)|2ṠI(ω) (3.19)

Here, RAO(ω) is the RAO of the motion and SI(ω) is the input spectrum, i.e. the wave spectrum.
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3.4. Operational Limits for Installations
The operability is an important measure for an operation as it states under which environmental con-
ditions (usually Hs and Tp) an operation can still be executed [1]. These are usually presented as a
graph for each limiting parameter showing for which Hs and Tp a limiting criterion is still met. To obtain
the operability of an operation, first, the critical events and corresponding limiting parameters should
be identified based on numerical analysis. Then, the allowable sea states can be established method-
ically. Figure 3.9 describes these steps in more detail. Note that safety factors need to be applied to
take uncertainties for the allowable limits (of limiting parameters) into account.

The limiting parameters can be obvious for some allowable limits (e.g. wire rope Working Load
Limit (WLL), crane capacity, off-/side-lead angle or clearance between load and crane vessel). For
other limiting parameters structural damage criteria are required, which need to be assessed from
Finite Element Method (FEM) modelling. FEM modelling is not included in the scope of this thesis.
Instead, the initial impact velocity is used as the limiting parameter for structural damage.

3.5. Stability of the WTG
As mentioned in the Chapter 1, the stability of the WTG will be assessed during the set-down phase
of installation. It is important to define what is meant with the term ’stability’, as it is used differently in
different engineering fields. Some examples are given below:

1. In floating structure terms stability means the capability of a floating structure to resist an inclining
moment [85].

2. In terms of lifting operations, stability means to be able to resist overturning forces (i.e. not fall
over) ; to be supported adequately; to not rotate of their own accord during lifting [78].

3. In engineering stability is defined such that upon releasing a structure from a virtually displaced
state the structure returns to its previous configuration, where the structure is in stable equilibrium
[78].

4. In numerical mathematics a physical phenomenon is called stable if a small perturbation of the
parameters (including initial conditions) lead to a small difference in the solution [104]. A numerical
scheme is stable if and only if:

|Q(λ∆t)| ≤ 1 (3.20)

with |Q(λ∆t)| the amplification factor depending on the eigenvalues λ and the chosen time step
∆t [104].

In this thesis, when stability is mentioned, the engineering definition is meant (see Fig. 3.10). To
quantify this in the model as a limiting parameter, a maximum rotational angle for the WTG will be set in
Chapter 4. This assumes that if this angle is reached, the WTG angle will be such that, components in
the C1-Connection will fail or the WTG will topple over due to the lack of restoring moment. Apart from
this, the numerical mathematical definition will be used to assure computational stability of the models.
This is done through the design of the simulations.

Some examples of unstable behaviour are buckling of an axially loaded bar or resonance of a bridge
under wind loading (flutter). Here, energy is extracted from the wind to amplify its own motion. This is
called ’negative’ damping. Vortices also impose dynamic loads on tall slender structures. Periodically
released ’Von Karman’ vortices behind the structure impose an alternating load perpendicular to the
wind direction. Systems can become dynamically instable if the excitation frequency is equal or close
to the eigenfrequency of the system. Then the system is excited, and motions increase until a certain
component fails. According to DNV-ST-0054 adequate stability of loads should be ensured during lifting
by considering all possible unfavourable combinations of sling loads, wave, wind, and current loads, lift
dynamics and manufacturing tolerances [24].
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Figure 3.9: General methodology to establish allowable operational limits [39].
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Figure 3.10: Stable and unstable mechanical systems (gravity is presumed to act downward here). A small displacement of
the ball away from its equilibrium position will (a) be opposed by the action of gravity and the object will move back toward its
equilibrium location (top-left) ; (b) be enhanced by the action of gravity and the object will move away from its equilibrium
location (top-right) ; (c) not produce a new force (bottom-left) ; or (d) possibly place the ball beyond its region of stability,

depending on the displacement (bottom-right) [63].

3.6. Modelling Software
In this subsection, the used software is described.

LiftDyn
LiftDyn is a Heerema in-house developed, validated software program that can solve frequency domain
linear hydrodynamic models [43, 45]. The program solves the equations of motions (EOMs) for user
defined objects such as rigid bodies, connectors, and hinges, see Appendix B for more information.
LiftDyn can solve system motions in 6 DOF directions and generate results in the form of object RAOs;
responses for the given input wave spectrum and direction; and operability curves. The results can
easily be exported to be used in other software. Limitations of the software are the restriction to fre-
quency domain and therefore no wind field loading can be incorporated.

OrcaFlex
OrcaFlex is also a program used to simulate hydrodynamic models but can do this also in the time
domain (apart from the frequency domain) [76, 75]. OrcaFlex time domain models are nonlinear and
are therefore solved in an iterative way using the multi-dimensional form of Newton’s method. The
mass, damping, stiffness, and external loading are calculated for every time interval and the EOMs
are integrated either implicit or explicit. The user can define the wind and wave spectra for the simula-
tions. Limitations of OrcaFlex are the large simulation time required in case of time domain simulations.

Spyder (Python)
Spyder is an open-source scientific environment written in Python (programming language) [91]. It is
designed by and for scientists and features a combination of editing, analysis and developing func-
tionalities. Python was the most popular programming language in March 2024 and was selected
Programming Language of the Year in 2007, 2010, 2018, 2020 and 2021 [96].

3.7. Intermediate Findings Literature Research
This literature review outlines the relevant theory necessary to execute the thesis plan and construct the
models for assessing the research questions. Chapter 2 described the installation elements present
in the adopted case study and the newly developed technology relevant to this subject. Chapter 3 ex-
plains what should be taken into account when building a model to describe the installation dynamics
involved in the case study. These chapters combined form the basis upon which the thesis is built and
present the argumentation why certain modelling choices are made. Although the focus of the thesis
is on the technical feasibility of the installation, numerous different perspectives on the installation are
relevant for the feasibility of the single-lift installation methodology. The main discussion topics and
conclusions from this literature research are shown here, presented from these different viewpoints.
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For a more detailed analysis of the used sources, see Appendix C.

IP Perspective
With regards to Intellectual Property (IP), attention should be paid to patented lifting configurations
or lifting tools. As described in Chapter 2.3, SAIPEM patented a clamping tool used for single-lift in-
stallations of WTGs. They heavily invested in this innovative tool, aiming to ensure a return on their
investment. Patents protect such investments but can also drive-up costs, as competitors cannot utilize
the technology without paying a high fee. This could lead them to develop their own tooling, resulting
in many different tools, with distinct parts and different capabilities, resulting in higher costs than stan-
dardisation would do. On the contrary, innovation could lead to overall lower cost eventually. Given
the volatility of the offshore wind market, contractors aim to achieve a return on their investments in
newly developed equipment within the first few projects due to relatively short payback windows. This
also drives up the costs, which is tried to be compensated for by increasing the WTG size. This has
created a vicious circle over the last 20 years, of which it is unknown when it will stop.

Environmental Perspective
The environment is especially important for the offshore industry. It is the reason the renewable sector
exists and therefore the caused harm to the environment should be minimised. This means that the
seabed should be unharmed, which gives floating vessels an advantage over jack-up vessels (if no an-
chors are used). Also, the emissions of fuel combustion and spilling of chemicals should be minimised.
Large HLV’s are almost all diesel fuelled. Diesel has a high energy density, which is required to operate
for prolonged periods without needing to refuel frequently. However, there are developments to switch
to bio-fuels for large vessels such as HLV’s. Besides fuel emissions, noise emissions are also truly
relevant in the offshore industry. The noise emissions depend on many factors, among other things,
support structure type, installation strategy and noise mitigating measures. The environment also deter-
mines the weather under which operations have to be executed. A WTG’s function is to extract energy
from the wind, hence high wind speeds are common at offshore wind farm locations. Reducing the
required installation window to one critical lift may therefore increase the installation rate significantly.
However, the installation vessel will have longer Waiting on Weather (WoW) windows, since the oper-
ation is expected to require calmer sea conditions. Retouching upon the emission subject, a reduced
installation time will also reduce the fuel emissions. Here, it must be noted that a shuttling installation
strategy will require the installation vessel to commute back and forth to port for every OWT, increasing
the fuel emissions significantly. Furthermore, operations on DP consume more fuel than operations
while jacked-up.

Economical Perspective
From an economic perspective it is difficult to determine the consequences of the operation, since it is
really dependent on the logistics whether the business case is good or bad. In general, WTG installa-
tion with floating assets will increase the range of options for the offshore wind industry. It will become
possible to install OWT’s on muddy soils and in deeper waters. Furthermore, it will be possible to in-
stall larger turbines, since the weight of the turbine is, in general, not a limiting factor for floating HLV’s.
Other consequences are really dependent on the installation strategy. Therefore, three strategies are
presented in section 2.3. Although installation in sheltered waters seems most promising from a tech-
nical point of view, the floating wind market is not mature enough to compete with the bottom-founded
market and create work for a floating HLV single-lift WTG installation fleet. The fastest option is not
necessarily the cheapest. Although the single-lift WTG installation does seem really fast (only one
critical lift), cost of engineering, lifting tools and loss of time due to WoW and shuttling may increase
the cost. Furthermore, it is unknown if the supply-chain can keep up with this high offshore installation
pace. In current offshore wind projects, there are already many supply chain issues. General conclu-
sions are that installation cost is mainly driven by the offshore duration and day-rate of the installation
vessel/methodology. Here, the day-rate is relatively high for floating HLVs, while the offshore duration
can be shorter for floating HLVs compared to jack-up vessels.

Safety Perspective
The number one priority in the offshore industry is safety. With many fatal incidents in its history, the
industry is very aware of the hazards that come along with working offshore. One of the main take-
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aways of using the C1 QCS is to reduce the number of people present under suspended loads and
in and around the connection during lifting. By automating the connecting and disconnecting phase
of the installation, the safety is expected to increase significantly. Also, the abundance of large and
heavy bolts increases the safety since manual handling of bolts is no more. The number of critical
(offshore) lifts is decreased by a factor of three to five when the classical method is replaced by the
single-lift method (see Figure 2.5). This is all greatly beneficial since 67% of lost working day incidents
were caused offshore in the offshore wind industry in 2018 (see Figure 3.11 [34]). Thus, altering the
installation strategy to a single-lift methodology is greatly beneficial from a safety perspective.

Figure 3.11: Lost working day incidents in 2018 [34].

Technical Perspective
The literature review mentions many technical aspects involved in the single-lift installation methodol-
ogy. Concluding this, the single-lift installation methodology is beneficial because it reduces the number
of critical lifts. It is more efficient, allows for shorter installation windows, and multiple trials show the
methodology of single-lift WTG installations work (see Chapter 2.3). Nevertheless, the turbine still has
to be assembled (onshore 5), which requires a large onshore crane and the one lift that remains off-
shore is quite complex (sailing with load in the crane, installing on DP, ballasting). To draw conclusions
regarding the technical feasibility of the single-lift installation, model simulations are required to quan-
titatively assess the operability of the installation given a set of limiting criteria.

Concluding
Overall, the single-lift installation methodology seems ready for state-of-the-art scale application. The
combination with the C1Wedge Connection can increase the safety of the remaining critical lift and also
offer redundancy for minor misalignments. The QCS can potentially offer the stiffness and damping
required to transfer the load from the crane to the support structure in a stable manner. Time domain
simulations will show if this potential is justified, or if the operability of the installation is too low to
create a good business case. While major safety risks of installing a WTG using the single-lift method
are mitigated by using C1’s QCS, its adoption will depend on the method’s economic viability.

Based upon the literature research, the following main recommendations are given about offshore
installations of WTG’s:

• It is advisable to further research and develop the single-lift installation method due to the (gov-
ernmental) urge to install larger offshore WTGs faster and/or cheaper.

5an operation that is still sensitive to wind loading, although wind speeds are on average lower onshore than offshore.
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• It is recommendable to extensively research if a larger annually installed capacity can be accom-
plished with many installation lifts that have a relative high operability or few critical lifts with a low
operability from a governmental point of view, or what other factors are the main influences on
the annually installed capacity.

• Market research should be performed to assess the market potential of the single-lift installation
method. Howmany potential wind farms require floating installation vessels due to deep waters or
unstable soils? What cycle time is required to make the single-lift installation method competitive
with other methods?

These recommendations will be considered during the rest of the thesis project.



4
Fundamental Models for WTG

installation

In this chapter, a summary is given of the building and verification process of the models. Two models
are built; a Python model based on analytically derived Equations Of Motion (EOMs) and an OrcaFlex
model (industry standard simulation software). The Python model is built to verify the initial OrcaFlex
findings and increase understanding of the general model behaviour. This chapter starts with a de-
scription of the general model development, valid throughout the thesis. Then, the model-specific
characteristics for the analytical Python model and the OrcaFlex model are detailed in Sections 4.2
and 4.4. Finally, the initial results of these models are presented and compared. Based on this, it was
decided to expand the OrcaFlex model. The model description of this Enhanced OrcaFlex model is
given in Chapter 5.

4.1. Model Development
In this section, an overview is given of the evaluated model contents; the environmental loading incor-
porated, the installation procedure adopted, the lifting configuration used, and the general simulation
settings applied.

4.1.1. Installation Procedure
This thesis is limited to the docking operation of a WTG onto a support structure with a C1 Wedge
Connection. The preceding operations are not examined extensively. In other words, it assumes that
the actions of rigging connection; WTG lift-off from the quay; transport barge or support structure; trans-
port to the monitoring position (tower bottom above support structure) are possible. Furthermore, no
distinction is made whether the support structures’ connecting part is the TP or a TP-less MP. Although
in this thesis a bottom-founded substructure is used, it is also an option to install the WTG on a floating
substructure [92].

The WTG single-lift installation procedure adopted in this research is briefly described below:

1. Align the tower and support structure vertically with a small deviation away from the
guides present on the support structure and monitor tower bottom motion responses.

2. Start lowering the WTG until guides/bumpers overlap: The tower has moved below the top
of the guides on the support structure.

3. Start moving the WTG horizontally to initiate contact between tower bumpers and support
structure’s guides; the WTG and support structure are now aligned in the horizontal plane.

4. Lower WTG vertically until the tower’s lower double-walled ’fork-shaped’ C1 flange and
the support structures’ upper cylindrical shaped C1 flange overlap: rotational outlining of
the C1 Wedge slots is accounted for by rotational guides inside the tower. Any horizontal motion
of the tower is now restricted to the C1 Wedge Connections radial clearance. Lateral contact

42
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between the structures will occur frequently, but this is not critical because contact surfaces are
conformal, and the motions are restricted.

5. Monitoring of the tower bottom motion responses: Assess if the motions of the tower are
sufficiently small to activate the C1 QCS in the next phase. Ideally this phase is incorporated
into the first monitoring phase, but this can only be done if sufficiently accurate tower response
approximations can be made during that phase for the activation of the QCS.

6. Initial landing of tower on support structure: First contact is made between the C1 Wedge
Connection flanges in vertical direction. A small portion of the WTG’s weight is transferred from
the rigging to the support structure to prevent re-impact. Sling peak loads or large accelerations
due to substantial impact velocity are potential critical events of this operation. This activity takes
up to a couple of minutes.

7. Activation of the QCS: Once the green light has been given, an operator remotely activates the
QCS. Hydraulically activated cylinders push a number of C1 Wedges into the Connection slots.
The wedges are automatically pretensioned to take out any freedom of movement between the
WTG and support structure. This activity is expected to take around 5 seconds. Failure to insert
all wedges is a possible critical event of this operation.

8. Total landing of WTG on support structure: Main load transfer phase where all weight of the
WTG is transferred to the support structure until the rigging is slack. Structural failure of the C1
Wedges is a possible critical event of this operation. This activity lasts up to 2 minutes.

9. Full Connection capacity and rigging decoupling: personnel is transferred to the WTG to
complete the installation of the C1 Wedge Connection. This consists of inserting all C1 Wedge
Connectors, tightening of the wedges and deactivation of the QCS. The rigging is disconnected
from the WTG and retrieved to the installation vessel.

This thesis addresses the installation phases items 5 through 8 (2nd monitoring phase through the
total landing phase). All activities considered are relatively short (a couple of minutes). Relatively here
means short with respect to the entire operation, but still long enough to include a few wave cycles.

4.1.2. Lifting Configuration
In the modelling of the single-lift WTG installation, a certain general lifting configuration is adopted
to accommodate the lifting of a complete WTG with a dual crane setup. Here, all (rigging) elements,
from crane tip until WTG are described. The lifting configuration was not designed for this thesis, as
it was previously designed for a case study by Heerema. Therefore, the design of individual parts
of the lifting equipment is not elaborated. The models are evaluated in 2D (in plane) view; therefore
the rigging configuration is also simplified to 2D. To take some dual crane effects into account, some
stiffness values and weights are doubled, since these items are used in parallel. Table 4.1 shows the
considered elements. The upper stabiliser frame (USF) is not designed to transfer any shear forces
from the WTG to the rigging and is only used to transfer normal forces to the WTG, keeping it upright.
The Lower Lifting Tool (LLT) hangs off on the C1 Wedge Connection’s upper flange (see Figure 4.1).
This is favourable since it does not require any alterations on the WTG tower design.
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Table 4.1: Lifting configuration overview. Both the situation without as the situation with Heave Compensation is addressed.
Visualisations of the rigging arrangement with and without HC are given in Figure 5.1 and 4.10.

Component Mass [mT] Unstretched
Length [m]

Stiffness [kN] Damping [kNs]

Lifted object (assumed rigid to WTG)
WTG 2074 100 inf. 0
Lower Lifting Tool (LLT) 200 1 inf. 0
Upper Spreader Frame
(USF)

200 1 inf. 0

Slings between LLT &
USF (4 pcs.)

26 99.5 2.84E+07 0

Total Lifted object 2500 100 inf. 0
Rigging no HC (assumed hinged to WTG)
Slings from front of USF to
shackle (2pcs)

8 4 1.42E+06 0

Slings from back of USF
to shackle (2 pcs.)

8 4 1.42E+06 0

Shackle (2 pcs.) 21.6 1 inf. 0
Slings from shackle to
block (2 pcs.)

20 10 1.42E+06 0

Blocks (2 pcs.) 262 8.5 inf. 0
Hoisting Wires (20 pcs.) 0 variable 4.0E+06 5.88E+04
Rigging with HC (assumed hinged to WTG)
Slings from front of USF to
HC (2pcs)

8 4 1.42E+06 0

Slings from back of USF
to HC (2 pcs.)

8 4 1.42E+06 0

Heave compensators (2
pcs.)

152 8.57 2.62E+04 6.37E+03

Slings from HC to hook (2
pcs.)

20 10 1.42E+06 0

Block 262 8.5 inf. 0
Hoisting Wires (20 pcs.) 0 variable 4.0E+06 5.88E+04
Total Crane load 2819.6 175.2 - -
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Figure 4.1: Visualization of the clamping of the Lower Lifting Tool (blue part) on the C1 Wedge Connection upper flange.

Turbine
For the turbine, a general reference turbine of 18 MW, developed by HMC, is used. This turbine has
the following properties:

Table 4.2: Wind Turbine Generator (WTG) Parameters

Parameter Value Unit Comment
Rated power 18 MW Approximate
Rotor diameter 250 m
Hub height 142 m w.r.t. Tower bottom flange
RNA mass 1037 mT
Tower height 134 m
Tower bottom diameter 8 m
Tower mass 1037 mT
Support structure height 23 m above MWL
WTG CoG-X 1.9 m w.r.t. Tower centre
WTG CoG-Z 92.45 m w.r.t. Tower bottom flange
USF height 100 m w.r.t. Tower bottom flange

Vessel
The vessel used in the model is the SSCV Sleipnir. More information about the Sleipnir can be found
in Appendix A. To obtain sufficient lifting height and lifting capacity both auxiliary (Aux) hoists will be
used. Each aux hoist has a WLL of 2500 mT. A visualization of the Sleipnir model is given in Figure 4.2.
Definitions of the crane boom radius, slew angle, boom angle and coordinate system are provided in
Figure 4.3. Figure 4.4 shows the definitions of the relative wind and wave directions used in this report.

The following vessel configuration is used:

Table 4.3: Additional Sleipnir Installation Parameters

Parameter Value Unit
Draft 27 m
Crane Aux radius 43.00 m
Mass 2.44E+05 mT
Slew angle PS 145.00 ◦

Slew angle SB 215.00 ◦
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Figure 4.2: Visualization of the Sleipnir model [92].

Figure 4.3: Vessel definitions [92].

Figure 4.4: Wind and wave headings definition.

4.1.3. Environmental Loading Incorporated
The environmental loads considered in this thesis are wind and first-order wave loads. Second-order
wave loads, and current loads are low-frequent and therefore can induce slow varying motions on the
vessel. Given their low frequency, these are not expected to significantly influence the WTG excitation.
Therefore, in this thesis, these low-frequent effects are not incorporated. In other words: the DP system
is assumed to fully compensate for the effects, with zero DP drift. This is a progressive assumption,
and therefore the results should be interpreted with care. In the Python model and fundamental Or-
caFlex model, only wave loads are incorporated. For the Enhanced OrcaFlex model, wind loads are
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also added, as the overturning moment it creates at the tower base is essential to assess the stability
during the load-transfer phase.

A JONSWAP spectrum is used to model first-order wave loads. A range of Hs and Tp values is
used to capture different sea states: [0 - 4] metres and [6 - 15] seconds, respectively. These ranges
cover the most important sea state ranges relevant for this installation; see Section 4.3. To model the
wind loading, a Norwegian Petroleum Directorate (NPD) spectrum is used. This spectrum is based
on a Kaimal spectrum, which was proposed in Chapter 3.1. A mean wind speed of 10m/s is used
at a height of 10m above the mean sea level. The power law wind profile is used to implement an
altitude-dependent wind speed. No spatial variation in longitudinal direction is incorporated.

4.1.4. Dynamic Simulations
To assess the operability, time domain dynamic simulations are conducted. Time Domain (TD) simu-
lations are required, with respect to frequency domain (FD) simulations, to take non-linear effects into
account. To obtain stationarity, 3h time domain simulations are advised for stochastic modelling [26].
However, 20 min simulations are carried out because these are more representative for the duration of
the critical part of the installation operation. As the TD simulations are computationally intensive, model
simplicity is desirable. Therefore, the vessel model is simplified to a crane tip input signal. It is justified
to make this simplification if the global vessel response is not affected by the set down of the WTG.
This is valid for loads around 1-2% of vessel displaced volume according to DNV [26]. For the scenario
considered, this ratio is 1.2%. Therefore, this assumption is deemed valid. The crane tip input signal is
derived from the crane tip RAOs, calculated in a separate LiftDyn model. More information about the
LiftDyn model can be found in Appendix E. Furthermore, modelling an exceptionally enormous number
of elements can increase the computational time of a model significantly. Therefore, the rigging of the
Lifted Object is combined into one modelling element, see Table 4.1.

The installation procedure steps (Section 4.1.1) 5 through 8 are projected onto three installation
’Situations’. These are defined as:

1. Situation 1: The WTG is hanging freely in the rigging, connected to the crane. No interaction
between tower bottom and support structure is present. This situation is only used for verification
during development of the model. No results are presented for this Situation.

2. Situation 2: The WTG is engaging the support structure. Most static weight is still supported by
the rigging. Contact between the tower bottom and support structure is present. A secure time
window to activate the QCS is looked for. A set of limiting criteria is used to assess this period
Tstab.

3. Situation 3: The QCS is activated. A temporary connection between the tower bottom and the
support structure is made. In this situation the rigging load is reduced until the rigging is slack
and all WTG loads are accounted for by the support structure. Stability during this ’load transfer
period’ is assessed by the heeling angle of the turbine and the loads in the QCS.

These Situations are themain terms used in this thesis to indicate the specific installation steps.

Another aspect to pay attention to with regards to modelling is the comparison of results for differ-
ent connector types, as this is one of the focal points of the research. In this research, it is chosen
to model the C1 Wedge Connection because least is known about the behaviour of this connection in
an offshore environment. But to compare the results with the Bolted L-flange and the Slip Joint, the
modelling differences should be highlighted.

First, the shape of the flanges of the C1Wedge Connection ensures that, once the webs of the upper
flange overlap with the lower flange, theWTG is restricted tomove horizontally (only the radial clearance
gap is allowed). As this overlap is present in all Situations considered, a constraint of horizontal motion
of the bottom flange of the WTG is introduced to the model. This affects the pendulum motion of
the WTG as the moment of inertia for a bar around its tip is 1

3mL2, with respect to 1
12mL2 around

its centre (assuming a homogeneous mass distribution). Furthermore, the constraint restricts the first
(low-frequent) pendulum mode from occurring, leaving only one pendulum mode for the WTG. For the
Slip Joint, a similar constraint could be applied, although the allowed motion of the Slip Joint cones
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depends on the overlap of the cones. For the Bolted L-flange, no such constraint is applicable, unless
a G&B system is added. Secondly, a certain overlap of the C1Wedge Connection flanges is required to
activate the QCS system. This is not the case for the Slip Joint or Bolted L-flange connection, although
alignment of the flanges is required for the FCT to operate. Third, the QCS provides a restoring moment
after its activation, to ensure stability during Situation 3 of the installation. The L-Flange in combination
with an FCT could obtain a pretension force of 600 kN per FCT, which will be used to compare it
to the QCS. For the Slip Joint, no such system is required, as the cone overlap will provide enough
restoring moment to accommodate the load transfer phase. The only downside for the Slip Joint from
an installation point of view is the extra required lifting height to position the WTG above the support
structure.

4.2. Python Model Setup
The Python model is built to verify the main general OrcaFlex findings and to increase understanding of
the general model behaviour. The Python model is based on analytically derived Equations Of Motion
(EOMs), computed from the Lagrangian formalism.

To approximate the physical behaviour of a whole WTG installation, an equivalent dynamic model
can be designed. Since the dynamic behaviour of such a system can be overly complex, choices are
made about relevant elements to model and the DOFs of the system. All bodies with a finite number of
DOFs are modelled as lumped elements, whose motion (displacement, velocity, and acceleration) are
only dependent on time and are independent of spatial coordinates [71]. Such models are governed
by (a system of) Ordinary Differential Equations (ODEs). A system of ODEs is presented in Eq. 3.17.
Setting up the EOMs for a n-DOF dynamic system in the bi- or tri-directional plane can be quite challeng-
ing, labour intensive and sensitive to human-made errors [71]. Therefore, the Lagrangian formalism is
often used for complex systems. The Lagrangian formalism is based on the Lagrange equations, see
Equation 4.1:

d

dt

∂L
∂q̇s

− ∂L
∂qs

= Qs (4.1)

L = K− P (4.2)

Equation 4.2 is the Lagrange function; qs is the DOF coordinate1 with s = 1,2,...,n; Qs is the exter-
nal forcing acting on the system; and K and P are the kinetic and potential energy, respectively. The
mathematical derivations to obtain the EOM from the Lagrangian equations are not included here to
keep this part concise but can be found in any textbook on theoretical mechanics.

To include spring elements in a system of EOMs, as required to model the C1 Wedge Connection
for example, and express them in ODEs in planar view, the elongations of the spring elements must be
linearised [48]. Since the begin and end point of the spring element move relative to each other, the
length l and angle α of the spring element change continuously. In the Python model, the linearisation
for small elongations is adopted, as shown in Equation 4.3. This means that the elongation between
time step 1 and 2 can be derived from α at t =1 and the displacements ux and uz of the begin point
(a) and end point (b) of the spring. Figure 4.5 presents a visualisation of an in-plane spring elongation
and the coordinates used in Equation 4.4.

e1,2 = (ux,b − ux,a)cosα1(uz,b − uz,a)sinα1 (4.3)

ui,j = ij,2 − ij,1 for i = x, z and j = a, b (4.4)

The full system of EOMs can be found in Appendix D. The lumped element model for which the
equations are derived is presented in Figure 4.6. Here, three masses are considered: M1 represents
the WTG (only the tower is depicted), M2 represents the connecting shackle in the rigging, and M3 is
the crane block and u(t) is the crane tip, which is the input signal to the model. All string elements rep-
resent rigging spring/damper elements except for the green string, which represents the crane wires,

1this can either be a displacement or an angle.
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Figure 4.5: Parameters used to describe the elongation of a spring element between particles a and b for small elongations.

Figure 4.6: Lumped element model used to develop the Python model. The masses M1, M2 and M3 represent the WTG,
Rigging Shackle and Crane Block, respectively. The green element is the Crane Tip, and its motion is considered an input

signal to the model.

and the yellow wires, which represent the C1 QCS and/or support structure contact. These C1 QCS
spring/dampers are position dependent because they mimic the contact between WTG and support
structure. In other words; their stiffness and damping changes with respect to the position of the WTG.
When the WTG’s bottom flange is touching the support structure’s flange, the stiffness is the contact
stiffness. When the parts are not touching the stiffness is negligible (stiffness of air). The grey roller
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support at the bottom of the WTG is the WTG’s constraint in X-direction. This roller support includes
the constraint during the installation of the C1 fork-shaped flange overlapping with the support struc-
ture’s flange, thereby restricting horizontal movement. Gravity acts downwards and only the moment
of inertia of the WTG is considered. The other masses are considered to be point-masses.

Statics are solved in an iterative way and the models eigenfrequencies and eigenvectors are ob-
tained throughmodal analysis. Time Domain (TD) dynamic simulations are computed, where the EOMs
are expressed in State Space form to reduce the second order differential equations to a system of first
order differential equations. These are solved with forward Euler (explicit) integration for each time step
because implementation of an explicit solver is much simpler than an implicit solver. Here, a sufficiently
small time step is taken to ensure stability. Since this model is built from scratch, important numerical
modelling choices need to be made. As this model is used to verify the main results of the OrcaFlex
model and not used to generate the final results for the operability, the functionality of the model is
prioritised and limited effort is put into the efficiency and elegance of the model. Filtering of artificial,
non-physical, high-frequency noise on the input signal is done to increase computational simulation
stability. The results of the simulations include all mass motions, rigging element tension, elongation
and orientation and the crane tip motion and forcing.

4.3. Python Model Results
The results of the Python Model consist of two parts: the modal analysis results and the dynamic sim-
ulations. The modal analysis results are presented in Figure 4.7.

Figure 4.7: Eigen periods and eigenmodes of Python Model. The modes are ranked from low to high eigenfrequencies. Each
row represents a single DOF of the system, with the letters referring to the direction of the DOF and the numbers referring to
the body of the DOF. Z2, for example, is the vertical motion of the Shackle (Mass 2). Alpha is the rotation of the WTG. The

mode shapes (eigenvectors) are scaled such, that the largest contributing DOF has a value of 1.0.

The dynamic simulations are split up into two different simulations. First, the results are shown for a
horizontal sinusoidal crane tip input motion. Then, the results are shown for a vertical sinusoidal crane
tip input motion. Both have a Crane Tip motion amplitude of 1 meter and a period of 10 seconds. The
most relevant results are shown below in Figure 4.8 and Figure 4.9. The simulations start with a 20
second static period, where the static state can converge. Then, the crane tip input signal is added to
the simulation. The results are discussed in Section 4.6.
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(a)Horizontal motions of Crane Tip, M2 and M3 (b)WTG rotation

(c) Elongations of rigging elements (d) Angle with respect to vertical of rigging elements.

Figure 4.8: Main dynamic simulation results of Python model for horizontal motion of Crane Tip sinusoidal input
signal.
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(a) Vertical motions of Crane Tip, M1, M2 and M3

(b) Elongations of rigging elements

(c) Angle with respect to vertical of rigging elements

Figure 4.9: Main dynamic simulation results of Python model for vertical motion of Crane Tip sinusoidal input
signal.
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4.4. Fundamental OrcaFlex Model Setup
The goal of this model is to show the WTG motions for first-order wave loading, thereby mimicking
the Python model as precise as possible. To do this, a model similar to Figure 4.6 is constructed. A
visualisation of this model is shown in Figure 4.10. The model is almost an exact replica of the Python
model, except for the following points:

• The damping of the spring/damper between the WTG and support structure is not position depen-
dent (contact/no contact), but velocity dependent. This was the only spring/damper modelling
option in the OrcaFlex software. As the upper limit was chosen, this resulted in extra damping in
the system.

• The software solves the EOM with the generalised-α implicit integration scheme as described by
Chung and Hulbert [75, 19]. The system of EOMs is solved at the end of the time step. Because
the motions are unknown at the end of the time step an iterative solution method is required.
Consequently, each implicit time step takes significantly more time to compute than an explicit
time step. However, the implicit scheme is typically stable for much larger time steps than the
explicit scheme and therefore the implicit scheme is often much faster. This results in obtaining
results faster, while maintaining the quality.

The generalised-α integration scheme has controllable numerical damping, which is desirable since
it removes artificial, non-physical high frequency noise. Numerical damping also leads to much more
stable convergence and thus allows for longer time steps and much faster simulations. Caution must
be taken to avoid damping response at lower frequencies. The generalised-α integration scheme is
designed such by Orcina to minimise low frequency damping while completing simulations fast and
maintaining accuracy [75].

Figure 4.10: Visualisation of the Fundamental OrcaFlex model. The left figure shows a general model view with the
components labelled. The right figure shows the shaded graphics view including the DOFs of the modelled masses (green

DOFs are enabled, red DOFs are disabled.
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4.5. Fundamental OrcaFlex Model Results
The results of the Fundamental OrcaFlex Model are structured in the same way as the results of the
Python model: first the eigenmodes are presented, and then the dynamic simulation results are shown.
The eigenmodes are shown in Figure 4.11.

Figure 4.11: Eigen periods and eigenmodes of Fundamental OrcaFlex Model. The modes are ranked from low to high
eigenfrequencies. Each row represents a single DOF of the system, with the letters referring to the direction of the DOF and
the numbers referring to the body of the DOF. Z2, for example, is the vertical motion of the Shackle (Mass 2). Alpha is the
rotation of the WTG. The mode shapes (eigenvectors) are scaled such, that the largest contributing DOF has a value of 1.0.

The dynamic results are presented below in an equivalent way to the results of Section 4.3. These
are shown in Figure 4.12 and Figure 4.13. The only difference is the time trace of the results. In
OrcaFlex, the statics are treated in a separate phase prior to the dynamic simulations. Furthermore,
an 8 second ramp-up period is added before the dynamic simulations start at t=0.
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(a)Horizontal motions of Crane Tip, M2 and M3 (b)WTG rotation

(c) Elongations of rigging elements. (d) Angle with respect to vertical of rigging elements.

Figure 4.12: Main dynamic simulation results of Fundamental OrcaFlex model for horizontal motion of Crane Tip
sinusoidal input signal.
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(a) Vertical motions of Crane Tip, M1, M2 and M3

(b) Elongations of rigging elements

(c) Angle with respect to vertical of rigging elements

Figure 4.13: Main dynamic simulation results of Fundamental OrcaFlex model for vertical motion of Crane Tip
sinusoidal input signal.
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4.6. Comparison and Verification of Fundamental Models
The results of the Python Model and Fundamental OrcaFlex Model are presented in a way that allows
comparison of the results. The modal analysis of the results is discussed first, after which the dynamic
simulations are addressed.

The mode tables (shown in Figure 4.7 and 4.11) both show six eigenmodes for the model. The
eigenfrequencies of the modes are mostly aligned, but some of the frequencies vary up to a maximum
of 10%. The mode shapes are also mostly in accordance with each other, with the largest deviation
below 10% of the main DOF component. A relatively major difference is the total absence of a contri-
bution of X3 to Mode number 5 in the Python model. Here, a contribution of X3 can be expected as
the masses of M2 and M3 and the stiffnesses of k2A, k2B, k3 and k4 are around the same order. The
shape difference probably is a result of the eigenfrequency difference of Mode 5. As M2 has a larger
stiffness in X-direction than M3, a higher frequency would excite M2 more. This is also seen for Mode
3, where the eigenfrequencies vary the most, causing the mode shapes to vary as well.

Although there are some variations of the eigenfrequencies and mode shapes (mostly in Mode 3
and 5), these are not expected to influence the model behaviour a lot. As most of the excitation due
to (mean) wind and waves is on the low frequency side of the eigenfrequency spectrum; below 0.5 Hz,
only Mode number 1 and 2 are expected to influence the model’s behaviour significantly. The high
frequent turbulent component of the wind excites structures usually above 10 Hz, which is also outside
of the eigenfrequency range. Therefore, the modal analyses of the models do not show any significant
difference between the models in the relevant frequency range.

The dynamic simulations show results for pure horizontal (X) sinusoidal motion of the Crane Tip
and for pure vertical (Z) sinusoidal motion of the Crane Tip. This is done to make the time traces of the
simulation comparable. If a random phase JONSWAP spectrum was used as input to the Crane Tip
motion, no direct comparison of time traces would be possible and statistical quantities should be used
to compare the results. As the comparison of these models is done for the initial model, no effort is
put into obtaining statistical results for this model and the Python model and only the general dynamic
behaviour is compared. Thereafter the best model is chosen to further develop and calculate the oper-
ability of the installation Situations.

As for the statics of both models, the models are in full agreement. This can be seen as all initial
values of the graphs are similar (at t=0). The only deviation is in the rigging elongations of k2A and
k2B, which are 0.28 m for the OrcaFlex model and 0.32 m for the Python model. Deriving statics an-
alytically shows the OrcaFlex model gives the correct static elongation for k2A and k2B. The general
dynamic behaviour for displacements, WTG rotation and rigging angles is similar for both models after
the startup phase. The frequencies of the signals all follow the excitation frequency of 0.1 Hz. The
amplitudes vary in general up to around 10%. The relative outliers here are the WTG rotation (0.06
◦ absolute difference) and the rigging elongations. The rigging elongations by far show the largest
behaviour differences, large peak loads can be seen in k3 and k4 in the Python model.

The WTG is lifted up further in the Python simulations (vertical Crane Tip motions). The rigging is
storing less energy during the uplift of theWTG, while in the OrcaFlex model most of the energy is taken
by the rigging. The OrcaFlex model shows mainly harmonic characteristics for the rigging elongations
and angles, while the Python model shows rougher behaviour, more associated with impact modelling.
However, the high frequent variations in the rigging tension of Python results occur during the lift-off
phase of the WTG. This could suggest high-frequent motion of the modelled objects, but Figure 4.9a
refutes this. Another possible explanation is that the high-frequent behaviour is numerical noise in the
model. The OrcaFlex model does not have this because the OrcaFlex model has more damping, in-
cluding high frequency response damping (see Subsection 4.4).

By quantifying the peak loads in the rigging for the horizontal crane tip motions, we might be able
to say which model reports these loads more accurately. The dynamic rigging elongations in k4 in the
Fundamental OrcaFlex model are 1.78mm, this equals to 9 mT of dynamic pulling force in the rigging.
In the Python model the dynamic rigging elongations in k4 are 186mm, this equals to 947 mT of dy-
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namic pulling force in the rigging. This is almost half of the WTG weight. This does not seem plausible
for 1m of horizontal Crane Tip displacement. The OrcaFlex results therefore seem more realistic as
the rigging tension slowly varies along with the Crane Tip motion. As the elongation never reaches
zero during the set-down phase of the WTG (flat part of yellow line in Figure 4.13a), there is no need to
expect any flat parts in the rigging elongation graphs (Figure 4.13b), as part of the WTG weight is still
supported by the crane. The OrcaFlex model also shows a phase shift in the Z displacements for the
different modelling bodies. This effect of inertia is not seen in the Python results. Both models seem to
stabilise at the end of the simulation period. No large behaviour differences occur here in consequent
Crane Tip periods.

What can these models say about the effect of waves on the motion of the WTG during installation?
In general, the motion induced on the WTG are limited. The model results show general comparable
results. For the deviations, the correct solution can be derived from logical reasoning. Although the
horizontal motions seem insignificant due to wave loading, this might alter when the horizontal CoG
offset, and wind loading are incorporated. The vertical impact of the WTG seems more relevant to the
installation’s operability. This could be managed by adding heave compensation to the rigging system.
Furthermore, the WTG rotation motion is sensitive to excitation frequencies around 0.09 Hz. The verti-
cal WTG motion is sensitive to excitation frequencies around 0.43 Hz.

After verifying the Fundamental OrcaFlex model and the analytically derived Python model, the
verification implications are discussed. The first thing that should be mentioned is that the OrcaFlex
model simulates the rigging elements much better. The rigging loads are more stable and show the
correct static and dynamic behaviour expected from the model. Furthermore, the OrcaFlex model
over-dampens the current contact modelling. Therefore, a new method to model contact between
the support structure and WTG is implemented in the Enhanced OrcaFlex Model. Furthermore, it is
hard to compare Python models for irregular input signals. OrcaFlex includes a functionality, in which
a specific ’seed’ can be selected for the applied wave and/or wind loads. This seed determines the
uniformly distributed pseudo-random generated wind/wave component phases and thus the applied
wind/wave train. This makes the simulations repeatable, which is an important principle in scientific
experiments. Furthermore, OrcaFlex is much more user-friendly than Python, which increases the
productivity of generating results. Taking all of the above into consideration, it is decided to further
expand the OrcaFlex model.



5
Enhanced OrcaFlex Model

The Enhanced OrcaFlex model was built to include extra, relevant factors in the model that affect
the installation. This includes wind loading, CoG-offset of the WTG in X-direction, contact modelling
between WTG and support structure, bending of the tower and the option to add heave compensation
(HC). In this chapter, the integration of these expansions into the Fundamental OrcaFlex model will be
detailed. The latter part of this chapter explains how the data were collected for the limiting parameters,
validation techniques, assumptions, and limitations. A summary concludes this chapter, presenting the
main modelling choices and main model properties.

5.1. Expansions in Enhanced OrcaFlex Model
The Enhanced OrcaFlex model includes additional features with respect to the Fundamental OrcaFlex
Model. These are described below. A visualisation of the Enhanced OrcaFlex model is given in Figure
5.1.

Figure 5.1: Visualisation of the Enhanced OrcaFlex model. The left figure shows a general model view with the components
labelled. The right figure shows the shaded graphics view including the DOFs of the modelled masses (green DOFs are

enabled, red DOFs are disabled.

59
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Wind loading
As mentioned before, an NPD spectrum with a mean wind speed of 10m/s (at 10m height) is used in
OrcaFlex to model wind loading. Wind loading is assessed on all WTG components (tower, nacelle,
hub, and blades). As the rotor is not turning during installation and the blades can be pitched to an
optimal heading prior to hooking on, the wind loading on the blades is found to be low with respect to
the tower and NHA. Table 5.1 shows the static wind loading for the three cases assessed. As can be
seen from the table, addition of pitched blades only leads to a 7% increase of wind loads. To reduce
computational time, the blades are not incorporated in the model, but a high drag coefficient for the NHA
is incorporated. Wind loading on the tower and NHA is incorporated in the model. Drag coefficients of
1 are used for both tower and NHA.

Case Horizontal Wind Force (kN)
Whole WTG with blades unpitched 179.6
Whole WTG with blades pitched 90 ◦ 82.6

Tower and NHA 77.1

Table 5.1: Static Wind Load in global X-direction with a mean wind speed of 10m/s. Here, the unpitched blades are loaded
with maximal drag forces while the pitched blades are loaded with minimal drag forces.

Contact modelling and initial static weight percentage
For the contact modelling between WTG and support structure the approach suggested by Orcina for
modelling contact in OrcaFlex was followed [77]. This document advises to model the contact as con-
tact between a buoy and an elastic solid shape. The stiffness and damping values can be specified
for each object and the interaction is limited to the vertices of the objects, which can be specified. A
stiffness value of 4.0GN/m is used for the contact modelling and no damping is incorporated here. This
approach makes the contact position dependent, in which it deviated from the Fundamental OrcaFlex
model, where the contact was modelled with the use of spring/dampers. Furthermore, the initial part of
the load that is transferred to the support structure is varied to find the optimal operability for Situation
2. This part is defined as a percentage of the static WTG weight that is supported by the rigging (Fc).
The remaining part is supported by the support structure as a constant contact force at the start of
the simulations. By varying the hoist wire length, this initial percentage can be varied, and an optimal
percentage is derived for which the operability has a maximum.

Tower Bending
As more weight is supported by the foundation, the function of the crane tip alters. Where the crane
tip at first was carrying the WTG and thereby holding it upright, it now starts to destabilise the WTG.
Large crane tip deflections in horizontal direction induce horizontal load on the WTG. As the WTG is
modelled as a rigid body, these loads are directly transferred to the C1 Wedge Connection. By incor-
porating tower bending into the model, some of this energy is temporarily stored in the deflection of the
tower. Incorporation of tower bending into the model is done by adding an equivalent tower bending
stiffness between the WTG and the rigging connection points. The equivalent tower bending stiffness
is derived from a separate model, in which a 15 MW Reference Wind Turbine model (developed by
Orcina [75]) is scaled up to the 18 MW HMC model, and is equal to 5MN/m.

Revised modelling choices
Some other model attributes were changed. The rigging elements, which were modelled as spring/-
damper elements in the Fundamental OrcaFlex model, are exchanged for line elements. These are
limited to tension only (no compression), which is a better representation of real slings. Another added
benefit of this change is that OrcaFlex calculates statics in different steps. Line statics are calculated
in a separate step, increasing the statics convergence of the model. The modelling of the crane wires
has also been altered. These are now modelled as a winch element, making them easier to adapt
pretension, length, and switch these in distinct phases of the simulation, which is especially useful for
Situation 3. To achieve static convergence a small rotational stiffness was added to the rigging bodies
(block, shackle, PHC).
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Passive Heave Compensation
After assessment of the first results (without PHC), the impact velocity and stabbing periods were
limiting for the installation. Hereafter, PHC was added to the model to compare the installation with
and without PHC, thereby showing the effect of PHC on this installation. Two CraneMaster units are
added to the rigging configuration, replacing the shackle bodies. The input used to the model is shown
in Table 5.2. Each unit exists of a main body and an upper body. The main body includes the inertia
characteristics, while the upper body represents the cylinder stroke. The bodies are connected through
a constraint with only a DOF in the stroke direction of the PHC, that is restrained by a constant stiffness
of 400mT/m.

Table 5.2: Passive Heave Compensation Parameters

Parameter Value Unit
Mass 76 mT
Stiffness 400 mT/m
Damping 956 kNs/m

24% 1/s
Size [l, w, h] [2.53, 2.53, 8.43] m
CoG [l, w, h] [0, 0, 4.22] m

5.2. Limiting Parameters
Preliminary screening of critical events and limiting parameters is done with regards to the installation
procedure stated in subsection 4.1.1. The critical installation activity assessed in this thesis is the set
down of the WTG on the support structure. A number of critical events and limiting parameters are
identified and denoted in Table 5.3. These limiting parameters are applied to Situation 2.

Note that Tstab and Fstab are limiting parameters to move from installation Situation 2 to installation
Situation 3. After identification of the limiting parameters, the dynamicmodel is evaluated for all possible
combinations of significant wave heightHs and peak period Tp. The outputs of the OrcaFlex simulation
files are processed by a Python post-processing script in Jupyter Notebook. This script extracts the
relevant data from the simulation files and calculates the statistical relevant parameters of the dynamic
responses. For this thesis, the Single Most Probable Maximum (SMPM) value is used as the statistical
parameter to present the relevant results, because it incorporates exposure time as well, with respect
to Significant Double Amplitude (SDA). One can imagine that the longer the exposure time or number
of cycles, the larger the probability that the operability limit will be exceeded. Because limiting criteria
are usually expressed in single sided terms, the maximum values are also expressed single sided. The
SMPM value is derived directly from the standard deviation σSTD as shown in Equation 5.1 [8]. These
are then plotted in tables/graphs and compared to the limiting parameters.

SMPM =

√
ln(Nz)

2
SSA =

1

2

√
ln(Nz)

2
4
√
m0 = 2

√
ln(Nz)

2
σSTD (5.1)

Here, Nz is the number of cycles during the exposure time which is assumed to be 100 cycles for
a 20min sea-state (with a Rayleigh distributed crest height), SSA the Single Significant Amplitude and
m0 the zero-order spectral moment. This equation is valid for random processes with a Gaussian PDF,
such as the used wave spectra.

Modelling of Situation 3 is also done in OrcaFlex. For this, different models are evaluated, where
the crane wire tension is decreased and the C1 QCS stiffness is chosen. This simulates the transfer
of the WTG load from the crane to the support structure. This operation can be tweaked to make sure
Situation 2 is the limiting phase of the installation. However, some of the relevant limiting parameters
to Situation 2 are still relevant to Situation 3. This concerns the limiting parameters ’WTG rotation’ (a
measure of its stability), ’rigging and hoist snap loads’ and ’crane wire offlead’. Especially the WTG
rotation is interesting here, since the motions of the WTG are a measure for the stability of the WTG.
The crane tip input motions are similar to Situation 2. Therefore, large rigging and crane wire loads
may occur. Here, large is with respect to the WTG response, not to the vessel response. This can be
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Table 5.3: Critical Events and Limiting Parameters

Critical Event Limiting Parameter Value Unit
A maximum inclination angle during lifting
should be adopted to assure stability of the lift
and prevent the turbine from falling over. Next
to the structural requirement, it also feels un-
safe to lift an object under an angle far from
vertical.

WTG rotation 1 ◦

If the WTG is lifted far from the support struc-
ture’s flange, the two C1 flanges are not over-
lapping any longer and the constraint in hori-
zontal direction, which is assumed in the mod-
els, is no longer valid.

WTG uplift 0.3 m

A maximum crane wire offlead is required to
assure crane lifting capacity. An offlead away
from the crane effectively increases the mo-
ment arm the crane experiences. It must be
noted here, that no pure offlead is assessed
in the model. Due to the in-plane view of the
installation operation, a combination of side-
lead and offlead is measured.

Crane wire offlead 3 ◦

Rigging is designed for a certain WLL. Due
to dynamic loads, the WLL can be reached,
compromising the design limit of the rigging
or hoist wires. Therefore, a certain DAF limit
is selected for the rigging and hoist wire loads.

Rigging and hoist wires DAF 1.2 -

Maximum accelerations can be specified for
certainWTG components by a client, as some
equipment is sensitive to accelerations.

Acceleration in X-direction of WTG 1.8 m/s2

Maximum accelerations can be specified for
certainWTG components by a client, as some
equipment is sensitive to accelerations.

Acceleration in Z-direction of WTG 2.6 m/s2

Structural damage due to impact of WTG on
the support structure. Structural damage cri-
teria need to be assessed from FEM analysis.
FEM modelling is not included in the scope
of this thesis. Therefore, this criterion is as-
sessed in terms of initial impact velocity.

Impact velocity in Z-direction of WTG 0.2 m/s

Incomplete QCS activation. A sufficiently
large period is required to activate the C1
QCS (stab the wedges into the slots). ALARP
risk can be taken with regards to stabbing of
the wedges. To have a large enough part of
the stabbing slots aligned, a maximum uplift
due to a combination of pure uplift and rota-
tion of the WTG of Zmax is allowed.

Tstab, with Zmax 5, with 0.01 s, with m

From an operations point of view, it is desir-
able to be able to activate the C1 QCS at any
time. However, the above-mentioned limit for
activation of the C1 QCS limits this activation.
This limiting parameter is added to make the
operation feasible from an operational point of
view. It prescribes a percentage of the obser-
vation time, for which the activation of the C1
QCS should be possible.

Fstab 20 %
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compared to mooring line loads for anchored vessels. Here, implementation of Heave Compensation
may offer a solution to reduce these peak loads. A constant wave peak period of 10s is chosen in
these simulations. Table 5.4 shows the hoist wire lengths chosen to ensure the pre-set crane loads. It
should be noted that these crane loads are the achieved loads in static calculation. During the dynamic
simulations, this percentage varies due to excitation due to wind and waves. The amplitude of this
variance depends on the sea-state.

Table 5.4: Hoist wire lengths for Situation 3 simulations

Crane load (%) Hoist wire length without HC (m) Hoist wire length with HC (m)
100 28.858 18.017
80 28.900 18.672
60 28.941 19.328
40 28.983 19.983
20 29.024 20.639
0 29.100 21.300
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5.3. Verification Techniques
The OrcaFlex model used to generate the operability results is verified in diverse ways. Throughout the
building of the model, each expansion of the model is thoroughly tested on its own before adding it to the
main model. Testing is done by visual analysis, comparison of the order of magnitude of parameters,
consistency with quick hand calculations, comparison to other models/projects. The building of the
model is split up into two phases. The first phase is described in Section 4.6. After the expansion of
the model, the second way of verifying the models’ results is done by carrying out sensitivity analyses.
This is done for both the limiting parameters and the input parameters, such as mean wind speed,
stiffness values, and some physical properties of the model such as rigging design.

These two verification steps, carried out after each modelling phase, are expected to build sufficient
confidence in the models’ performance. These two verification steps are selected as they are comple-
mentary in their approach and independent of each other. The final model is also compared to other
models developed to simulate offshore installations of WTGs.

5.4. Assumptions and Limitations
In the development of the models, many assumptions are made to ensure that an in-depth technical
assessment of (part of) the installation feasibility could be executed in the limited time and resource
frame provided for the thesis. The main assumptions are already listed in Subsection 1.3.3. Here, a
more in-depth list will follow, categorised by model process phase:

General/main

• The main stability issues can be captured in modelling the installation in the X-Z plane. This
assumption is supported by conclusions in the Thesis of T. Lengkeek [64]

Input from Liftdyn

• Vessel motion is unaffected by WTG motion, which is valid for loads around 1-2% of vessel dis-
placed volume according to DNV [26].

• Wind loading on the vessel is not incorporated [29].

Environmental loads

• Wind and waves are unidirectional.
• Wave loading is incorporated with a JONSWAP wave spectrum for deep water.
• The sea is a stationary Gaussian process for a duration of 20 minutes to 3 hours.
• Wind loading is unaffected by objects upstream of the WTG.
• Wind power law exponent for surface roughness is 0.12.
• The effect of VIV is neglected.
• The DP system perfectly cancels out current, second order drift forces and wind loading on the
vessel and has zero DP footprint for short installation periods.

Modelled objects

• The turbine properties are as stated in Table 4.2, provided by HMC.
• The vessel properties are as stated in Table 4.3, provided by HMC.
• All bodies are rigid.
• No material damping.
• Uniform tower diameter throughout the tower length.
• The support structure is fixed to the seabed.
• The NHA is modelled as a box for wind loading assessment.
• No tuggers are modelled.
• All wires are spring/dampers or lines without bending stiffness but limited in compression.
• Constant stiffness and damping values are assumed for all modelled objects, except for the C1
Wedge Connection.
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• Critical damping value of 5% for slings.
• Bending forces in the C1 Wedge Connection are neglected.

Post-processing statistics

• The response can be described as a random process with a Gaussian PDF and a standard devi-
ation of 4 times the SDA.

• A fixed number of 100 cycles during the exposure time.

Additional assumptions for the analytical Python model

• Linearisation for small elongation.
• Small angle approach.
• Lumped element model.
• C1 QCS works as a spring/damper system.

5.5. Model Design Summary
To assess the dynamics involved in a single-lift WTG installation, a specific installation procedure and
dual crane lifting configuration are adopted. Using non-linear TD dynamic simulations, the operability of
the installation is assessed. Expanding the model with effects like wind loading and including the option
to implement HC in the rigging setup, the Enhanced OrcaFlex model is set for more realistic modelling
of the installation than to the Fundamental OrcaFlex model. Critical events during the mating phase
of the installation (Situation 2) are identified and limiting parameters are selected. The sensitivity of
these limiting parameters is evaluated, next to model input parameters. Hereafter, the load transfer
phase of the installation (Situation 3) is designed, focusing on a minimal WTG declination angle and
as low as possible wire snap loads. This is all done with the goal to determine the operability of the
mating operation. A sensitivity analysis of the limiting parameters and input parameters is performed
to optimise the operability. The main modelling choices made in this Chapter are mentioned in Table
5.5.
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Table 5.5: Main modelling Choices and Argumentation

modelling Choice Argumentation
Include only 1st order wave loads First-order wave loads consist of wave frequencies around

the same magnitude as the model’s eigenfrequencies.
Therefore, these are relevant frequencies to incorporate in
the model. The second-order wave frequencies are much
lower and therefore are not expected to significantly influ-
ence the model.

Include wind loads For wind, direct loading on the WTG is incorporated be-
cause the mean wind component creates an overturning
moment with respect to the tower base. This is relevant
to the tower’s stability during the load transfer phase. Tur-
bulence loading on the WTG is not included but can po-
tentially dampen the WTG motions induced by the wave
loading.

Not include current loads Current loads are low-frequency and therefore can induce
slow-varying motions on the vessel. Given their low fre-
quency, these are not expected to significantly influence
the WTG excitation.

All bodies assumed rigid This modelling choice is a simplification of reality; the ex-
tent of its validity should be further researched. It is made
to keep the model simple. The largest error is expected
with regards to tower bending. This effect is expected to
reduce the WTG bottom rotation as the top of the WTG
can flex along with the crane tip motions. Therefore, the ef-
fect of this on the operability is determined and presented
in Chapter 6

Simplify Lifted objects to one model part The ’Lifted Object’ parts are combined into one modelling
part to simplify the model and increase the simulation
speed. As the stiffness of all lifted objects is relatively high,
this assumption can be made.

Add roller support to WTG bottom flange This assumption takes out one DOF of the WTG, which
is beneficial to the simulation speed. This is a valid as-
sumption because the overlap of the C1 Wedge Connec-
tion flanges is one of the limiting parameters. In other
words; if the flanges do not overlap, the sea-state is marked
as not operable.

Include HC as an option When the governing operability limits were first assessed,
direct coupling between crane tip motions and WTG mo-
tions was seen to cause a decrease in operability. Partially
decoupling this with HC was followed through to assess its
effect on operability.



6
Results and Discussion of Enhanced

Model

The research goal of this thesis is to optimise the operability of the single-lift installation of a WTG.
The sub questions are aimed at assessing the operability of the installation operation and sensitivity
of this operation to changes in design. This chapter presents the most important results of the thesis
and discusses them in a structured way. The results of the Enhanced OrcaFlex Model are presented
and discussed for both Situation 2 (free hanging, before activation of the QCS) and Situation 3 (load
transfer, after activation of the QCS). The results of the sensitivity study are presented hereafter. Here,
only single-parameter variations are included (no cross variations). The validity and reliability of the
results are discussed lastly. Results of Situation 1 are not presented as they were only used to verify
the model development.

6.1. Results Situation 2 (before QCS activation)
Here, the main results are presented for Situation 2 (before QCS activation). This consists of the
operability with and without Heave Compensation (HC), the raw data output from the post processing
script and the operability without tower bending incorporated.

Figure 6.1 shows the Single Most Probable Maximum (SMPM) operability for the Enhanced Or-
caFlex model under standard conditions, with the significant wave heightHs shown on the vertical axis
and the wave peak period Tp shown on the horizontal axis. The operability is the area under a graph.
For the total operability, the area should be taken of the most restricting (combination of) limiting pa-
rameter(s). As can be seen in the graph, the limiting value of the stabbing period fraction 20% (red
line) is governing in this situation. The operability is extremely limited and almost nought. However,
the fraction and stabbing period (green and red lines) are operational limits (coming from the operation
design). The first structural limitation on the operability is the dynamic resonance tension. Although
this gives already a much better operability, it is still very restrictive. Section 6.3 discusses the effect
of varying the operational limits on the total operability.

Other worthy findings are the big operability ’gap’ between the four most limiting parameters and the
other parameters. The correlation between the WTG rotation and the stabbing period is quite logical;
the larger the rotation, the shorter the stabbing slots of the C1 are aligned, thus the shorter the stab-
bing period. Another noticeable phenomenon is the dip in the WTG rotation around Tp = 6.5s. It must
be noted here that all values in this part of the scatter table lie really close together. Small variations
in SMPM data due to computational inaccuracies for example may lead to small errors in the limiting
parameter plotting. In other words, the error bars in this part of the graphs are large. The dots in the
operability curves are the measured data points, connected by straight lines. The evaluated model grid
has a resolution of 0.1m in the Hs direction and 0.5s in the Tp direction. This results in 779 simulations
required taking over 12 hours to obtain the data to make such an operability plot. As a finer resolution
is possible, it is not advisable from a computational time point of view.

67
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Figure 6.1: Operability for Situation 2 without Heave Compensation and Fc = 100%.

Figure 6.2: Operability for Situation 2 with Heave Compensation (kHC = 400mT/m) and Fc = 100%.

Figure 6.2 shows the operability for the Enhanced OrcaFlex model with heave compensation. The
stabbing period and fraction are still the main limiting parameters, although the overall operability has
increased slightly. Another distinction with regards to the case without HC is that the reeving tension
graph has shifted towards the upper right corner of the plot. This also holds (partially) for the WTG
rotation, acceleration, and reeving offlead. From this, it can be deduced that the motions of the WTG
are reduced mainly in horizontal direction because of HC.
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Figure 6.3: Scatter Table with SMPM Values for impact velocity in Situation 2 with HC (raw output). The darker the background
colour, the larger the SMPM value.

To get a more general feeling for how the limiting parameters are distributed over the significant
wave height and peak period ranges considered, they are first plotted in Scatter Tables as shown in
Figure 6.3. Here, the SMPM value of the impact velocity is plotted over theHs and Tp range. A general
trend of larger impact velocities for larger peak periods and significant wave heights can be seen. This
results in the L-shape of the operability graph for the impact velocity. This is seen for most of the limiting
parameters. This is caused by the sensitivity of the SSCV to longer and higher waves.

One of the expansions incorporated in the Enhanced OrcaFlex Model is Tower Bending stiffness.
To show the effect of this addition, an operability plot of Situation 2 without Tower Bending (TB) has
been produced and is presented in Figure 6.4. Comparing this operability with the operability of the
base case with TB (Figure 6.2), the effect of the addition of TB can be determined. As can be seen in
the figures, the operability of the case without TB is diminished, due to a reduction of Fstab. Therefore,
this model expansion is critical to obtain a more realistic operability for Situation 2.

6.2. Results Situation 3 (after QCS activation)
In Situation 3, the operability is assessed during set down of the WTG. The QCS is activated, and the
load of the WTG is being transferred to the support structure. Therefore, a plot for this situation has
the load in the crane on the horizontal axis. In this situation a constant wave peak period of 10s is used
(with respect to Situation 2 where it was a variable). The amount of quick connector wedges should
be chosen such, that Situation 3 is not limiting for the set-down operation. Therefore, a conservative
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Figure 6.4: Operability without Tower Bending incorporated for Situation 2 with Heave Compensation.

number of 26 QCS wedges is chosen (with respect to 100 wedges in total). This number is optimised
in Section 6.3.

As can be seen in Figure 6.5a, the reeving tension is the limiting parameter in the case without HC
(lowest limiting criterion). This makes sense as large crane tip motion will cause high tension in the
rigging. Although this operability is still higher than Situation 2 without HC and therefore not governing,
it is still poor. It is interesting to see that the operability is rather constant during the load transfer phase,
with a slight increase for Fc of 0%. If the rigging is slack, the applicability of the limiting parameters is
questionable as crane damage (offlead criterion) is not a realistic critical event any longer. However,
impact of the block or HC on theWTG should be prevented. Assessment of this is left outside the scope
of this research and should be checked when execution of this installation methodology is prepared.

The operability for Situation 3 becomes much better if HC is included. The reeving tension is still
governing, but for much larger values of Hs. Here it can be concluded that Situation 3 is not governing
with respect to Situation 2 when HC is included and optimisation of the number of QCS wedges can
be investigated. Figure 6.5c shows the operability for Situation 3 if tower bending is neglected. Com-
parison of the results with and without modelling TB reveal no increased operability by including TB
into the model for Situation 3. The rigging tension is still the limiting parameter for both cases. The
QCS loading is comparable in the case with TB, although it is slightly deviating for lower Fc values.
What further stands out is the larger accelerations allowed for the cases with TB. This is expected as
the TB acts as a spring in the horizontal direction at the rigging connection point of the WTG, thereby
absorbing energy from the motion of the WTG.

In the early phase of the research, a preliminary assessment of the WTG stability was made. The
WTG tilt was calculated, at which static equilibrium was found for a combination of a certain crane tip
offset and a crane load Fc. This is shown in Figure 6.6a. Here, the crane load Fc is shown versus the
WTG tilt. As can be seen in the graphs, the WTG tilt increases rapidly around 30-50% Fc for crane tip
offsets larger than zero. This displays the instability of the WTG. The graphs return to zero below 30%
Fc as the restoring moment due to the self-weight of the WTG becomes larger than the overturning
moment induced by the crane tip at this point. Only lines that do not show a peak going to infinity have
a stable load transfer phase. This is only the case for a crane tip offset of zero meters in Figure 6.6b.
During the optimisation process of the operability, it was found that transferring a larger portion of the
WTG load to the foundation prior to activation of the QCS was beneficial to the operability of Situation
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2. However, a prerequisite for this was that the load transfer up to this point could be executed in a
stable manner. Therefore, plots similar to those above shown for Situation 3 were made, only without
the addition of QCSWedges. What is striking about these figures (shown in Figure 6.7), is that it shows
that no QCS is required for low significant wave heights. Since this is contradictory to the preliminary
assessment, this is further investigated. It turns out that the wind loading on the blades is governing for
the stability of the WTG during the load transfer phase. If the preliminary assessment is reassessed
with the definitive wind load, it is indeed shown that it remains stable for certain load cases (low sea
states). This is shown in Figure 6.6b. As can be seen from the graphs, the stability is less affected
by a crane tip offset for the low wind load scenario, than for the high wind load scenario. This means
that for low wind loads and a small crane tip offset, load transfer could be possible without a QCS.
However, the chance that this occurs is considered to be small, as no DP drift and optimal wind loading
is considered in this analysis.
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(a)Operability for Situation 3 without HC.

(b)Operability for Situation 3 with HC.

(c)Operability for Situation 3 without Tower Bending nor HC.

Figure 6.5: Various Operability’s for Situation 3. Fc is the percentage of the WTG mass that is supported by the
crane in static state. For Tp a constant value of 10s is used.
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(a) Preliminary WTG Stability Assessment

(b) Final WTG Stability Assessment

Figure 6.6: Stability assessment of WTG during load transfer phase. Here, the WTG tilt is given as a function of
the load transfer.
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(a)Operability for Tp = 10s

(b)Operability for Tp = 12s

Figure 6.7: Optimised operability for Situation 3 with HC with 0 QCS Wedges. Fc is the percentage of the WTG
mass that is supported by the crane in static state. For Tp a constant value is used. For values of Tp lower than
10s, no limiting criteria were found. In general, a larger Tp reduces the operability as these are closer to the eigen

periods of the vessel. Note that a larger WTG rotation limit of 2◦ is used.
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6.3. Sensitivity Study and Optimisation of Operability
For the sensitivity study, simulations were rerun with different input parameters or limiting parameter
values. The goal of these variations was twofold: 1) to verify the output. Check if logical trends exist
for different inputs. 2) to optimise the operability. Which design changes are important to make in order
to achieve an optimal operability. The most important findings are shown and discussed below.

6.3.1. Sensitivity of Limiting Parameters
As Situation 2 is the critical installation activity, most variations are carried out for Situation 2. First, the
sensitivity of the simulations without HC is checked, to see if there is any potential in this option. This
is done for the four most restricting limiting parameters and shown in Figure 6.8.

(a) Sensitivity of Stabbing Period Tstab (b) Sensitivity of stabbing fraction Fstab

(c) Sensitivity of reeving tension (d) Sensitivity of WTG rotation

Figure 6.8: Sensitivity of the four most restricting limiting parameters for Situation 2 without HC.

As expected, the operability for each limiting parameter increases if the values are relaxed (lower
Tstab and Fstab required or larger reeving tension and WTG rotation allowed). For shorter peak periods
(6-10s), the largest improvements are achieved. For longer peak periods, almost no improvements are
achieved. Although, there is improvement of operability for lower peak periods, the improvement is still
limited. Limiting parameters such as reeving tension and WTG rotation could be reduced potentially by
increasing sling WLL and adding tugger winches to the rigging configuration. However, this is not the
case for the limiting parameters Tstab and Fstab. Even if a Fstab equal to 5% is deemed acceptable for
Situation 2, the operability is still limited to situation with Hs > 1m for all short peak periods. Therefore,
an installation without HC is deemed infeasible from an operability point of view.
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(a) Sensitivity of Stabbing Period Tstab

(b) Sensitivity of Stabbing Fraction Fstab.

(c) Sensitivity of maximum uplift for stabbing Zmax.

Figure 6.9: Sensitivity of the most restricting limiting parameters for Situation 2 with HC.



6.3. Sensitivity Study and Optimisation of Operability 77

The sensitivity of the limiting parameters for Situation 2 with HC are presented in Figure 6.9. As
reeving tension and WTG rotation were not close to governing, only the sensitivity of Tstab and Fstab

are presented. Furthermore, the sensitivity of Zmax is added.

For Situation 2 with HC, the operability can only increase limited by changing Tstab orFstab. However,
if the limiting WTG uplift during the stabbing period is increased (increase of Zmax), the operability is
increased much more. This parameter is a design parameter of the C1 Wedge Connection flanges.
Therefore, caution should be taken with increasing this parameter as the C1 Wedges will require a
larger stroke if the slots are heightened.

6.3.2. Sensitivity of Input Parameters
Next to variation of limiting parameters, also some variations of input parameters have been simulated.
As this required completely new simulations per variation, this process was very time consuming and
only a limited number of variation were simulated. As Situation 2 is the critical installation activity, almost
all variation were applied to Situation 2. First the wind load was varied by simulating mean wind speeds
of 12 and 14 m/s. The results for the sensitivity of the operability to the mean wind speed are shown
in Figure 6.10. Although most limiting parameters are insensitive to a change in mean wind speed,
Tstab and Fstab are reduced even further towards zero for higher mean wind speeds. This means the
operability is sensitive to the wind speed or less optimal wind heading, as expected.
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(a) Operability for Vmean = 10m/s (base case)

(b) Operability for Vmean = 12m/s

(c) Operability for Vmean = 14m/s

Figure 6.10: Sensitivity of mean Wind Speed simulated in Situation 2 with HC.
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The second variation of input parameters is a change in stiffness of the Heave Compensator. This is
shown in Figure 6.12. Here it should be noted that the stated stiffness is per HC system. Since two are
used in parallel, the presented values should be doubled to obtain the total equivalent stiffness. What
can be observed is that for a different HC stiffness, the operability changes. This is seen for the limiting
parameters Tstab and Fstab. Almost all other limiting parameters stay constant for each variation in HC
stiffness. Only the reeving DAF becomes stricter for stiffer models. This can be expected as the HC is
the softest component in the rigging setup. The trend towards higher operability for Tstab and Fstab is
confirmed when looking at the spectral density graphs for the vertical motion of the WTG (Figure 6.11.
As the vertical motion of the WTG influences Tstab and Fstab this is an important parameter that can
clarify the difference in excitation. Looking at the graphs, it can be seen that the base case stiffness
model is excited more over the full frequency range. Also, around the eigenfrequency of the WTG
pendulum mode (0.06944Hz), the 400 kN/m case is excited most. Although the difference is relatively
small, it is sufficient to change the limiting values of Tstab and Fstab as they are extremely sensitive
parameters because Zmax is ridiculously small.

(a) (b)

Figure 6.11: Spectral density for WTG Z motion for the varies Heave Compensation stiffnesses. Figure b) is the zoomed in
version of Figure a) around the pendulum eigenfrequency. These Power Spectral Densities are directly calculated from the

time domain simulations for Tp = 7.0s and Hs = 0.8m by taking the Fourier transform of the time history result.
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(a) Operability for HC Stiffness kHC = 200mT/m

(b) Operability for HC Stiffness kHC = 400mT/m (base case)

(c) Operability for HC Stiffness kHC = 600mT/m

Figure 6.12: Sensitivity of Heave Compensator stiffness simulated in Situation 2 (with HC).
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As announced in Chapter 5, the optimal initial load transfer percentage is determined for Situation 2.
The results of this variation are presented here (see Figure 6.13). As can be seen from the graphs, the
operability increases as the crane load percentage Fc is decreased. This effect seems to level of from
80% initial load in the crane, see Table 6.1. Here, it is best to use the highest initial load percentage as
the stability decreases for lower percentages. Therefore, an optimal value of 80% initial crane load is
used for situation 2.

(a)Operability for Fc = 70% (b)Operability for Fc = 80%

(c)Operability for Fc = 90% (d)Operability for Fc = 100%

Figure 6.13: Sensitivity of the initial crane load percentage Fc. The increase in operability levels of for Fc = 80%
and lower.

Crane load Fc Operability Area Fraction
70 % 47.6 %
80 % 47.2 %
90 % 43.8 %
100 % 31.4 %

Table 6.1: Fraction of area under operability graph for Situation 2 as a measure for operability as a function of initial crane load
percentage Fc. The increase in operability levels of for Fc = 80% and lower.

The last variation that was simulated was the variation in the number of QCS Wedges that are
stabbed during the QCS activation. This number should be reduced as far as possible to reduce cost
and complexity while still providing sufficient restoring moment to keep the WTG upright and having
sufficient capacity to withstand any pulling forces from the crane tip motion. Above results (Section 6.2)
show that the operability is much better when HC is included in Situation 3. Therefore, only Situation 3
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with HC is considered. The results for varying the amount of QCS Wedges is shown in Figure 6.14.

For Situation 3, two additional limiting parameters are added: a maximum force in the QCS on the
equivalent right (A) and left (B) side of the WTG tower. These limits are added to make sure the loads
in the QCS do not exceed the pretension of the QCS wedges during the simulation. Two limits are
added instead of one to ensure the induced overturning moments lie within the limits as well. This
maximum force is dependent on the amount of QCS Wedges used in the simulation, as can be seen in
the legends of Figure 6.14. As expected, the operability reduces when the number of QCS Wedges is
reduced. In the cases with 8 and 16Wedges the forces in theWedges are the limiting parameters during
the load transfer. Here, the largest loads can be expected when the majority of the WTG load is still in
the cranes. This can be explained by looking at the contact force between the WTG and the support
structure. As more load is transferred to the support structure, a sudden uplift of the WTG (due to crane
tip movement) will first reduce the contact force, before loading the QCSWedges. Therefore, the more
load transferred to the support structure, the less restricting the QCS loading limiting parameter will
become. For the operability presented in Figure 6.2, 16 QCS Wedges should suffice to make Situation
3 not the governing critical installation activity with respect to Situation 2 with HC.
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(a) Operability for 8 QCS Wedges

(b) Operability for 16 QCS Wedges

(c) Operability for 26 QCS Wedges

Figure 6.14: Sensitivity of the number of QCS Wedges used for Situation 3 with HC.
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6.3.3. Optimised Operability
When taking all the above into account, an optimisation of the operability can be achieved by altering
some installation procedure and lifting configuration design elements that were used as a starting point
for the assessment of the operability (as stated in Section 4.1). First, a Passive Heave Compensator
(PHC) could be integrated in the rigging arrangement to reduce the rigging snap loads and the WTG
rotation. Second, the C1 Wedge Connection design could be changed in such a way, to be able to
activate the QCS under an as large as possible uplift/rotation of the WTG. Thereby, focus could be put
on increasing the limiting parameter Zmax. Third, the installation procedure could be adjusted. Mon-
itoring phase 5, could be incorporated into monitoring phase 1. Furthermore, phase 4 (lowering the
WTG until the C1 flanges overlap) and phase 6 (initial landing of the tower on the support structure)
could be executed in one go. This reduces the chance of re-impact during the installation. The ”small
portion” of the WTG load transferred to the support structure prior to QCS activation, taken 1-2% as
the base case in this thesis, could be increased to around 20% (equivalent to Fc = 80% as described
in Subsection 6.3.2), to increase operability, as described above. Adapting this percentage does make
the WTG rotation one of the governing limiting parameters. However, this is acceptable as this limiting
parameter has some clearance from the governing parameters as shown in Figure 6.2.

Taking these three points into account and reevaluating the operability for Situation 2 and 3, an
optimised operability can be achieved for the floating single-lift installation of a WTG equipped with
a C1 Wedge Connection as shown in Figure 6.15. Here, some of the limiting parameters have been
relaxed to improve operability. Combined, these relaxations form the set of design adaptations re-
quired. Whether a C1 Wedge Connection design with a Zmax of 0.04m is technically feasible should
be checked. Also, an Fstab of 10% is relatively low from an operational point of view, although the Fstab

value increases rapidly as it moves away from the governing limit. For peak periods below 8s, Fstab is
50-90%.

(a) Optimised operability for Situation 2 (b) Optimised operability for Situation 3

Figure 6.15: Optimised operability for Situation 2 and 3 with HC, a maximum WTG rotation of 1.5◦, a Zmax of 0.04m, a Fstab

of 10% and 16 QCS Wedges.

6.4. Validity and Reliability
The quality of the results presented in this Chapter depend on the reliability of the model. This Section
discussed the validity of the results for three main influencing parts of the research: the model, the
limiting parameters, and the operability plots. The limitations of the results are presented. These are
complementary to the limitations mentioned in Section 5.4.

6.4.1. Enhanced OrcaFlex Model
The model is limited to simulating in-plane motions. Therefore, not all physical phenomena are cap-
tured in the model. This could lead to misinterpretation of the results. The results can be reliable for this
model but are not necessarily applicable to reality. T. Lengkeek mentions in his thesis that the WTG
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pendulum and double pendulum mode are excited in the longitudinal plane (the plane assessed in this
thesis) but also significant coupling was found for a combination of vessel roll and WTG pendulum
mode in the transverse plane (not seen in the model in this thesis) [64]. This does not automatically
imply that the transverse plane should have been incorporated in the present study as the lifting set-up
and vessel differ significantly.

Limitation to in-plane motions further implies that the effect of directionality of wind and waves is not
incorporated in the model. Which combination of these is favourable or should be avoided at all costs?
Is it restrictive to have a predetermined installation orientation of the WTG? How does this influence
the wind load on the blades? In the model, no wind loading on the blades is incorporated, as it is
negligible for optimal wind direction (180◦) and blade pitching (minimal drag). However, a sub-optimal
combination of these parameters can create significant wind loading on the blades.

Another modelling effect that contains some uncertainty is the contact modelling between the WTG
and the support structure. As described in Chapter 5, the procedure advised by Orcina was followed
to model this contact. This models the contact as two surfaces in contact. However, the effect of lo-
cal contact pressure peaks and flatness on the integrity of the C1 Wedge Connection is not assessed.
This could for example lead to neglecting local deformations affecting the lifetime performance of the
connection.

The allowable rotation of the tower is restricted to one degree, to prevent jamming and bending
of the C1 flanges, although a rotational clearance of two degrees is incorporated in the design of the
C1 Wedge Connection that can be upgraded if required. The conservative choice for one degree as
limiting parameter is made to incorporate the probability of exceeding of the SMPM value, which is 63%
by default.

One of the simplifications in the model was the combination of the lifted object components into one
rigid body. The main simplification here, is that the vertical translation of the USF due to elongation
of the slings between the LLT and USF is ignored. As the stiffness of these four slings combined is
actually around 28.4GN with a length of around 100m (USF to bottom WTG) and carrying all the WTG
weight, the static elongation of these slings is 8.6cm. Since this elongation is relatively minor compared
to the overall rigging setup and the sling stiffness, the elongation is not expected to influence the model
results. With respect to the stiffness, the consequences of this simplification differ per model situation.
In the case with HC, the stiffness of the HC is two orders of magnitude lower than that of these slings.
Therefore, the stiffness is not expected to influence the overall behaviour of the model. However, in the
case without HC, the softest part in the rigging set-up is formed by the hoisting wires, closely followed
by the LLT-USF slings. Then, the simplification does not seem valid as the stiffness would influence
the overall behaviour. It is therefore advised to include these slings in the model in a new iteration of
the model situation without HC.

6.4.2. Limiting Parameters
Most of the limiting parameters are design choices. This means they can be chosen as seen fit and
do not determine the uncertainties in the model. However, they do heavily influence the simulation
results. Some parameters are based on experience, such as the impact velocity, or structural limits
like the rigging tension. A rigging limiting parameter is the rigging tension. Since it is hard to simulate
high-frequent effects, it is hard to estimate peak loads in the rigging. For conservatism, a DAF of the
rigging of 1.2 is set as the limiting value instead of a maximum capacity value of 1.5.

A difficulty with the structural limit for the maximal offlead angle is that no pure offlead is calculated
in the model. As the model is limited to in-plane motions and the cranes are positioned out-of-plane
due to their slew angles the true offlead angles could be larger than the calculated offlead angles.
Furthermore, since the model is limited to in-plane motions, not all relevant limiting parameters could
be incorporated. Omitted limiting parameters are crane-nacelle clearance, rotation around the X-axis,
etcetera. This is all due to the main limitation of the model that only in-plane motions are simulated.
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The limiting value for the impact velocity is chosen through comparison with other studies. How-
ever, there is a span of impact velocity limits used in literature, ranging from 0.1-0.5 m/s [64, 7], due
to different failure events identified. The lower bound is found for maximal accelerations in the RNA,
while the upper bound is found for stress levels in the structural steel. In this thesis a value of 0.2 m/s
is deemed sufficient for the installation. For the installation of TPs, Acera et al. found that the impact
velocity was governing for the installation [1]. The optimised operability plot (Figure 6.15) shows that
the impact velocity is not governing for the installation in this thesis. Furthermore, a sensitivity analysis
on the impact velocity limiting parameter shows that even with a limiting value of 0.1 m/s, the impact
velocity is not governing for the operability.

6.4.3. Operability Plotting
The operability curves are derived from a combination of the scatter tables and the limiting parameter
values. The values in the scatter tables are the statistical SMPM values derived from the simulation with
a specific combination of Hs and Tp values. As described in Section 5.2, this value is directly derived
from the simulation standard deviation of the assessed parameter. Assumptions in this short-term
statistical derivation are that the crest height of the 20min assessed sea-state is Rayleigh distributed
and that the response can be described as a random process with a Gaussian distribution. Literature
states that the assumption that the surface elevation is a stationary, Gaussian process is usually valid
for the duration of a wave record of typically 15-30 minutes. The validity of the assumption that the
crest height has a Rayleigh distributed PDF, is dependent on the spectral width, defined by Cartweight
and Longuet-Higgins [46] as

ϵ =

(
1− m2

2

m0m4

) 1
2

(6.1)

Here, narrow spectra (ϵ → 0) approach the Rayleigh distribution, whereas wide spectra (ϵ → 1) ap-
proach a Gaussian distribution. For the model, the limiting parameters have different spectral widths.
The crane tip displacement and WTG rotation are examples of narrow spectra, while the WTG vertical
motion has a relatively wide spectrum. Therefore, the validity of the SMPM value is questionable for
some limiting parameters. However, the accuracy of the spectral width parameter is also doubted. The
value of the fourth-order moment m4 is dominated by the upper limit of the integration scheme due
to the shape of the tail of the spectrum for ocean waves. Furthermore, m4 is rather sensitive to high
frequent noise or the presence of nonlinear effects. This means that the value of ϵ also depends to a
high degree on the upper cut-off frequency, errors in the model and nonlinear distortions. Therefore,
it is advised to use the spectral width parameter ϵ with great care. To assess this uncertainty, other
distributions could be fitted to the data. Examples of these that OrcaFlex facilitates are the Weibull and
generalised Pareto distributions, which are both fitted using a maximum likelihood method. The ex-
tremes of the data are selected using the peaks-over-threshold method. It is expected that application
of these distributions will lead to a lower operability for limiting parameters with a wide spectrum, such
as the WTG uplift and combinations of multiple parameters, such as Tstab and Fstab.

Another point that should be noted regarding the SMPM values is that the probability of exceedance
of this value is 0.63. This means there is a probability of 63% that the actual maximum crest height
exceeds the most probable value. However, the absolute exceedance is low if the PDF is narrow. If a
lower probability of exceedance is required, a risk parameter, as proposed by Ochi, can be specified for
the SMPM value in OrcaFlex [74]. This is not included in the current model but could be implemented
in a new update of the model.

The ultimate point worth mentioning regarding the reliability of the operability graphs of Situation 2
is that some unexpected results were obtained for the optimisation of the load transfer prior to QCS acti-
vation. The SMPM values for the limiting parameters Tstab and Fstab did not consequently decrease for
higher significant wave heightsHs while keeping the peak period Tp constant. Instead, while still overall
decreasing, they sometimes gradually increase. Decreasing the simulation time step or increasing the
simulation duration helped to oppose these effects, although this significantly increased the required
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time for simulation. Therefore, this was only done partially, to keep the simulation time acceptable.
It is remarkable that this effect mainly occurred for the limiting parameters Tstab and Fstab, which are
the only limiting parameters for which the standard deviation is not directly taken from the simulation
files because computation of the stabbing periods is required first by the post-processing Jupyter script.

For Situation 3, it was decided to simulate each load case (a combination of sea-state and crane
load) for 20 minutes. Another option here was to transfer the crane load in one single simulation, where
the hoisting wire load was reduced over a pre-set duration. As the wave component phases are ran-
domly distributed, this would make the wave loading during the load transfer a matter of chance. To
obtain statistically significant results, the simulation would have to be run many times. By simulating a
specific crane load for 20 minutes, the results would already be statistical relevant, and the number of
different crane load load cases could be chosen. This was done to increase the reliability of the results.
One of the consequences of this choice is that the actual crane load varies throughout the simulation,
especially for the load cases with higher Hs and Tp values. This for example could cause slack rigging
during simulations where the initial crane load was 20%. Therefore, it is advised to also run sufficient
simulations with the crane transfer included in the simulation duration before applying this installation
methodology to practice.

6.4.4. Comparison to Similar Research
The final part of the validity discussion is directed at comparing the results with other research in the
field of WTG installations. As all studies have assessed different installations, the main differences or
similarities for the results are also provided.

One of the research projects with most similarities [92] showed that their model was sensitive to
swell dominated sea states with wave periods above 7.8s, due to the WTG natural pendulum period
but less sensitive to wind dominated sea states. As the operability for wind-dominated seas is not
quantified, no argumentative statement can be made about the similarity of the results. Furthermore,
it is stated that the second most limiting parameter (aside from Nacelle-Crane clearance, which is not
relevant for this thesis) is the vertical motion between tower and support structure. This limit could be
addressed to ensure that the tower is always supported horizontally by a bumper and does not glide
over it. This limit is best compared to the WTG uplift limit for Situation 2 without HC. However, this limit
was by far not governing in this research. For this situation, the reeving DAF would be limiting (if the
QCS limits are ignored). However, this limit is not assessed in the reference research.

Another reference research thesis includes a heave compensation system and also concludes that
HC is particularly important to reduce the impact velocity and can reduce it from 0.18 m/s to 0.01 m/s
[64]. In this thesis, looking at the most comparable load case, a reduction from 0.05 to 0.04 m/s is
achieved. It must be said here that the HC is not optimised in this thesis, although a motion reduction
of 95%, as in the reference case, is not expected to be achieved.

Another reference case within HMC assessed the wind loads on the RNA during lifting [72]. Here,
it was also found that for an optimal wind direction, the wind force perpendicular to the blades (global
X-direction) is negligible. It was found that the moment around the global X-axis was largest. However,
this DOF is not included in this thesis. The influence of these loads on the WTG behaviour requires
further research and a model expansion.



7
Conclusions and Recommendations

HMC wants to explore the possibilities of floating single-lift installations of WTGs. This thesis focuses
on the dynamics of the WTG due to vessel responses and wind loading on the WTG. The operability
of the mating operation for activation of the C1 quick connection system is determined. Furthermore,
the sensitivity of the limiting parameters and design (input) parameters is assessed and options for
optimising the installation procedure are proposed. The main findings of this thesis are presented in
Section 7.1 and recommendations for further research are given in Section 7.2.

7.1. Conclusions
The conclusions are structured by answering each research sub-question separately. At the end, the
main research conclusion is stated for the research goal.

What effect do wind and waves have on the dynamics of a WTG after the alignment phase of
the installation?
The mean wind speed induces a load on the WTG creating an overturning moment. If this overturning
moment is larger than the restoring moment due to the transferred weight, a QCS is required during the
load transfer phase of the installation (Situation 3). For minimal wind loads (optimal direction + blade
pitching), no QCS is required. Therefore, the wind loading on the blades is governing for the stability
of the WTG during the load transfer installation phase. Wave loading determines the behaviour of the
crane tip due to the vessel characteristics. Here, the significant wave height Hs influences the ampli-
tude of the motion and the peak-period Tp influences the amplitude and the frequency of the motion.
Increases in amplitude and/or period have a negative effect on the operability of the installation. The
wave loading is mainly governing before the QCS activation (Situation 2). Only the first pendulummode
of the WTG lies in the excitation range of the wind & wave loads.

Is a QCS required to keep the WTG stable during the load transfer phase?
The need for the QCS depends on the wind and wave conditions. Here the wind load is the dominant
factor. As the assessed situation is under minimal wind load (combination of wind direction and blade
pitch), the WTG load transfer phase could be completed without the QCS under relatively calm sea
states (Hs < 1.4m and Tp < 10s) and a mean wind speed Vw = 10m/s. Here, it should be noted
that no DP drift is accounted for, no longitudinal (global x-direction) wind speed variations are included,
optimal wind heading is used, and only in-plane effects are assessed (3 DOF directions).

What is the operability of the activation of the QCS during a single-lift WTG installation?
Situation 2 is the governing limiting activity (with respect to Situation 3) if at least 16 C1 QCS Wedges
are used. The operability is poor (almost negligible) in Situation 2 for the base case setup. Heave
Compensation is required to reduce the dynamic reeving tension and the loading of the C1 QCS. An
installation without HC is deemed infeasible from an operability point of view.

88



7.2. Recommendations 89

Is the stabbing window a limiting factor for the application of the QCS?
Tstab and Fstab are the governing limiting parameters in all assessed cases. This is mainly due to the
extremely strict limit of C1 flange slot alignment Zmax. If this limit is relaxed to for example 4cm, the
operability is increased substantially.

How do the support structure, WTG, rigging, and crane interact after the QCS is deployed?
The crane tip motion increases the horizontal rigging tension inducing loads on the QCS due to the
overturning moment. Vertical motions of the crane tip influence the load on the support structure. This
motion is less relevant for the operability as this only causes contact force variations. The effect of
the QCS on the vessel cannot be investigated fully with this model as the vessel is not included in the
model and DP offset is not accounted for. However, most effect is expected for the vessel pitch and
incorporation of heave compensation relaxes the peak load in the rigging.

How does the C1 QCS perform compared to alternative connections during installation?
The C1 QCS has some advantages such as: the LLT can be hung off on the upper flange, it can be
remotely activated, and the rigging can be slacked and disconnected after C1 QCS activation. The
main components for the QCS are already standard incorporated in the connection, so limited costs
are associated with the system. The pretension force in the C1 QCS is almost double compared to
FCT for the L-flange, resulting in less QCS Wedges required which reduces the cost and increases
the reliability. The Slip Joint is expected to be superior regarding operability and simplicity. However,
the implementation of the Slip Joint is held back by other limits, such as extra required lifting height.
Installation duration of the connections is estimated to be comparable if the operations are optimised.

What design improvements are required, if any, to make the C1 Wedge Connection suitable
for a single-lift WTG installation?
The relaxation of the Zmax limit is most important. Furthermore, the maximum WTG rotation should
be increased to 2 degrees, which is still within the rotational clearance of the C1 Wedge Connection.
An Fstab of 20% is optimistic for sea states with a peak period Tp > 8s. The operability is not overly
sensitive to a reduction of Tstab.

How to optimise the operability of a floating single-lift installation of a Wind Turbine Gener-
ator (WTG) with a quick connection system (QCS)?
The standard lifting configuration has an extremely low operability. Operability can be improved with lift-
ing aids such as heave compensation and design adaptations as relaxation of the Zmax limit. Including
these alternations, plus increasing the pre-QCS activation load transfer to 20%, a feasible operability
can be achieved for peak periods Tp < 9s and significant wave heightsHs < 2m. For higher sea-states
the operability is limited bymultiple limiting parameters, such as Tstab, Fstab and theWTG rotation. Here,
it should be noted that this is under optimal wind loading conditions and a set of assumptions such as
zero DP drift. Under these conditions, the load transfer phase is expected to be stable for relatively
calm sea-states (Hs < 1.4m and Tp < 10s) and a mean wind speed Vw = 10m/s.

7.2. Recommendations
Based on the findings of the thesis, a number of recommendations are formulated for future research.
The recommendations proposed here, are split into two categories; those that regards a form of model
expansions and those that do not. This second category includes a diverse range of recommendations
next to the model’s goal.

7.2.1. Model Expansions
As the final model used in this thesis to generate results is built on a set of assumptions, the validity of
these assumptions is crucial for the results generated by the model. Some of the assumptions were
conservative, while others were progressive with respect to reality. As these progressive assumptions
could overestimate the operability, it is advisable to further research these. Two main expansions pro-
posed, are the DP drift and the wind loading on the WTG. DP drift is the phenomenon of vessel motion
in surge, sway, and yaw direction due to the imperfect working of the DP system. Similarly to a HC sys-
tem, a DP system is unable to keep the vessel exactly at the desired location. Disturbances of the DP
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system come in many forms: internal errors, external errors, measurement errors, etc. The vessel mo-
tion due to these variations affects the motion of the crane tips and thus of the WTG during installation.
The impact of DP drift on the operability of the WTG installation requires additional research. It is ex-
pected that this will reduce the operability to some level depending on the functioning of the DP-system.

Wind loading on the RNA is extraordinarily complex and should therefore be investigated extensively
to assess the correct load on the WTG during an installation. Many factors, such as wind velocity, di-
rection, spatial variations, blade design, orientation, and rotational speed heavily influence the loading.
In this thesis, minimal loading on the blades is assumed. However, in reality, weather can variate from
time to time, influencing the wind conditions possibly to suboptimal conditions. Therefore, it is advised
to research the influence of wind variation on the wind loading on the WTG, especially on the blades.
If sub-optimal wind loading on the blades is incorporated, it is expected that the stability during the
load transfer phase will decrease up to a level as predicted in Figure 6.6a. This would highlight the
importance of a QCS and the desire to keep the initial load transfer as low as possible. As it is expected
that wind direction variation will increase the motions of the WTG, implementation of tugger winches
to control the WTG motions is also interesting to research. In order to do all of the above properly,
a model should be used containing all 6 DOF directions. This can be done by expanding the current
model. If a model containing all DOFs is developed, the operability dependency to wave directionality
can also be determined. By incorporating all 6 directions the influence of yaw, sway and roll motions is
also incorporated into the model. The influence of the sway motions on the operability is expected to
be limited, as these motions are similar to the surge motions for the WTG behaviour, and the bottom of
the WTG is also constrained in sway direction. However, the roll motions of the tower are expected to
reduce the operability as the eigenmodes for the WTG roll are expected to be in the frequency range of
the excitation. The yaw forces and moments on the WTG are also expected to be considerable, as was
shown in the thesis of A.N. Versnik [103]. However, the C1 Wedge Connection’s G&B system contains
rotational locking pins which could take on the yaw moment if these are designed accordingly. Overall,
the expansion to 6 DOF directions could reduce the simulated operability considerably. Fortunately,
such a model also provides opportunities to investigate the impact of additional stabilising measures to
enhance operability. It would make the model a closer representation of the real-world dynamics and
contribute to a deeper foundation of installation design.

Another subject that requires further investigation is variation of stiffnesses in the model. Although a
general variation of the Heave Compensator was executed, amore thorough investigation could explain
why the operability was truly minimal for the base case stiffness and whether this is a solid argument
to change the HC stiffness. Furthermore, a sensitivity was performed on the contact stiffness between
the WTG and the support structure. Because the support structure was assumed a rigid body fixed to
the seabed, the relative motions between the WTG and support structure increased for softer contact
stiffnesses. This led to a lower operability, since the Tstab and Fstab require as least motion between
the WTG and support structure as possible. As this is counterintuitive to reality and the shortcoming
of the model is identified, these results are excluded from the report. To properly model these varia-
tions, it is advised to include some degree of freedom to the TP/MP and or model it as a compliant tower.

7.2.2. Elaborations besides Installation Modelling
Based on the operability graphs presented in the results (Chapter 6), the economic feasibility of sin-
gle lift WTG installations can be further researched. In what areas of the world do these operability
curves generate sufficient workability to minimise WoW and optimise installation cycle time? Is there
a good business case to implement this methodology for WTG installations? These are truly relevant
questions, as economic viability determines the adoption of technology. In Chapter 2, three logisti-
cal strategies are discussed. These three scenarios could be used in such a study. Here, it should
be noted that this research is focused on bottom-founded support structures. However, other studies
found that a floating TLP support structure does not influence the operability significantly [92]. Some
floating support structures require a larger crane boom radius with respect to MPs, for example, as
their diameter is multiple times larger than bottom-founded support structures. This reduces the lifting
capacity and lifting height of the cranes. The consequences of these alternations on the operability of
the installation will depend on the assessed scenario.
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Furthermore, it is interesting to verify whether the proposed design alterations to the flanges of
the C1 Wedge connection and QCS could be incorporated into the design of the connection. This
mainly consists of increasing the C1 flange slot alignment Zmax that is required. Also, the development
of Active Heave Compensation to the required capacity of 1600 mT is an interesting installation aid
improvement that could improve the operability of the installation operation.
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A
Heerema Marine Contractors

A.1. History
Constructora Heerema was established in 1948 in Venezuela [41]. The company constructed and in-
stalled drilling platforms for oil companies operating on LakeMaracaibo. In 1962, Heerema Engineering
Services was founded, focusing on the North Sea. In 1978, Heerema commissioned the world’s first
semi-submersible crane vessels (SSCVs): the Balder and Hermod. Low oil prices in the mid-1980s
forced Heerema and McDermott, an engineering and construction company, to start a joint venture
called HeereMac (1989). The year 1997 was a turning point: HeereMac was terminated, and opera-
tions continued under the name of Heerema Marine Contractors (HMC). HMC acquired SSCV ”Thialf”
(ex DB-102) from McDermott, causing HMC to own and operate three of the world’s five SSCVs. In
2013, HMC introduced the DCV Aegir. The vessel was designed for capability of executing complex
infrastructure and pipeline projects in ultra-deep water. In 2018, Heerema pivoted away from pipelay
towards the renewables market. Modifications were made to the Aegir and the organisation was re-
organised. In 2019, Heerema introduced the largest SSCV in the world: the Sleipnir. The vessel is
designed for a 20,000 metric ton lifting capacity.

A.2. Fleet
Sleipnir
The newest vessel of HMC’s fleet is the SSVC Sleipnir. The vessel is equipped with two 10,000 tonnes
revolving cranes. The large deck area makes it suitable for transporting jackets, topsides, or modules.
The transit speed is over 10 knots, and the vessel has the capacity to run on LNG.

(a) SSCV Sleipnir. (b) Sleipnir main specifications

Figure A.1: HMC’s Sleipnir
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Aegir
The Aegir’s combination of heavy lifting and high sailing speed offers a unique opportunity for offshore
transport, installation, and removal operations. The vessel was introduced in 2013 as a pipe-laying
vessel but was retrofitted after a strategy switch of the company in 2018. The vessel has a single
crane with a lifting capacity of 5,000 tonnes, and the option to use a split main crane block to upend
tall structures and long piles, similar to the dual crane vessels.

(a) DCV Aegir. (b) Aegir main specifications

Figure A.2: HMC’s Aegir

Thialf
Thialf was built in 1985 and is equipped with two revolving cranes capable of a tandem lift of 14,200
tonnes. The vessel has a class III dynamic positioning system, making it suitable for the installation of
foundations, moorings, SPARs, TLPs and integrated topsides.

(a) SSCV Thialf. (b) Thialf main specifications

Figure A.3: HMC’s Thialf

Balder
Balder is the world’s first SSCV and was built in 1978 in Japan. In guyed mode, the cranes are capable
of executing a tandem lift of 6,300 tonnes. The vessel is multi-functional with its depth reach lowering
capability as well as its heavy lift capacity to install topsides. Balder has been involved in the installation
and decommissioning of over 100 projects worldwide. Due to the vessel’s extensive history, it is the
ideal choice for decommissioning structures.
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(a) SSCV Balder. (b) Balder main specifications

Figure A.4: HMC’s Balder

Supporting fleet
HMC’s fleet also consists of two tugs; Bylgia and Kolga, and ten barges supporting the offshore opera-
tions. Bylgia and Kolga are used for towing, anchoring and mooring operations. The barges are used
for transportation, jacket launches, and float-over operations.

(a) Tugs Bylgia and Kolga. (b) Bylgia’s and Kolga’s main specifications

Figure A.5: HMC’s Bylgia and Kolga

A.3. Present day
NowadaysHeeremaGroup consists of three companies: HeeremaMarine Contractors (HMC), Heerema
Fabrication Group (HFG), and Heerema Engineering Solutions (HES). HFG operates two fabrication
yards: one in Vlissingen (NL) and one in Opole (POL). HES offers custom engineering and consultancy
services to developers, contractors, and suppliers within the offshore renewable industry, including, but
not limited to HMC. HMC is currently broadening its focus from the Oil & gas (T&I and decommissioning)
business to also incorporate the offshore wind business.



B
LiftDyn description leaflet
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Software Description Sheet 

 

LIFTDYN 
 
Multibody hydro-dynamic analysis in the frequency domain 

Heerema Marine Contractors  Version 2009.11.26/MAE 

The possible risks and the workability of an 
offshore operation in a particular sea condition are 
determined by the motion response of the crane 
vessel, the lifted object and the cargo barge 
during various stages of the lift procedure. In 
addition, the forces in the hoisting arrangement or 
the possible impact between the lifted object and 
the cargo barge might be limiting the lift operation.  
 
LIFTDYN is an in-house developed computer 
code that is designed to model and solve general 
linear hydrodynamic problems in the frequency 
domain. The program features a graphical user 
interface enabling visual checking options. 
 

 
The program can solve systems consisting of rigid 
bodies connected to each other or to the earth by 
springs, dampers and hinges. In this way, all 
linear dynamic systems can be modeled 
irrespective of the number of bodies or 
connectors. 
 

 
 
The bodies may have frequency dependent 
(added) mass and damping, and frequency 

depended exciting forces, which can be calculated 
with any diffraction code. Linear damping may be 
added to represent the viscous damping not 
calculated by the diffraction analysis code.  
 
The calculation procedure includes animation of 
the all structural mode shapes, which give insight 
in the hydrodynamic behavior of the system and 
can be used to optimize lift arrangements, etc. 

 
 

The resulting Response Amplitude Operators 
(RAO) calculated by LIFTDYN can be post-
processed to a motion, velocity or acceleration 
RAO at any desired point relative to any other 
point. A RAO of the force in a connector can also 
be generated. A generated RAO can be used to 
produce the significant response in a specific 
seastate. Furthermore, limiting criteria can be 
defined to obtain operability curves indicating the 
maximum allowable wave height as a function of 
the spectral period. 
 
 

 
 
The results of LIFTDYN can be exported imported 
in other applications, i.e. to perform a weather 
downtime assessment taking into account actual 
motion limits, or for motion prediction during the 
offshore execution. 



C
Literature Analysis

The sources used in this literature research are the foundation upon which the thesis is built. This
appendix analyses the used sources briefly and presents some visualisations of the used data.

C.1. Qualitative analysis
During the literature review, a systematic strategy was used to determine the relevant parts of literature
documents. First the title, author and year were checked. If these seemed relevant, the abstract and
conclusion were read or scanned. If any interesting aspects appeared, these parts, or sometimes the
whole paper was read. After reading, any interesting references would be noted down for later review.
Through subject titles, fields of interest and advise of supervisors (or their colleagues) a set of literature
was found, which was reviewed piece by piece. The set was updated throughout the research to filter
out irrelevant subjects and add new subjects.

The literature used in this literature review was aimed to be diverse, in-depth, and up to date.
Sources were used from different disciplines, time periods and types (papers, books, theses, etc.).
News articles were used to sketch an image of the current offshore wind energy market and its trends
and goals. In-depth, technical papers were used to assess topics relevant to the subject. And finally,
sources from several industry perspectives were used to summarize discussions and form conclusions
regarding the literature review.

C.2. Quantitative analysis
In total, 103 diverse sources were referenced in this literature review. Of these 103, 12 were used solely
as reference to figures used in the thesis. The other 91 were used for the contents of the literature
research. Please note that more sources were used in the overall duration of the project, but only
these 93 were selected to reference to. Figure C.1 shows a Pareto chart of the date-dependency of the
sources referenced to. As can be observed, almost all sources originate in the 21st century. A majority
of the sources is even from the current decade. This shows that the literature used is up-to-date and
most state-of-the-art knowledge is implemented. Since almost all of the latest sources are based on
previous work, it is not to be expected that main principles of physics are left unaccounted for.

Figure C.2 shows a bar chart of the various categories of sources. It can be noticed that a lot of
sources concern the categories ’Connections’, ’General’1, or ’Heave Compensation (HC)’. The main
reason for this is that in these categories, a lot of developments are still ongoing. Therefore, a lot of
diverse sources with different points of view are considered in the literature review. Other categories
like ’Structural Dynamics’ or ’Hydromechanics’ contain less sources, since less has changed regarding
the offshore industry in these categories, in other words, a more general consensus has been reached
on their application to the offshore industry. A category that shows few sources but is still quite popular
or relevant is the ’Installation Methodology’ category. The reason for having so little sources is due to

1’General’ here means no technical content. The content of these sources is for example concerning the wind energy market.
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Figure C.1: Pareto chart of sources used in the literature research ordered per decade.

the fact that ’Installation Methodology’ is mentioned in many sources but is often not considered the
’main’ category of the source and therefore not taken into account in the figure.

Figure C.2: Sources used in the literature research categorised by subject. Please note that the number of sources used is not
directly correlated to the extent to which the subject is discussed.
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E
LiftDyn input model

The crane tip input signal is derived from the crane tip RAOs, that are calculated in a separate LiftDyn
model. Here, a brief description of this model is given.

E.1. Model Input
For the model, an existing vessel model of the Sleipnir is used with the configuration as described in
Table 4.3. The WTG and rigging are simplified to one rigid body and one sling per crane. The same
WTG properties are used as described in Table 4.2. For the rigging, a stiffness of 2.7 GN and a length
of 16m is used. The hoist wires have a length of 32m and a stiffness of 3.4 GN.

Figure E.1: Visualisation of LiftDyn model used to generate Crane Tip motion RAOs.

E.2. Model Output
Then the model calculates the model behaviour; the Mode Shapes. These are animated and checked,
before the output is generated. Output can be generated inmany forms: RAOs, responses or operability
curves. As only the RAOs are required, these are obtained for the crane tip motion. The X motion and
Z motion RAOs are generated in the global axes system and exported to an Excel file. This file is later
on imported in the OrcaFlex and Python models.
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Nomenclature

Definitions
• Balance of Plant: includes all civil and electrical works that are part of a wind farm, such as inter
array cables, export cables, foundations, grid connection, and substations. Everything excluding
the wind turbines.

• Offshore Wind Turbine: Structure converting wind energy into electric energy consisting of a
Wind Turbine Generator (WTG) and its support structure.

• Stability: If upon releasing a structure from a virtually displaced state, the structure returns to
its original configuration, then the structure is in stable equilibrium. The structure is in a stable
position.

• Outlining Phase: During the outlining phase of an installation operation the component to be
installed is positioned above its final position. In other words; the X and Y coordinate of the
component are matching with the final position. After the alignment phase, the component only
has to be lowered to its landing position. The component is constrained from moving in the
horizontal plane during the final lowering operation.

Abbreviations

Abbreviation Definition

AHC Active Heave Compensator
ALARP As Low As Reasonably Possible
APHC Adaptive Passive Heave Compensation
CAGR Compound Annual Growth Rate
CAPEX Capital Expenditures
CoG Centre of Gravity
DCV Deepwater Crane Vessel
DOF Degree of Freedom
DP Dynamic Positioning
DNV Det Norske Veritas
EOM Equation of Motion
EU European Union
FCT Flange Clamping Tool
FD Frequency Domain
FEM Finite Element Method
FID final investment decision
FLS Fatigue Limit State
FWT Floating Wind Turbine
G&B Guides and Bumpers
GBF Gravity Based Foundation
GBS Gravity Based Structure
HC Heave Compensation
HES Heerema Engineering Solutions
HSE Health, Safety and Environment
HFG Heerema Fabrication Group
HLV Heavy Lift Vessel
HMC Heerema Marine Contractors
LCOE Levelized Cost Of Electricity
LLF Lower Lifting Frame
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E.2. Model Output 114

Abbreviation Definition

MP Mono-pile
MPC Model Predictive Control
MRU Motion Reference Unit
MWL Mean Water Level
NHA Nacelle Hub Assembly
ODE Ordinary Differential Equations
OEM Original Equipment Manufacturer
OWT Offshore Wind Turbine
OWF Offshore Wind Farm
PDF Probability Density Function
PHC Passive Heave Compensator
PLC Programmable Logic Controller
QCS Quick Connection System
RAO Response Amplitude Operator
RNA Rotor Nacelle Assembly
SMPM Single Most Probable Maximum
SSCV Semi-Submersible Crane Vessel
SWL Safe Working Load
TD Time Domain
TP Transition Piece
UK United Kingdom
US United States
USF Upper Stabilising Frame
ULS Ultimate Limit State
VIV Vortex Induced Vibrations
WLL Working Load Limit
WTG Wind Turbine Generator
WoW Waiting on Weather
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Symbols

Symbol Definition Unit

A Area [m2]
Aγ normalizing factor [-]
a amplitude [m]
C Compression ratio [-]
CD drag coefficient [-]
CL lift coefficient [-]
c Damping [Ns/m]
d Water depth [m]
E Young’s Modulus [Pa]
e elongation [m]
Ef variance density spectrum [m2s]
F force [N]
Fc crane load as part of static WTG weight [%]
Fstab percentage of the time in which the activation of the

C1 QCS is possible (see Table 5.3)
f frequency [Hz]
G(f) peak enhancement function [-]
g gravitational acceleration [m/s2]
H (wave) Height [m]
I (wind) Intensity [-]
K Kinetic energy [J] OR
K stiffness matrix [N/m]
k Stiffness [N/m]
L Lagrangian function [J]
L Length [m]
m mass [kg]
mT metric Ton (1000 kg) [kg]
P Potential energy [J]
p pressure [Pa]
S Spectrum [m2s]
s stroke [m]
T Wave period [s]
Tstab time required to activate the C1 QCS (see Table 5.3)
t time [s]
U Wind Speed [m/s]
u displacement [m]
V Velocity [m/s]
W Watt [J/s]
X model state [rad], [m],

[rad/s], or [m/s]
x horizontal (fore - aft) coordinate [m]
y horizontal (starboard - port side) coordinate [m]
z height or vertical coordinate [m]
Zmax maximum vertical misalignment of the C1 Connec-

tion stabbing slots (see Table 5.3)

α rotation of WTG around y [◦]
γ peak enhancement factor [-]
ϵ spectral width [-]
ζ critical damping ratio [-]
η water surface elevation [m]
ηi motion of a rigid body in direction i [rad] or [m]
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Symbol Definition Unit

θ rotation of wire ropes around y [rad]
λ Wavelength [m]
µ expected value [m]
ρ Density [kg/m3]
σ standard deviation [m/s]
ϕ phase shift [rad]
ω frequency [rad/s]
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