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Abstract

The growing demand for renewable energy has positioned Floating Offshore Wind Turbines (FOWTs) as a
promising solution for harnessing wind energy in deeper waters. Unlike fixed foundation turbines, which are
limited to depths of around 50 metres, FOWTs can operate in greater depths. However, this relatively new
industry faces numerous challenges, with high costs currently limiting its large-scale deployment. While chains
are widely used in mooring systems for the Oil & Gas industry, their required size and supply constraints for
floating wind applications have made fibre ropes an attractive alternative. This thesis identifies several factors
influencing the use of top chain in a hybrid mooring system, with a primary focus on determining the minimum
required length for hook-up operations of semi-submersible FOWTs.

The relationship between the connection height of the top chain to the FOWT and the required top chain length,
as well as the relationship between sea state variations and top chain length, were investigated through numerical
simulations. Complications related to the depth below the sea surface, fibre elongation behaviour, and the overall
performance of hybrid mooring systems were reviewed through existing literature. The dynamic behaviour of
the top chain during the hook-up operation was analysed using OrcaFlex, with simulations performed in both
frequency and time domains.

Dynamic analyses primarily focused on a dry chain link connection method, revealing that top chain lengths
between 61 and 76 metres are required during hook-up operations. These lengths depend on wave conditions,
connection height, and the installation vessel. The results showed that the required top chain length increases
with wave height and period, while the length itself minimally influences its dynamic behaviour. For the lower
segment of the mooring line, at least 10 metres of chain are required to prevent contact between the line and the
rudders and thrusters of the installation vessel.

The study concludes that the top chain experiences minimal dynamic tensions relative to the static tension during
hook-up, provided it includes sufficient sag and submersion. A bottom connection height offers the most benefits
but necessitates a longer top chain during hook-up compared to a middle connection height. While fibre materials
show promise as alternatives to chains, further investigation is required for their use in shallow waters. The
dry chain link method is considered financially advantageous but it is expected to require the longest top chain
length for hook-up operations compared to other methods. An in-depth analysis of applying pre-stretch to a
3-line mooring system is recommended to verify this assumption. These findings contribute to enhancing the
economic feasibility of floating wind energy solutions, particularly for large-scale deployment.

1



contents

Preface i
Abstract ii
Nomenclature ix
1 Introduction 1
1.1 Researchproblem . . . .. .. ... .. ... .. e 1

1.2 Research objectivesandscope . . . . . . .. ... .. ... 2

1.3 Researchquestions . . .. .. .. ... ... ... .. ... e 3

14 Reportoutline . . . . . ... ... . 3

2 Literature review 4
2.1 Overview of semi-submersible FOWT and mooring system . . . . ... ... ............. 4
21.1 Floating platform and mooring system . . . ... ... ... ... ... .. .. .. .. ... 5

212 Learningsoiland gasindustry . .. ... .. ... ... .. ... ... .. L. 6

22 Hybrid mooring system . . . . .. .. ... .. ... 7
22.1 Considerations for using fibre ropes versus chains in mooring systems . . . . . . ... ... 7

2.3 Elasticbehaviour of fibreropes . . . . .. ... ... ... L L 10
231 Polyester . . . . . ... .. 11

232 Stretchmanagement . . . ... ... ... ... ... ... ... 12

24 Hook-upoperation . .. ... ... .. ... .. ... 13
241 Challengesand variables . . . .. ... ... ... ... 13

2.5 Hook-up and tensioning methods . . . . . .. ... ... ... L L L o 15
251 Drychain-linkconnection . . . . ... ... L L L L L 15

252 Inldinetensioning . . . . . ... ... ... 16

2.5.3 Pull through connector and fairlead chain tensioner . . . . .. ... ... ........... 16

2.54 Seabed and anchor tensioner . . . . . . . . . . ... e e 17

2,55 Operation durations and safe conditions . . . .. ... ... ... ... .. .. .. .. ..., 17

26 Researchgap . . . . . . . . . . . e 18

3 Floating turbine and hook-up 19
3.1 Referenceapplication . . . . . . . . ... . L 19
3.2 Installation . . . . . . . L e e e e e e 21
3.2.1 Installationsequence . . . . . . . ... .. ... 21

3.22 Tensioning and pre-stretch . . . ... ... ... .. ... L L o 23

4 Method 26
41 Methodology . . . ... ... ... 26
41.1 OrcaFlex . . . . . . e e e e 27

42 Acceptancecriteria . . . .. ... e 28
43 Modelinputdata . . . ... ... 29
43.1 Environmentalloads . . . . . . . . . . .. .. 29

432 Topchainlength . ... ... . ... ... ... ... .. .. 31

433 Towline . . . . . . . . e e e e e 34

434 Installationvessel . . . . . . . . . ... e e 34

44 Modelassumptionsandsetup . . . ... ... ... L L L 35
441 Assumptions . . . . ... .. 35

4.42 Installation vessel and floater modelling . . . . . . ... ....... ... ... ... ..., 36

443 Tugboatmodelling . . . . .. ... ... .. 38

5 Numerical simulations 40
51 Frequency domainanalysis . . .. .. ... .. ... ... L 40
52 Timedomainanalysis. . . . . . . ... ... .. ... 41
52.1 Timestepandduration ... .. .. .. ... .. .. .. .. .. . o 41

11



Contents v
5.3 Comparison of time and frequency domain analyses . . . . . .. ... ...... ... .. .. .... 43

6 Results 46
6.1 Influence of sea state variables on the UTClength . . . ... ... ... ... ... ... .. .. ... 46
6.1.1 Wave heightand period . . .. .. ... ... .. .. .. .. .. .. . 46

6.12 Waveheading . . . . ... .. ... 48

6.2 Dynamic behaviourandloadcases . . . ... ... ... ... . ... ... L o 48
6.2.1 Static and dynamic tensioninthe UTC . . ... ... ... ... ... ... ... ....... 48

6.2.2 Dynamic tension with respect to statictension . . . . . ... ... ... ... ... 0L, 50

6.23 Influenceof UTClength . . . . . . ... ... .. .. .. .. .. .. .. 51

6.3 Connectionheight. . . . . ... ... . 52
6.3.1 InfluenceonUTClength . . . .. ... ... ... .. .. .. .. .. .. .. .. ... .. ... 54

6.3.2 Considerations for connection height . . ... ... ... ... ... ... ... . ... ... 54

6.4 Totaltopchainlength . . . ... ... .. .. .. .. . 55
6.4.1 Workable sea states and corresponding UTClengths . . . . . ... ... ... .. ...... 55

6.42 Lowersectionofthetopchain . ... ... ... ... ... ... ... ... .. .. .. .. .. 57

6.5 Validation and verification . . . . . . . . . .. e 58
6.5.1 Chainbehaviour . . . . . . . . . . . . @ e 59

6.5.2 Tow lINetensions . . . . . . . . . . v i e e 60

6.5.3 Vesselheading . . ... ... ... ... ... 61

7 Conclusion 62
8 Discussion & recommendations 64
References 66
A Results of load cases for UTC effective tension 70
A1 Maximum effective tensSion . . . . . . . . . e e 70
A2 Range graphofeffectivetension. . . . . ... ... ... .. ... L L L L 76

B UTC length results 78
C RAOs 81
C.1 Rotational RAOs of AHTS 1 . . . . . . . . e e e e e e 81
C.2 Translational RAOs of AHTS 1. . . . . . . . . e e e e e 82
C.3 Rotational RAOs of the FOWT . . . . . . . . . . e e e e 83
C.4 Translational RAOs of the FOWT . . . . . . . . . . e e e e e e 83

D AHTS positioning during hook-up operation 85
E Tow line tension 87



21
2.2
23
24
25
2.6
27
2.8
29
2.10
211
212
2.13
2.14

3.1
3.2
3.3
34
3.5
3.6
3.7

4.1
42
43
44

4.5
4.6
4.7
4.8
49
4.10
411
4.12
413
4.14

5.1
52
5.3
54

5.5

5.6

6.1
6.2

List of Figures

An illustration of a semi-submersible FOWT [66] . . . . . . . . . . . . . . . ... 4
Mooring configurations and floating platform types [8] . . . . . ... ... ... ... . ... .. 5
Schematic representation of a hybrid mooring line, illustrating its distinct sections. . . . . . . . .. 6
H-link connector that connects two mooring chain segments [64] . . . ... ... ... ....... 6
Thimble connector that connects mooring chain to polyester rope [65] . . . . . ... ... ... ... 6
Stretch behaviour of a fibre rope under varying tension [60] . . . . . ... ... ... .. ... ... 10
The Syrope model, showing the tension versus stretch behaviour of a polyester rope [21] . . . . . . 11
Working curves for three different installation tensions [21] . . . . . . ... ... ... .. ... ... 12
Elongation versus tension behaviour of a polyester rope [43] . . . . .. ... ............. 13
Test results of permanent stretch removal of a polyester rope [43] . . . . .. ... .......... 13
Limits of significant wave height and wind speed for marine operations vessels [10] . . . ... .. 14
Example of an in-line tensioning system [67] . . . . . .. .. ... .. .. oL L oL L. 16
Example of a fairlead tensioner installed on the hull of a FOWT platform [39] . ... ... ... .. 17
Example of a pull through connector [62] . . . . . ... ... ... ... ... ... ... ....... 17
Reference FOWT application. . . . . . . ... .. ... . .. . . i 19
Dimensions of the VolturnUS-S platform and turbine [1] . . ... ... ... ... ... ... .... 20
Chain size comparison . . . . . .. .. ... ... 21
Hook-upsequence . . ... ... ... ... ... ... ... 22
Dry chain link connection sequence . . . .. ... ... ... .. ... ... o 23
Use of an inline tensioner and temporarily chain . . . . . ... ... ... ... ... .. .. .. ... 24
Elongation of polyester due to pre-stretching . . . . .. ... ... ... ... ... .. .. .. .... 25
Degrees of freedom of a FOWT [18] . . . . . . . . . .. . . . . 27
Mooring line angle to AHTS thruster and rudders limit . . . . .. ... ... ... .. ........ 28
Wave headings relative to the installation vessel, top view of the vessel adapted from [53] . . . . . 29
Percentage distribution of wave periods and heights from measurements taken in the North Sea,

off the Norwegiancoast . . ... ... ... .. ... ... .. ... ... ... .. . ... 29
Wind-wave relation according to DNV-ST-0111[19] . . . .. ... ... ... ... .. ... .. ... 30
Significant wave height at a potential FOW farmarea . . .. ... ... ... ... .. ........ 30
The total top chain divided into three distinct sections, each analysed individually . . .. ... .. 31
Calculation of upper top chain length through frequency domainresults . . . . .. ... ... ... 32
Chain length onthe deckofan AHTS . . . . ... ... ... ... .. ... ............. 34
Comparison of AHTS not aligned with FOWT (a) and aligned with FOWT (b) . . . ... ... ... 36
Overview of the floating wind turbine and installationvessel . . . . . ... ... ... ... ... .. 37
3Dcoordinatesystem . . . . .. ... 37
Mooring segments and connection to stern roller of the AHTS . . . . . ... ... ... ... .. .. 37
Model set-upofatugboat . . . ... ... ... ... 39
Simulation stages of time domainanalysis . . . . ... ... ... .. L L Lo L 42
Simulation time comparison . . . . . . .. ... 42

Difference in effective tension in the UTC at the vessel end for time steps of At = 0.01 sand At =0.05s 43
Comparison of effective tension in the UTC at the vessel end for time steps of At = 0.01 s and

At =0.055 . . . . e 43
Time and frequency domain comparison of dynamic motions of the UTC connection point at the
vessel: (a) x-direction, (b) y-direction, and (c) z-direction. . . . . ... ... ... .. .. .. ... 44
Time and frequency domain comparison of dynamic motions of the UTC connection point at the
floater: (a) x-direction, (b) y-direction, and (c) z-direction. . . . . ... ... ... .. .. .. .. .. 45
Range of UTC lengths with wave heading=0° . . .. ... ... .... ... .. .. .. .. .... 47
MPM of x, y, and z deviations relative to the static position of the UTC connection point at the
vessel (a) and floater (b) (wave heading=60°) . . . . .. ... . ... ... ... ... ... ... ... 48



List of Figures vi
6.3 UTC length for various wave headings . . . . . .. ... ... ... ... ... .. .. .. ... ... 48
6.4 Static position of the UTC between the FOWT and AHTS, for a bottom connection height and a

marginof Imetre . . . . . . ... 49
6.5 Effective tension at the vessel end of the UTC for Case 1, with a starting distance of 20 metres and a

connection to the floater at thebottom . . . . .. ... ... .. ... . o o o oo 50
6.6 Effective tension, acceleration and z position of the UTC at vessel end for Case 1and T, =6s. . . . 50
6.7 Acceleration at the vessel end of the UTC forCase1 . . . .. ... ... ... .. ........... 51
6.8 Effective tension of upper top chain for Case 7.2 with the connection height at the top of to floater,

with varying chainlengthper T, . . .. ............... .. .. ............... 52
6.9 Results of the six configurations that vary in wave period and submersion of the UTC . . ... .. 53
6.10 UTC length comparison between connection heights . . . . . .. ... .. ... .. ... .. .. ... 54
6.11 Comparison of workable sea states for three distinct vessels: (a) AHTS 1, (b) AHTS 2, and (c) AHTS 3. 55
6.12 Upper top chain length per workable sea state for: (a) AHTS 1, (b) AHTS3. ... .......... 56
6.13 Comparison of mooring line to AHTS thruster angle, with the green line indicating the 30° limit . 58
6.14 Example of total top chain length divided into individual sections . . . . . .. ... ... ... ... 58
6.15 Maximum effective tension in the UTC for the model containing only the chain . . . .. ... ... 60
6.16 Full-scale and chain only model comparison . .. ... ... ... ... ... ............ 60
6.17 Comparison of UTC tension (a) and 2D distance between end points (b) of original model and

model with vessel aligned withfloater . . . . . ... ... ... ... ... ... .. . .. . . ... 61
A.1 Effective tension at the vessel end of the UTC, with a starting distance of 20 metres, a margin of 1

metre, an UTC length of 32.4 metres and a connection to the floater at the bottom . . . . . ... .. 70
A.2 Effective tension at the vessel end of the UTC, with a starting distance of 20 metres, a margin of 10

metres, an UTC length of 39.3 metres and a connection to the floater at the bottom . . . ... ... 71
A.3 Effective tension at the vessel end of the UTC, with a starting distance of 15 metres, a margin of 10

metres, an UTC length of 35.4 metres and a connection to the floater at the bottom . . .. ... .. 71
A4 Effective tension at the vessel end of the UTC, with a starting distance of 15 metres, a margin of 1

metre, an UTC length of 29.1 metres and a connection to the floater at the bottom . . . . . . . . .. 72
A5 Effective tension at the vessel end of the UTC, with a starting distance of 30 metres, a margin of 1

metre, an UTC length of 40.1 metres and a connection to the floater at the bottom . . . . . . .. .. 72
A.6 Effective tension at the vessel end of the UTC, with a starting distance of 20 metres, a margin of

1 metre, an UTC length of 23.4 metres and a connection to the floater at the same height as the

connectiontothevessel . . ... ... ... ... .. 73
A.7 Effective tension at the floater end of the UTC, with a starting distance of 20 metres, a margin of 1

metre, an UTC length of 28.5 metres and a connection to the floater at thetop . . . ... ... ... 73
A.8 Effective tension at the floater end of the UTC, with a starting distance of 20 metres, a margin of 1

metre and a connection to the floater at the top, with varying chain lengthper T, . ... ... ... 74
A9 Effective tension at the vessel end of the UTC, with a connection to the floater at the bottom and

a margin of 10 added to both the UTC length and the starting distance, resulting in a starting

distance of 30 metres and an UTC length of 39.3 metres . . . . . ... .. ... ... ......... 74
A.10 Effective tension at the vessel end of the UTC, with a starting distance of 20 metres, a margin of 1

metre, an UTC length of 35.9 metres and a connection to the floater at the bottom . . . . . ... .. 75
A.11 Effective tension at the vessel end of the UTC, with a starting distance of 20 metres, a margin of 1

metre, an UTC length of 35.5 metres and a connection to the floater at the bottom . . . . . .. ... 75
A.12 Effective tension at the vessel end of the UTC, with a starting distance of 20 metres, a margin of 1

metre, an UTC length of 34.4 metres and a connection to the floater at the bottom . . . . . . .. .. 76
A.13 Range graph of the effective tension along the UTC, with vessel end on the left and floater end on

the right (connection height at the top), forCase 7.1 . . . . ... ... ... ............. 76
A.14 Range graph of the effective tension along the UTC, with vessel end on the left and floater end on

the right (connection height at the middle), forCase 6 . . . . . .. ... ... ... .. ........ 77
A.15 Range graph of the effective tension along the UTC, with vessel end on the left and floater end on

the right (connection height at the bottom), forCase1 . . . . ... ... ... ... .. ... ... ... 77
C.1 Pitch RAO of AHTS 1 for a wave headingof Odegrees . . . . .. ... .... ... .. ........ 81
C.2 Pitch RAO of AHTS 1 for a wave heading of 60 degrees . . . . . ... .... ... .. ... ..... 81
C.3 Roll RAO of AHTS 1 for a wave heading of 60 degrees . . . . ... ... ... ... .. .. ...... 81
C.4 Yaw RAO of AHTS 1 for a wave heading of 60 degrees . . . . . .. ... ................ 81
C.5 Surge RAO of AHTS 1 for a wave heading of Odegrees . . . ... ... ................ 82
C.6 Surge RAO of AHTS 1 for a wave heading of 60 degrees . . . . . .. .. ... ... .. ........ 82



List of Figures vii

C.7 Heave RAO of AHTS 1 for a wave heading of Odegrees . . . . . ... ................. 82
C.8 Heave RAO of AHTS 1 for a wave heading of 60 degrees . . . .. ... ... ............. 82
C.9 Sway RAO of AHTS 1 for a wave heading of 60 degrees . . . . . . ... ................ 82
C.10 Pitch RAO of FOWT for a wave heading of Odegrees . . . . . .. .. ..... ... ... ... .. 83
C.11 Pitch RAO of FOWT for a wave heading of 60 degrees . . . . . . ... .... ... .. .. ...... 83
C.12 Roll RAO of FOWT for a wave heading of 60 degrees . . . . . ... ........ ... .. ...... 83
C.13 Yaw RAO of FOWT for a wave heading of 60 degrees . . . . ... ... ... ............. 83
C.14 Surge RAO of FOWT for a wave heading of 60 degrees . . . . . . . ... ... ... ... ...... 83
C.15 Sway RAO of FOWT for a wave heading of 60 degrees . . . . . . .. ... .. ... .. ........ 83
C.16 Heave RAO of FOWT for a wave heading of 60 degrees . . . . . ... .... ... .. ... ..... 84
D.1 Example of positioning flexibility for the first connected line, with the wave direction indicated in
thetoprightcorner . . . . . . . . .. .. L 85
D.2 Positioning restrictions caused by the first mooring line already connected, with the blue circle
representing its stretchlength . . . . . . ... ... . . o L oL oo 86
E.1 Normalised tension of tow line 1 for Hs = 2 m, wave heading = 60° and a range of T, values . . . . 87

E.2 Normalised tension of tow line 2 for Hs = 2 m, wave heading = 60° and a range of T, values . . . . 87



21

3.1
3.2
3.3
34

4.1
42

43
44

5.1
52

5.3

6.1
6.2

B.1

List of Tables

Typical dimensions of offshore wind turbines [13] . . . .. ... .. ... .. .. .. .. .. ..... 4
Dimensions of the reference FOWT application . . . . . ... ............ .. .. .. .... 19
Details of the semi-submersible platform and wind turbine [1] . . . . .. ... ... ... ... ... 20
Properties of the polyesterrope . . . . . . . . .. .. L 21
Mooring chain properties . . . . . . ... ... 21
Acceptance criteria . . . . . ... L 29
Summary of input variables for validation models (*UTC length is adjusted per peak wave period,

**Margin is added to both UTC length and starting distance) . . . . . . ... ... ... ... ... .. 33
Propertiesof thetowline . . . . . . ... ... ... ... L 34
Dimensions of the AHTS vessels used in thisstudy . . . . ....... ... ... ... ....... 35
Frequency results of AHTS 1 with a wave heading of 30 degrees . . . . . . ... ... ........ 41

Differences in x, y, and z deviations relative to the static position of the UTC connection point at
the vessel end, obtained by subtracting time domain results from frequency domain results for a
wave heading of 60 degrees. . . . . . . . . .. 45
Differences in x, y, and z deviations relative to the static position of the UTC connection point at
the floater end, obtained by subtracting time domain results from frequency domain results for a

wave heading of 60 degrees. . . . . . ... ... ... 45
Configurations that vary in wave period and submersion of the UTC . . .. ... ... ... . ... 53
Input cases of model capturing UTC behaviour . . . . . ... ............ .. .. ...... 59

Upper top chain length for all considered combinations of sea states and both the lower and upper
limit margin, for AHTS 1 and a connection to the FOWT at the bottom . . . . ... ... ... ... 79

Viil



Abbreviations

Nomenclature

Abbreviation Definition

2D Two-Dimensional

3D Three-Dimensional

AHTS Anchor Handling Tug Supply

DOF Degrees of Freedom

DNV-ST Standard for Marine Operations

DP Dynamic Positioning

EoM Equation of Motion

Floater Combination of the semi-submersible platform and
the wind turbine

FOW Floating Offshore Wind

FOWT Floating Offshore Wind Turbine

HAIN Hydroacoustic Aided Inertial Navigation

Hs Significant Wave Height

JONSWAP Joint North Sea Wave Observation Project

LBL Long Baseline Acoustic Positioning

MBL Minimum Breaking Load

MPM Most Probable Maximum

0&G Oil and Gas

OVT Off Vessel Tensioning

PT Pre-tension

PTC Pull Through Connector

QTF Quadratic Transfer Function

RAO Response Amplitude Operator

ROV Remotely Operated Vehicle

SSBL Super Short Baseline Acoustic Positioning

ssp Semi-Submersible Platform

t Metric Tonne

TLP Tension Leg Platform

Tp Peak Wave Period

UTC Upper Top Chain

ix



Introduction

Renewable energy is becoming an increasingly critical component of global efforts to reduce greenhouse gas
emissions and combat climate change. Among the renewable energy sources, wind energy has emerged as a
key player. Wind power can be harnessed both onshore and offshore, but offshore wind energy has become
particularly attractive in recent years. Land availability for large-scale wind farms is increasingly constrained,
while the ocean, with its vast and largely untapped potential, remains significantly underutilised for energy
generation. This under exploitation of marine areas represents a major opportunity to address global energy
demands sustainably, particularly as advancements in offshore wind technology make it increasingly feasible to
harness wind resources even in deeper waters.

Although the majority of offshore wind farms are constructed with fixed foundations designed for shallow waters,
approximately up to 50 metres water depth, Floating Offshore Wind Turbines (FOWTs) offer a promising solution
for harnessing wind energy in deeper offshore locations where fixed structures are not feasible [28]. FOWTs have
the potential to unlock wind resources in areas with stronger and more consistent winds, significantly increasing
offshore wind energy production [57]. Despite their potential, the adoption of FOWTs faces considerable
challenges, primarily due to their high costs [61].

Moreover, the field of floating wind energy is still in its early stages, with FOWTs representing a relatively new
segment of the renewable energy market. As of now, no large-scale commercial projects have been executed yet,
and most existing installations are limited to pilot projects and demonstration sites [28]. Extensive research and
development efforts are underway to address the challenges associated with FOWTs, focusing on reducing costs
and aiming to make Floating Offshore Wind (FOW) more economically viable and attractable.

1.1. Research problem

Floating Offshore Wind Turbines (FOWTs) are secured in place by mooring lines anchored to the seabed. Various
combinations of floating platforms and mooring systems exist, with knowledge from the Oil & Gas industry
providing a solid foundation. However, FOWTs face unique challenges due to additional aerodynamic loads
and the large number of structures in a commercial farm. Chains are widely used in mooring systems, but for
FOWT applications, it is expected that great chain sizes are required to provide adequate mooring performance.
In a catenary chain mooring system, the restoring capacity is related to the chain’s weight, and the study by [30]
found that shallower water depths, mainly up to 60 metres, require greater chain weight compared to deeper
waters, necessitating a larger chain size. Similarly, the open-source semi-submersible FOWT model developed by
UMaine [1] also required large chain sizes, specifically a nominal diameter of 185 mm, in its three-line mooring
system at a water depth of 200 metres. This was driven by the need to keep the peak surge and sway offsets under
25 metres, in order to protect the dynamic electric cable.

Fibre ropes can be implemented in taut or semi-taut systems, depending on the stability requirements of the
floating platform. This study focuses on a semi-submersible floating platform, secured in place by a three-line
hybrid or semi-taut mooring system. These three mooring lines consist of a long polyester section in the middle,
with two chain ends. The VolturnUS-S 15MW floating turbine model is used for dynamic analyses [1], with
mooring dimensions adapted from a reference application. The configuration of the mooring line is shown in
Figure 2.3.

As the chains required in this mooring system are more expensive than polyester and face supply constraints
[66], a higher proportion of polyester relative to chain is preferred. The length of the bottom chain is primarily
influenced by the need to prevent vertical loads on the anchor, depending on the anchor type used, as its weight
aids in maintaining a catenary shape at the bottom [36].
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The length of the top chain faces more challenges and uncertainties. The area in the water column below the
sea surface introduces several issues for fibre ropes, such as UV exposure and marine growth on mooring lines.
Current applications address these challenges by avoiding the use of fibre ropes within the first 100 metres below
the sea surface [15, 2], instead relying on chain sections to mitigate the associated risks. Additionally, fibre ropes
exhibit a non-linear tension-stretch behaviour, which requires careful consideration in their design and long-term
performance management [43]. In the Oil & Gas industry, chain tensioners are commonly employed to manage
the behaviour of fibre ropes and address permanent stretch. However, it is anticipated that such equipment will
not be present on FOWT platforms [5]. A thorough understanding of how to manage fibre rope behaviour over a
FOWT'’s operational lifetime is therefore crucial to ensuring its performance.

Furthermore, the required length of the top chain is influenced by the installation process and the specific hook-up
method employed to connect the FOWT to the mooring system. A clear understanding of the required top chain
length for installation is important to avoid over-dimensioning, as even a small increase in the length of the top
chain per mooring line can result in a significant cost difference for an entire FOW farm. This study outlines
several hook-up methods that could be applied to FOWTs, with a detailed analysis of the required top chain
length for a dry chain link connection method. In this method, the upper segment of the mooring line is attached
to the FOWT, while the lower segment is pre-laid on the seabed well in advance of the hook-up operation. Both
segments are subsequently retrieved onto the deck of the installation vessel, where the connection between the
two chain ends is completed. This method is anticipated to offer financial advantages for large-scale deployments,
as it eliminates the need for tensioning equipment, unlike alternative approaches. However, comprehensive
analysis regarding the required top chain length remain limited.

1.2. Research objectives and scope

This research aims to determine the required top chain length for the hook-up operation of a semi-submersible
FOWT. This objective is divided into the following sub-objectives:

¢ Identify the challenges associated with the depth below the sea surface for fibre ropes.

* Evaluate the extent to which fibre rope stretch management during the installation of a FOWT affects the
required top chain length.

* Establish the relationship between the connection height of the top chain to the floater and its length.

¢ Establish the relationship between the top chain length and the operational design limits of the hook-up
operation of a semi-submersible FOWT.

There are numerous combinations of floating platforms, mooring systems, and corresponding hook-up methods.
This research focuses primarily on the hook-up operation of a semi-submersible FOWT equipped with a three-line
hybrid mooring system. The water depth and mooring system dimensions are adapted from a reference
application. The hook-up method for the three-line mooring system is described, with a detailed dynamic
analysis conducted on a dry chain link connection method. This analysis aims to identify the relationship between
sea states and the corresponding required top chain length during the hook-up, as well as the influence of the
connection height of the top chain to the floating platform.

Other factors influencing the required top chain length, such as the water below the sea surface and the tension-
stretch behaviour of fibre ropes, are discussed and reviewed through existing literature. While the potential
implications of these factors are explored, a comprehensive analysis to definitively determine their impact is
beyond the scope of this research. For the depth below the sea surface, the performance of fibre ropes is primarily
related to the protection covers and filters developed and applied to the mooring line [15]. The tension-stretch
behaviour of fibre ropes introduces numerous variables and methods for managing them. Several studies suggest
that the stretch management of the mooring system over its lifetime can be achieved by pre-loading the system to
40% of the Minimum Breaking Load (MBL) of the fibre ropes [3, 43]. This study assumes the feasibility of this
pre-loading approach, with the assumption that pulling one of the three lines is sufficient to achieve the required
pre-stretch for all three lines. However, further analysis is required to validate this assumption, which is beyond
the scope of this study.
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1.3. Research questions
The research question follows up from the objective:

What is the minimum length of the top chain required for hook-up operations of a semi-submersible floating offshore wind

turbine?

The following sub-questions provide further insights:

* How does the depth below the sea surface influence the need for top chain?

Does fibre stretch management during the installation of a FOWT affect the required top chain length?

e How does the connection height of the top chain to the floating platform influence its required length?

* How do variations in sea states and weather conditions affect the required length of the top chain?

1.4. Report outline

The report structure is provided along with a brief summary of each chapter.

Chapter 2
Chapter 3

Chapter 4
Chapter 5

Chapter 6
Chapter 7

Chapter 8

Provides an overview of the relevant background, insights into the challenges associated with
FOWTs, and an evaluation of fibre ropes versus chains in mooring lines.

Introduces the FOWT and the reference application, followed by an explanation of the installation
sequence of the hook-up method considered in this research.

Describes the methodology and inputs for the dynamic model of the hook-up operation.
Explains the distinctions between frequency and time domain simulations. Compares results
from both domains and assesses the sensitivity of simulations to time step and duration.
Presents the results of the top chain length and the dynamic simulations related to the research
objectives and questions.

Summarises the key findings of the research and addresses the research questions outlined
earlier.

Discusses the implications of the results, identifies limitations, and provides recommendations
for future research and practical applications.



Literature review

This chapter reviews literature relevant to this research, providing insights needed to achieve the study’s objectives.
It provides an overview of the semi-submersible Floating Offshore Wind Turbine and its mooring system, along
with the associated challenges. The mooring performance of hybrid systems is evaluated in comparison to
catenary systems, followed by an exploration of the tension-stretch behaviour of fibre materials, with a focus on
polyester. The chapter also describes the hook-up operation and various methods for establishing the connection
between the FOWT and its mooring system.

2.1. Overview of semi-submersible FOWT and mooring system

This section provides an overview of floating wind turbines, their mooring systems, and the operational aspects
of their installation.

This research focuses on semi-submersible Floating Offshore Wind Turbines (FOWTs), which are anchored to
the seabed using mooring lines. The FOW industry is converging to hybrid mooring systems, which typically
consist of a fibre rope with chain sections at both ends [66]. These systems are discussed in more detail in 2.2.
Various designs for semi-submersible platforms (SSPs) exist. This study specifically utilises the University of
Maine’s (UMaine) VolturnUS-S 15MW reference semi-submersible floating offshore wind turbine [1]. A schematic
overview of an SSP, including its turbine and key components, is presented in Figure 2.1. Additionally, Table 2.1
summarises typical dimensions of offshore wind turbines for three different power capacities, as reported by [13].
The exact layout and dimensions of the VolturnUS-S reference turbine are detailed in Section 3.1.

HUB__ L“if__ __ NACELLE
oy
N Properties Dimensions Unit
e , _ BLADE Power of turbine 10 15 20 MW
TOWER — Blade length 91 109 125 m
MAINTENANCE . : Nacelle to waterline | 123 150 161 m
PLATEORM B rop STRUT Nacelle weight 550 850 1200 t
ACCESS WAY-__ \ / Table 2.1: Typical dimensions of offshore wind turbines [13]
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Figure 2.1: An illustration of a semi-submersible FOWT [66]

The installation of FOWTs involves a combination of inshore preparation and offshore operations, ensuring
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the turbine is properly secured to the seabed and connected to the power grid. FOWTs are integrated and
commissioned inshore before being towed out to sea. The typical offshore installation sequence is as follows:

1. Anchor installation
. Pre-lay of the mooring lines and cables
. FOWT tow to field

. Mooring hook-up and tensioning

Q1 = W N

. Fibre rope stretch removal
6. Cable installation, pull-in, and offshore commissioning

Several hook-up methods are discussed in Section 2.5, with a detailed explanation of the installation sequence
considered in this research provided in Section 3.2.

2.1.1. Floating platform and mooring system

Different mooring configurations and floating platforms are considered for FOWTs. Figure 2.2 illustrates four
distinct platform types and three corresponding mooring systems. While the mooring systems in the figure are
shown supporting specific platforms, they are not exclusively applicable to those configurations, except for the
Tension Leg Platform (TLP). Instead, the figure provides a clear overview of the range of possibilities.

Spar Barge Semi-sub TLP

SN Taut
/ Semi-taut

LY
L

H\"--..._
¥ ) — T T T U N

Figure 2.2: Mooring configurations and floating platform types [8]

Catenary mooring systems rely on heavy chains or cables that form a curved shape, known as a catenary, due to
their self-weight. The mooring lines rest on the seabed over a portion of their length, and restoring forces are
generated by lifting and lowering the weight of the line. These systems are well-suited for shallow to moderate
water depths but require substantial space, as adequate length on the seabed is necessary to maintain purely
horizontal forces at the anchor [66].

Taut systems use lighter, more elastic lines that remain under tension and extend directly from the anchor to
the platform. The restoring forces are generated by the elasticity of the mooring lines, acting both vertically
and horizontally. These systems are efficient in deeper water, as they require less seabed space compared to
catenary systems. However, a taut system results in higher tensions in both the lines and anchors [6]. In contrast
to catenary systems, taut systems also introduce significant vertical forces on the anchor.

Semi-taut systems combine elements of both catenary and taut configurations. The lines have a steeper angle
than catenary systems but include a segment that rests on the seabed, allowing for a balance between horizontal
and vertical restoring forces. A more detailed review of the trade-offs between catenary and semi-taut mooring
systems is provided in Section 2.2. The hybrid mooring design considered in this research is regarded as an
example of a semi-taut system. Figure 2.3 illustrates the mooring line and its sections considered in this study.
The zoomed-in view distinguishes between the upper segment and the lower segment of the mooring line. The
upper segment, up to the H-link, is connected to the floating platform prior to hook-up, while the lower segment
is pre-laid on the seabed in advance of the hook-up operation.
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Figure 2.3: Schematic representation of a hybrid mooring line, illustrating its distinct sections.

The buoyancy added to the lower part of the fibre rope ensures the rope avoids contact with the seabed, the same
applies to the buoy. Two examples of connectors are shown in Figures 2.4 and 2.5: an H-link for connecting

mooring chains and a thimble connector for attaching a polyester rope to a mooring chain. The length of an
H-link closely resembles that of a chain link.

Figure 2.4: H-link connector that connects two mooring chain Figure 2.5: Thimble connector that connects mooring chain to
segments [64] polyester rope [65]

Terminology

In this report, the terms "floater" and "vessel" are frequently used. Unless otherwise specified, "floater" refers to
the semi-submersible Floating Offshore Wind Turbine, and "vessel" refers to the installation vessel used during
the hook-up operation. For the top chain, different sections are distinguished, and the length of each section is

determined based on specific criteria applicable to that section. This is further discussed in Section 4.3.2 and
illustrated in Figure 4.7.

2.1.2. Learnings oil and gas industry

Much of the literature emphasises that valuable lessons can be drawn from the oil and gas (O&G) industry
regarding efficient mooring systems, which can and should be applied to FOWTs. Catenary mooring systems
are widely used for anchoring floating structures, such as semi-submersible platforms in the O&G industry and
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FOWTs. This system makes use of heavy chains or cables that form a catenary curve from the floating structure
down to the seabed anchors. The weight and length of the mooring lines provide horizontal restoring forces
that stabilise the platform. These restoring forces counteract the dynamic loads from waves and wind, thereby
reducing the motion of the floating platform [24, 5, 38].

A case study presented in [5] highlights the differences and similarities between deeper offshore O&G applications
and shallower floating wind turbines. Although the water depths of the O&G industry are often significantly
greater, 1200 metres in the case study by [5], the author asserts that the mooring techniques would still be
applicable in shallower waters for FOWTs. In fact, these methods have proven to be reliable, meaning FOWT
projects can hugely benefit from them. To compare to the water depth of 1200 metres, [14] states that, based on
technical limitations, the operational water depths for SSP wind turbines range from 60 to 300 metres, where [20]
expects floating wind farms will be suitable for water depths up to 1000 metres.

[5] describes differences and applications that should be implemented in FOWT projects to increase the efficiency
and reduce risks, compared to the O&G industry. Although these aspects are outside the scope of this research,
they do influence the feasibility of a realistic installation process and should therefore be considered. To increase
weather windows, which will be further elaborated upon in Section 2.4.1, no personnel should be on the floating
platform during installation. To achieve this, smaller and more manoeuvrable Remotely Operated Vehicles
(ROVs) should be designed for mooring operations. Furthermore, a mooring method that allows for hook-up and
installation without the need for high bollard pull should be utilised, so vessels containing large chain lockers can
be used for pre-laying of mooring lines elsewhere. Lastly, a mooring method that can quickly be disconnected
is favoured as it simplifies maintenance. As the number of mooring lines is reduced, compared to oil & gas
applications, and higher tensions are expected and farms will include a large number of FOWTS, still many
differences and challenges are recognised that need investigation.

The same case study made use of an Off Vessel Tensioning (OVT) mooring method, which turned out to be quite
efficient. As for this research, the mooring lines were pre-laid, then gathered at the vessel during installation,
hooked up with the top chain, and tensioned as desired. While the study lacks specific information on the length
of the top chain, it mentions that the top chain can be reduced to a short section for FOWT applications. Besides
project costs reduction, this would decrease the time needed for hook-up and pull through. As discussed eatrlier,
performing tensioning operations off the vessel or floater, rather than using topside tensioning equipment on the
floating platform, enhances safety by reducing or eliminating the need for personnel on the structure during
operations. This reduction in personnel requirements also allows for increased operational weather windows.
More detail on installation methods is provided in Section 2.5.

2.2. Hybrid mooring system

The FOW industry is converging towards a hybrid mooring system. As described before, this entails the mooring
system consists of two chain sections at both ends, with a fibre rope in between. Polyester has been widely used
in deep water mooring systems in the O&G industry, and has proven performance for many years. Compared
to other fibre materials, it has low creep, high resistance against oceanic environmental conditions, very low
hydrolytic degradation and it has the lowest costs [7]. Although UHMW-PE (HMPE) is much stronger and stiffer
than polyester, it is not favoured yet due to its significantly higher creep and a price per kilo that is ten to fifteen
times higher. The following section describes both advantages and disadvantages of the usage of chain and fibre
ropes in mooring systems.

2.2.1. Considerations for using fibre ropes versus chains in mooring systems

Footprint of mooring system

As previously mentioned, a hybrid system is favoured over a full chain catenary system or a fully fibre rope
mooring design for several reasons. One downside of chain catenary mooring systems is the size of their required
footprint. Typically, drag embedment anchors are used, which cannot support vertical loads, leading to a larger
required chain part that lays on the sea bottom and hence a larger anchor radius. The chain lying on the seabed
also contributes to a horizontal restoring force. When the FOWT moves in one direction, the chain on the opposite
side is lifted off the seabed. Its weight then acts to pull the turbine back toward its original position, counteracting
the displacement and enhancing the system’s stability. A hybrid system is actually considered to be semi-taut,
which can significantly reduce the footprint of the mooring system. The footprint, or anchor radius, refers to the
area on the seabed occupied by the anchors and mooring lines used for a, in this case, FOWT. Different anchor
types, like suction anchors, might be required to support vertical loads coming from the semi-taut system.

In the research by [66], a comparison was made between two mooring designs of a 1I0MW FOWT: a chain catenary
system and a hybrid system. The results showed that the total required length of a mooring line for a hybrid
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system was almost half the length of a chain catenary system. Although these results could vary for different
water depths (only 60-110 m in this example) or environments, it is clear that the footprint can be significantly
reduced. This brings huge benefits when installing floating wind farms and allows other ocean users, such as
fishers, to operate closer to installed floating turbines. Large and long anchor chains have also been shown to
cause significant environmental damage to seabed habitats [16]. Reduced peak loads due to hybrid systems offer
an opportunity to reduce the size of anchor chains and thereby environmental damage caused by the mooring
system. These reduced loads are described below. However, sufficient anchor chain length is necessary to prevent
vertical forces on the anchor, which is critical when using drag anchors. Conversely, other types of anchors, such
as suction piles, can withstand vertical loads but are generally more expensive. This creates a trade-off between
increased costs due to chain length and the choice of anchor type [36].

Costs and supply

Moreover, fibre ropes, especially polyester, are cheaper per unit break strength compared to chains of the
same strength. Based on prices per tonne provided by Seaway?, calculated for the dimensions of the reference
application, the chain was found to be approximately 8 times more expensive than polyester per metre. As
turbines and platforms become larger, longer and larger chains are needed to withstand increasing environmental
forces. This leads to a significant supply issue. The current manufacturing capacity is insufficient to deliver the
large chains needed for commercial FOW farms [66]. Additionally, the number of vessels capable of handling
such large chains is limited. These specialised vessels are not only scarce but also expensive to operate, adding to
the logistical challenges. Fibre ropes, being lighter and storable on spools, require smaller installation vessels,
especially given the reduced length needed for a robust mooring system. The production of fibre ropes can also
be rapidly increased to meet the demands of large-scale FOW projects [66].

Mooring loads and platform excursions

Multiple studies, discussed below, have compared the behaviour of full chain versus hybrid mooring systems for
floating offshore wind turbines. Two main conclusions can be drawn: for mooring systems containing fibre ropes,
the mooring loads are significantly reduced, but the excursions of the floating turbine become larger. These
studies and their findings are discussed in detail below.

[54] compared a hybrid mooring system with a catenary chain system for a semi-submersible FOWT across
three different anchor radii, considering both polyester and exeter tethers, a novel mooring rope material. The
research emphasises the importance of optimising both mooring system weight and compliance. Finding the right
balance between the two would lead to reduced loads and limited seabed disruption, while keeping platform
excursions within acceptable limits. For the reference turbine and floating platform considered in this research,
the maximum surge and sway offset are limited to 25 metres, which is related to meeting the design constraints
of the power cable. In general, heavy mooring systems lead to lower excursions due to the self-weight of the
mooring lines, while compliant mooring systems are designed to absorb energy from environmental loads, which
leads to load reduction [27]. Additionally, reducing the weight in the mooring system decreases the load on the
floating platform, allowing further optimisation of the platform design, which can, in turn, reduce its excursions.

The study by [54] focused on peak anchor loads, revealing that the smaller the system footprint, the greater the
reduction in anchor loads when using fibre ropes. For the smallest footprint, peak anchor loads were reduced by
84% compared to the chain-only system. Even when comparing the smallest footprint of the hybrid system to
the largest footprint of the chain-only system, there was still a significant 55% reduction in peak loads, while
the footprint was 12% smaller. These results indicate that hybrid mooring systems can achieve significantly
lower loads and, again, reduced footprints. The research also concluded that increasing the anchor radius has
a marginal influence on reducing peak loads in hybrid mooring systems, which is a beneficial property for
minimising the mooring footprint.

However, the more compliant hybrid mooring system leads to greater excursions of the platform. Excursions of a
FOWT are limited in order to protect the dynamic electrical cable. While the chain-only systems stayed within
acceptable limits for all radii, the excursions of the hybrid systems were too large. The study’s water depth was
relatively shallow for floating wind projects, at only 70 metres. Similar findings on loads and excursions were
reported in [31], which also indicated that increased water depth could significantly reduce platform excursions
in shallow waters (40 m to 100 m). [30] also found reduced excursions at 100 metres water depth compared to 50
metres. The restoring capacity of a catenary mooring system depends on its shape, and the research showed that
shallower waters require heavier chains to meet design requirements, while chain weight decreases exponentially
with depth up to 60 m and increases linearly between 60 m and 100 m.

The flexibility of fibre ropes causes potential problems to animals as well. [34] found that hybrid mooring systems
result in larger swept volumes of the mooring lines, which increases the risk of entanglement for marine mammals.
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There are many other factors that affect the excursions of a FOWT, and multiple techniques can be applied to
reduce them.

Extra weight may be added to the mooring system by making use of clump weights or floats/buoys, while a
combination of these can also decrease extreme line tensions [9, 71, 70]. A numerical study by [72] investigated the
effects of buoys and clump weights in the mooring system of a SSP. Buoys were particularly effective in reducing
the top tension on the mooring lines, and [70] found beneficial stiffness properties could be achieved with respect
to the top end offset. The weight of clump weights can create a catenary end when placed at the lower section
of the mooring line. By pulling the segment near the touchdown point towards the seabed, the clump weights
increase the length of the mooring line that rests on or closely approaches the seabed. This reduces or completely
removes potential vertical loads on the anchor. [9] found that a small spacing between many clump weights, just
after the touchdown point, resulted in the lowest tension.

The pre-tension (PT) of the system also significantly influences the excursions of the platform. Generally, an
increased PT leads to smaller excursions at the cost of increased line loads. [31] studied the characteristics of a
semi-submersible FOWT for different PTs by adjusting the mooring length. For higher PT, surge motions were
reduced but for heave little affects were found. Line loads increased for higher PT. In the three cases studied,
which varied in PT, the amplitude, defined as the difference between the maximum and minimum relative to the
mean, remained the same. Their behaviour across different wave periods was also similar.

Fatigue properties

[4] again emphasises how knowledge gained from the oil and gas industry is hugely beneficial for the application
of FOWTs. It mentions that most failures in mooring systems were caused by fatigue, and identifies three main
aspects that make FOWT projects even more susceptible to this issue. The wind turbine operations cause increased
fatigue loadings on the mooring system. This comes together with a reduction in the number of mooring lines and
components as the industry strives to reduce project costs. Furthermore, FOWT platforms with light displacement,
moored in relatively shallow water with low to moderate PT, are vulnerable to slack and snap loading of the
mooring lines.

Fibre ropes perform significantly better on fatigue life. The study by [66] even showed the fatigue life of the
chain sections is increased using a hybrid system, compared to a chain catenary system. Most failures of chains
in mooring are associated with fatigue, corrosion and bending stresses or a combination of these. Fatigue
and corrosion are not considered as a threat for fibre ropes, as long as contact with sharp objects is prevented,
according to [37]. Of the 21 mooring failures that were investigated by [37] between 2001 and 2011, chain segments,
connectors and wire ropes were the three main components that caused incidents. However, there are multiple
reasons why chain sections are not completely removed from the mooring system.

Splash zone and water below sea surface

The top part of the mooring system is likely to be located within the splash zone, depending on its connection
height to the floating platform. The splash zone is the area where a structure is exposed to both air and water due
to wave action. This zone and the area close to the water level cause additional challenges. Key aspects that could
impact the performance of fibre ropes are UV radiation caused by sunlight, marine growth and fairlead sheaves.
Also increased temperatures in shallow waters or even in the air can accelerate the degradation of fibre ropes.
The performance of fibre ropes in fairlead sheaves or other deviation elements has not been demonstrated, and
chain is mostly used in the upper segment of mooring systems. The knowledge of penetration of UV and marine
growth in fibre ropes is therefore limited [15].

DeepStar performed a study to investigate the penetration of UV and marine growth into fibre ropes [15]. The
ropes were protected by a filter and a braided cover, combined with a soil ingress protection layer, which are
already common practice in mooring applications [68]. They found that very little to no UV reached the fibres of
the rope core. Minor damage was found without the use of the cover layer. The ropes were also tested in higher
water temperatures. It showed minor effects of hydrolysis, and the results were consistent with the 5% strength
loss reported in a previous study [40]. The soil ingress protection was designed against particles larger than 5
microns. After exposure to marine growth for 18 months, no particles larger than 5 microns penetrated into the
sub ropes.

Chain also offers better protection against damage caused by vessels or other objects compared to fibre ropes. On
the other hand, the splash zone brings more challenges related to fatigue performance. In that perspective, fibre
ropes would be more beneficial than chains.

For these reasons, current applications generally use a minimum water depth of 100 metres as a limit for fibre rope
deployment [15, 2]. This distance mitigates risks from chafing, UV exposure, and the impact of marine growth.
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The exact limit depends on various factors and may be reduced through the implementation of coatings and
soil filters, as demonstrated in the study by [15]. Further development and implementation of these protective
coatings will be required to enable the use of hybrid mooring systems for FOW applications. From a mooring
design perspective, positioning the connection point of the mooring line to the floating platform at a low height is
advantageous, as it remains well below the sea surface, mitigating most of the associated risks.

On the bottom part of the mooring system, fibre ropes should not be in contact with the seabed to avoid shaving,
which damages the rope [66]. This issue is resolved when using chain. Additionally, laying an adequate amount
of chain on the seabed prevents vertical forces from acting on the anchor.

Installation and stretch

Some reasons for the usage of chain are related to the installation or hook-up method. Multiple methods to make
the connection between the pre-laid mooring line and the upper segment of the line are described in Section 2.5.
In most cases the usage of chain cannot be avoided, but hook-up methods exist that allow for the usage of fibre
ropes only. Another aspect is related to the property of fibre ropes that they elongate when tension is applied.
When permanent stretch occurs in fibre ropes, the mooring line length increases, leading to a reduction in the
system’s pre-tension. In systems composed solely of fibre ropes, re-tensioning is not feasible [15]. The behaviour
of fibre ropes under tension is described in Section 2.3.

Conclusion

The implementation of hybrid mooring systems containing both fibre and chains, compared to a chain-only
system, leads to reduced footprints, peak loads and mean mooring loads but increased excursions [31, 33, 34,
54]. Increased flexibility increases the risks of entanglement for marine mammals, but the usage of buoys and
clump weights may decrease platform excursions. Additionally, the costs of the mooring system are reduced, and
manufacturing can be easily scaled up. In contrast, chain-only systems face supply constraints [66], which can
limit their feasibility for commercial scale FOW parks.

The impact of UV exposure and marine growth penetration in fibre ropes is still uncertain, but soil ingress
protection layers have proven to withstand penetration. Sheaving of fibre ropes at both the fairlead and seabed
should be prevented. Chain offers a robust solution in these areas.

2.3. Elastic behaviour of fibre ropes

The change in length of fibre ropes in response to a change in applied tension is non-linear. The way this happens
is called the tension versus stretch behaviour. Stretch refers to the change in length of the rope under tension,
denoted by AL. Strain is the amount of change in length divided by the total length L of the rope. The expression
is shown in Equation 2.1.

ez AL 2.1)

Figure 2.6 describes and visualises the typical behaviour of a fibre rope under varying tension conditions.
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Figure 2.6: Stretch behaviour of a fibre rope under varying tension [60]

The terms in the figure have the following meaning:

¢ Extension: increase in length of the rope due to an increase in tension.
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¢ Elongation: increase in length of the rope at a constant tension, after an increase in tension.
* Retraction: decrease in length of the rope due to a decreased tension.

¢ Contraction: decrease in length of the rope at a constant tension, after a decrease in tension.

Figure 2.6 also shows the stiffness of a fibre rope is non-linear, meaning the relation between change in tension
and stretch is non-linear. The stiffness depends on the loading history of the rope. Permanent stretch will occur
and is usually significant, depending on the kind of fibre used. In Figure 2.6, the permanent stretch is represented
by the horizontal distance along the strain axis between the starting point on the left with zero tension and the
end point after contraction.

2.3.1. Polyester

This research mainly focusses on the use of polyester as fibre material in the mooring system. The permanent
stretch of polyester contains two effects, the polymer-stretch and the construction stretch. The polymer-stretch
remains in the rope while construction stretch contracts once the rope is relaxed after applying tension [17, 21].

A typical step during installation is pre-stretching the polyester rope by putting it under tension for a certain
amount of time. This is done to remove initial stretch that occurs when the polyester rope experiences its first
significant load. It introduces the polymer and visco-elastic stretch in the polyester segments. This tension is
called the installation tension [60]. The Syrope model is a tool used for analysing the tension versus stretch
behaviour of a polyester mooring line [21]. When tension is applied for the first time, the tension strain relation is
described by the original curve. The Syrope model is shown in Figure 2.7. The original working curve represents
the original curve, added with the polymer and visco-elastic stretch.

Original curve

Original working curve
Working curve /

[ ]]
TPl
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Figure 2.7: The Syrope model, showing the tension versus stretch behaviour of a polyester rope [21]

When the rope is loaded for the first time and the tension is held constant, the rope will stretch until it reaches the
original working curve for that tension level. The working point represents a point on the original working curve,
representing a highest mean tension. When the mean tension decreases, the working point follows the working
curve downwards. When tension is increased again, the rope will follow an upwards working curve, this curve is
not shown in Figure 2.7. The upward and downward working curve form a convex shape [17]. When the polyester
rope is in a relaxed state, its stretch is represented by a working point on the working curve corresponding to its
highest preceding mean tension. Thus, when the preceding highest mean tension is exceeded, an additional
permanent stress occurs. The stress-stretch or strain relation will move up and down along the working curve for
the highest preceding mean tension, during for example a stationary sea-state.

The stiffness of a rope describes the ratio of the change in tension to the corresponding stretch (Equation 2.2).
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The dynamic stiffness is also visualised in Figure 2.7, and refers to the rope’s resistance to deformation under
varying or cyclic loads. This stiffness changes with mean-tension and the amplitude of loading, and it depends
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on the loading history of the rope. The dynamic stiffness increases for an increased tension, as well as with the
time under loading of the rope.

As described, during installation an installation tension is applied to the polyester mooring line. The pretension
describes the tension when all lines are at static equilibrium, excluding environmental factors. Figure 2.8 shows
the working curves for three different installation tensions. The horizontal yellow line represents the pre-tension
of the mooring system. The first tension, Ty, equals the PT. The other installation tensions are larger, and it can be
seen this leads to an increased strain (¢) at the same PT. Higher installation loads would be beneficial as additional
stretch is already introduced in the polyester rope.

Working curve, Tpay =Ty ——

Working curve, Tpax =T, ——

Working curve, Trax = T
Pretension

Tension
\
\

e / e /e3

Stretch

Figure 2.8: Working curves for three different installation tensions [21]

2.3.2. Stretch management

Multiple studies have investigated different methods to manage the tension versus stretch behaviour of polyester
ropes. One approach is to re-tension the mooring system at a certain period after installation to regain the desired
PT or design tension. This can be achieved by pulling the top chain through the tensioner integrated into the
mooring line until the required design tension is reached. This requires sufficient top chain. The spare chain
could either be left hanging at sea or it can be cut off. A downside of this method is that it requires sufficient
monitoring of the mooring system to identify if the stretch of the polyester rope has become too large to maintain
the required design tension.

[43] studied and tested the possibility of eliminating the need to return and re-tension the system after a certain
amount of time. The study is focused on a hybrid mooring system containing both chain and polyester. The
idea is to pre-stretch the rope to the highest possible tension to induce delayed elastic and plastic elongation and
achieve a more predictable rope. Figure 2.9 provides a tension versus elongation curve of polyester with more
detailed definitions. The study by [43] applied two different pre-loads on the mooring system, 30% MBL and 40%
MBL. These loads were maintained for 100 minutes before returning to the target pre-tension. According to DNV
(and other regulatory bodies), the highest load a mooring line may encounter during its design lifetime is 60%
MBL. Therefore, a hurricane load of 60% MBL was applied to the polyester rope. The findings showed that ropes
subjected to loads of 60% MBL after pre-loading of 30% MBL had an additional elongation of 1%, whereas the
ropes pre-loaded to 40% only showed an additional 0.5% elongation after the hurricane load. The response of the
rope subjected to 40% MBL pre-load is depicted in Figure 2.10. The results indicate that if a polyester rope, as
part of a mooring line, is pre-loaded to 40% MBL, no re-tensioning of the system is required as it can be kept
within the design tension. PT or design tension requirements are expected to be within a range of 10-15%.
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Figure 2.10: Test results of permanent stretch removal of a polyester rope [43]

Another possibility is to introduce a calculated amount of over tension during the installation. The idea is that
over time and through environmental load cycles, the elastic strain will convert to plastic strain, causing the
tension to drop to the desired design tension. It requires a good understanding of the rope properties and
behaviour to accurately calculate how much over tension should be introduced in order to reach the design
mooring tension once the ropes have aged. In other words, a higher start-of-life pre-tension is aimed at, which
will drop to the desired PT over time due to elongation of the polyester rope. More specifically, this is due to
delayed elastic and plastic strain. For all three methods mentioned, a good understanding of the fibre material
and its behaviour is crucial. Based on the expected end-of-life stretch of the polyester rope, required pre-loads,
over tensions and spare chain lengths for re-tensioning could be calculated.

Bow-string

In oil and gas applications, achieving 40% MBL in the polyester section is relatively straightforward as topside
mooring tensioning equipment can be used. These are not present in FOWT applications and reaching 40% MBL
will therefore be a challenging task. [43], along with other studies, proposed applying the bow-string method.
The polyester ropes are pre-loaded by pulling perpendicular to the mooring line. A line is connected to both the
mooring line and the winch on an AHTS vessel. This method should multiply the load applied by the winch in
the mooring lines. The pull line leaving the stern roller should be nearly vertical and the pull line is connected
around the midpoint of the mooring line. However, for water depth ranges suitable for FOW applications, the
feasibility of achieving a tension of 40% MBL using this method needs investigation.

The study by [43] examined the pulling force required to reach both 30% and 40% MBL pre-load in polyester
ropes using a winch. Two scenarios were considered: a slack mooring system and a stiff mooring system prior to
pre-stretch. In a stiff mooring system, the lines are pre-loaded and tensioned before the final stretch removal. The
results indicated that winch capacities slightly exceeding 500 tonnes were necessary to reach 40% MBL, with
lower tensions required for the stiff mooring system.

2.4. Hook-up operation

The installation of floating wind turbines is considered as a potential bottleneck as it is sensitive to weather
conditions. Floating applications are often in harsh environments, therefore operational limits are crucial to
understand to be able to install an entire wind farm within a year. This section describes some of the challenges
related to hook-up operations. In Section 2.5, different hook-up methods will be described.

2.4.1. Challenges and variables

The installation brings many challenges that need to be accounted for. There are two primary risks that could
lead to failure during installation. Firstly, the installation vessel and the floating turbine could collide, causing
damage. Secondly, the tension in the mooring system could become too large during installation, potentially
leading to the mooring system snapping or damaging the vessel. These challenges are mainly due to the hazards
of the marine environment.

Operational limits
Wave heights, wind speeds, and current speeds all influence the loads on and the behaviour of the floating turbine
and the installation vessel. It is therefore crucial to investigate the limits of these variables to determine the
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conditions under which installation is feasible. A table is created by [10], indicating the limits of the significant
wave heights and maximum wind speeds for various vessels used in marine operations. The values are depicted
in Figure 2.11. It is important to distinguish between operational limits and operational design limits. The design
limits are found based on models and simulations, these are multiplied by an alpha factor, smaller than 1, to find
the operational limits specifically related to the project location and environmental conditions. While the article
refers to the values as operational limits, they are based on general applications, suggesting they are more closely
aligned with design limits.

[26] performed a similar study and also emphasised that these limits are crucial for identifying weather windows
for which the installation is possible. This aspect is important to keep in mind when optimising the length of the
top chain. The design of the mooring system may influence the limits of certain sea conditions for which the
installation is possible. [10] also stated that raising the values listed in 2.11, by designing innovative vessels, could
significantly lower the projects costs of a commercial floating wind farm. These values are provided to give an
indication, but the limits should be individually investigated for the specific operation and location of a project.

To add to these values, the current installation limits for significant wave height in fixed offshore wind turbines
are often around 1.5 m [22]. [5] argued that, as FOWT applications will be in areas with high sea states, for
mooring methods this limit should be at least higher than Hs =2 m, and the current above 1.5 knots, to be able to
efficiently implement commercial offshore floating wind farms. In their own case study, the limits used were Hs =
2.3 m, and current = 1.8-1.9 knots. The wave period was mainly around 4 to 6 seconds. In Section 2.5.5, this case
study is described in more detail. Another case study, a project in Korea, is dealing with sea states of mainly
Hs = 3 m, with dominant Tp, in the range of 4 to 10 seconds. In this case, only incident wave headings of less than
20° relative to the bow of the vessel were considered.

For the towing of the semi-submersible floating platform to its location, this limit is around 2.5 m Hs. This
process, however, is out of scope for this research, but it should be kept in mind as it influences the installation
possibilities. [14] also states that because most of the construction of floating wind turbines can be done onshore,
fewer offshore operations will be required. Together with operations having the potential to be conducted in
larger sea states, the weather windows will be larger compared to the fixed offshore wind turbines.

Vessel type Purpose Max. significant Max,
wave height (m)  wind speed

(ms™

AHTS Installation of anchors and moorings 2 20
Tug boats Towing 1-1.65 14
Cable laying Installation of cables 3.5 15
Heavy-lift vessel Mating of spar-type platforms 1.8 15
Offshore supply O&M 2 11
Monohull Crew transfer, O & M 1 -
Catamaran Crew transfer, O & M 1.2 10
SWATH (small-waterplane-area twin hull)  Crew transfer, O & M 1.5 -
Jack-up barge o&M 1.65 16

Figure 2.11: Limits of significant wave height and wind speed for marine operations vessels [10]

Dynamic positioning

Dynamic Positioning (DP) is a computer-controlled system used by vessels to automatically maintain their
position and heading by adjusting thrusters and propellers. This is essential for offshore operations, such as
the hook-up of a FOWT, where precise positioning is required despite external forces such as waves, wind, and
currents. The accuracy of DP systems depends on the quality of reference systems providing position data
and the environmental conditions under which the system operates. Under typical operating conditions, with
manageable environmental forces and fully functional onboard systems, DP systems can achieve positioning
accuracy within 1-2 metres. According to [32], reference systems with a standard deviation of less than 1 metre
and an update rate of at least 1 second are given equal weight within the DP system. This indicates that when
such high-precision reference systems are used, DP systems can maintain reliable and accurate positioning.

[56] states typical SSBL-systems (Super Short Base Line) have a standard deviation of around 0.2% of its distance.
[32] shows the introduction of the HAIN (Hydroacoustic Aided Inertial Navigation) system can bring the accuracy
of SSBL down to 1 metre, while for LBL and GPS this is around 0.5 metres, at a water dept of 1000 metres.
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Increased sea states introduce additional difficulties in accurate positioning. The paper by [56] provides further
insights into these challenges. For operations involving gangways or access systems, they found that a typical
maximum allowable standard deviation of motions at the gangway location is around 1.75 m. This criterion
was used to determine the operational limits for different allowable gangway strokes (5.0 m, 7.0 m and 9.0 m).
The study considered environmental conditions including significant wave heights up to 3.5 m, associated wind
speeds, and current speeds up to 2 knots. These conditions were simulated to determine their impact on DP
station-keeping accuracy. The results showed that as environmental conditions worsen, the ability to maintain
accurate positioning decreases, necessitating larger allowable strokes for gangway operations.

According to DNV code DNV-ST-0111, for a DP capability level 3, the displacements of the vessel are considered
to be less than 5 metres from the setpoint with the heading within 3 degrees from the target. In the hook-up
procedure of an FPSO (Floating Production Storage and Offloading unit) described by [41], a DP accuracy of £1 m
was recommended. Translational motions of the FPSO were limited to a maximum of 5 metres from the reference
point. For the hook-up operation of floating wind turbines, an accurate DP system is crucial to maintaining a
fixed distance between the installation vessel and the floating turbine.

Snap loads
Snap loads are defined by an abrupt switch in tension in a mooring line, occurring when the line was in slack
condition and suddenly re-engages and becomes tight again. As a consequence, a shock on the line material
may be induced, which significantly decreases its fatigue life. Snap loads are one of the main causes of mooring
line failures. Factors as a low pre-tension, lighter displacement platform and shallow water depths increase the
chance of slack line events and hence snap loads [29]. During hook-up installations it must be ensured these snap
loads do not occur. For marine operations, DNV has defined a criterion to avoid snap conditions, which is the
following;:

Fayn < 0.9F (2.3)

With F denoting the force and the subscripts denoting the dynamic and static components, with a 10% factor
of safety added. The research of [29] concludes there is a strong correlation between the vertical motion of the
fairlead and the tension spike due to snap loads. Slack occurs when the fairlead is at its lowest position, with
snap occurring at its highest position. The same counts for the wave motion. During installation, snap loads
not only pose a risk of mooring chain failure but also endanger personnel and equipment on the deck of the
installation vessel.

2.5. Hook-up and tensioning methods

This research primarily focuses on a mooring system containing three lines. It is considered that two of these
lines are of fixed length and lack any tensioning equipment either along the line or at its end, making their length
non-adjustable. The third line, however, includes a tensioner, which enables adjustments to the mooring system’s
pre-tension by reducing the line’s length, thereby functioning as an adjustable-length line. Different methods
exist to make the connection between the pre-laid mooring line and the top chain, and for the position of the
chain tensioner. These methods are explained in the following sections.

2.5.1. Dry chain-link connection

The first method described is creating a dry chain link connection at the deck of an Anchor Handling Tug Supply
(AHTS) vessel. Both the lower and upper segment of the mooring line are recovered to the deck of the AHTS and
are locked into shark jaws. A shark jaw on an AHTS vessel is a hydraulically-operated device used to secure and
unshackle chains and wires on deck. It features interchangeable jaws for wire and chain, which can be raised to
support loads or lowered to sit level with the deck surface for stowage [42]. An H-link connection, as in Figure 2.4,
is made between the lower and upper segment of the mooring line. Once completed, the mooring line tension is
transferred to a work winch, and the mooring line is released from the shark jaws and deployed [41]. A more
detailed explanation of this method is provided in Section 3.2.1.

This method leads to a significant cost reduction compared to methods that include a tensioner or pull-through
system. There is no need for a line tensioner or tensioning equipment, and there will be no need for tensioning
chain overlength. The main downside is that a minimum length is required for the top chain, with criteria coming
from both the lower and upper segment of the mooring line. The segments are visualised in Figure 2.3, with both
segments containing a certain amount of chain. For the pre-laid mooring line, contact between the polyester
rope and the hull or stern roller of the AHTS should be avoided to prevent damage to the fibre. To ensure this, a
sufficient chain length is required. Both segments include a specific chain length on the deck of the AHTS. The
upper segment also contains a hanging part between the AHTS and the FOWT. This length is determined by the
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vessel’s offset from the floating turbine during hook-up and the potential for high mean loads or snap loads in the
chain.

2.5.2. In-line tensioning

The in-line tensioner (ILT) is installed and deployed in sheltered water onto the top chain before it is towed-out
to the field. Both the lower and upper segment of the mooring line are recovered at the AHTS deck. After the
work wire or chain is connected to the winch, the lower segment is connected to the work chain. After both the
tensioner and mooring segments are deployed and released, the tension is taken on the work wire/chain to pull
the lower segment of the mooring line through the tensioner [69]. An example of an ILT system is displayed in
Figure 2.12.

The in-line tensioner allows for reduction of topsides equipment, and it does not require personnel to be on the
floating platform to operate the tensioning equipment [12]. It also does not impact the platform design, however,
the weight of the in-line tensioner must be carried by the floating platform. Its weight causes a clump weight
effect on the mooring line as well, and thereby causes local chain fatigue issues, possibly leading to a larger
required chain size. While it provides easier access for a ROV by sitting at a larger water depth compared to the
fairlead tensioner, which will be discussed in the next section, the mooring line dynamics may make it very hard
for the ROV to work and decrease the operational limits.

e
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Figure 2.12: Example of an in-line tensioning system [67]

In-line subsea tensioning connectors

These connectors can establish a fixed length connection under tension underwater. After making the connection,
they can be recovered and re-used. They are very cheap compared to a pull through connector as they use a
chain-link or male-female connection. On the downside, it is a complex method and the time required to establish
the connection is uncertain, making it difficult to plan a robust and predictable hook-up operation.

2.5.3. Pull through connector and fairlead chain tensioner

A Pull Through Connector (PTC) enables a relatively quick and efficient connection for hook-up operations. It is
typically located on the floating platform and can eliminate the need for the upper segment of the mooring line,
including the top chain, as fibre ropes can be connected directly. The installation vessel threads the mooring
line through the PTC, which consists of male and female components. Its dual-axis rotational design facilitates
flexible movement and allows for efficient disconnection when needed [12]. Unlike the dry chain-link method,
the PTC allows connections to be made at a comfortable offset but is comparatively more expensive. An example
of a PTC is shown in Figure 2.14.

The floating platform fairlead tensioner or chain stopper is mounted on the hull of the FOWT below the waterline.
A benefit compared to the in-line tensioner, described in Section 2.5.2, is that the weight of the tensioner does
not sit in the mooring line. However, the floating platform design must account for the tensioner and include
sufficient structural support to accommodate its weight. Additionally, its location below the waterline in shallow
water makes it challenging for an ROV to operate effectively, a limitation that also applies to a PTC. Figure 2.13
shows an example of a combined fairlead, chain stopper, and tensioner, specifically the Vessel Tensioner from
Kongsberg Maritime. The fairlead tensioning method operates in much the same way as the in-line tensioning
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method, with the main difference being the placement of the tensioner.

Figure 2.13: Example of a fairlead tensioner installed on the hull of
a FOWT platform [39]

Figure 2.14: Example of a pull through connector [62]

2.5.4. Seabed and anchor tensioner

Seabed tensioners are placed in the static part of the chain section at the bottom of the mooring line. This ensures
its weight is not carried by the floating platform and it does not impact the design of the platform. However, the
FOW industry is not converging towards mooring systems that include a static part at the bottom, meaning this
requirement may not be fulfilled. To achieve a static part at the bottom, the chain length has to be significantly
increased, leading to higher costs [69, 12].

Anchor tensioners can be attached to gravity-based anchors and suction anchors. Apart from removing the
weight from the floating platform, they also eliminate the clump weight effect on the mooring line. For both
methods, the excess chain can be left on the seabed, and ROV operations are relatively easy. To make this method
feasible, the anchor size and weight must be significantly increased. Both methods also require a long tensioning
or work chain pre-installed on each tensioner line to ensure enough slack during the hook-up.

2.5.5. Operation durations and safe conditions

The tow-out and hook-up operation for FOWTs begins with the floating platform securely moored inshore and
concludes with the offshore mooring being hooked up and tensioned. The entire operation may extend beyond
72 hours, making it essential to achieve intermediate safe conditions to ensure the predictability and safety of the
operation.

The first safe condition, termed "unrestricted holding," is achieved after disconnecting the inshore mooring.
This involves ensuring that the tow fleet has sufficient bollard pull to maintain its position under the given
environmental conditions, either offshore with ample sea room or at a site sheltered from waves. For inshore
holding, weather criteria are determined based on target site conditions agreed upon with the Marine Warranty
Surveyor (MWS). Offshore holding weather criteria are defined in DNV-ST-NO0O1 section 11, applying standard
conditions unless the site is in a Benign Weather Area, which is currently not the case for most floating wind
developments.

The second safe condition is achieved when a minimum number of mooring lines, typically three, are hooked up
slack. This stage does not require the power cable to be connected, making the floating turbine offset non-critical,
and thus tensioning and stretching are generally not critical for reaching this safe condition. When the tow fleet
brings the FOWT into the field to begin the hook-up, it operates in "limited sea room" due to the proximity of
other FOWTs and potentially offshore platforms. Design weather criteria for this stage are established based on
the selected tow fleet and heading restrictions during hook-up. If bad weather is anticipated, the towed FOWT
should be moved out of the field to an area with sufficient free sea room.

There is not an intermediate safe condition between the moment the first line is ready to be connected and the
complete connection of all three lines. This means a sufficient weather window must exist so the operation can
commit to completing the hook-up of all lines. The operational duration depends on various factors, including
the capabilities and experience of the fleet and the equipment used for mooring lines, connectors, and tensioners.
It is expected that the first two lines take around 10 hours, with the third hook-up around 14 hours followed by 6
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hours of tensioning. These durations show the sensitivity of the operation to weather conditions, and should be
kept in mind when defining a required top chain length and its corresponding operational limits.

In the case study of [5], the mooring system contained twelve mooring lines. The thirst three lines were initially
hooked up without being tensioned. The hook-up of these lines took 10.75 to 12.75 hours per line. Line four to six
were also tensioned, and took 13 to 16.75 hours per line. After the fourth line was hooked up and tensioned, the
first three lines were reconnected to tension them as well, which took 5.75 to 7.5 hours per line. At the time of 4
lines connected and tensioned, a storm safe condition had been reached. It was stated that for a FOWT with six
lines, three lines installed would be sufficient to arrive at a storm safe condition. The remaining six lines were also
tensioned during the same operation as the hook-up, and took around the same amount of time as the sixth line,
13 hours, as the crew gained experience and were up to speed.

Afterwards, all twelve lines were pre-stretched using the bow string method. The stretch removal took 72 hours
in total, with an average of two lines per 12 hour shift. It should be noted that the case study took place in very
deep waters resulting in very long lines. The water depth was 1200 metres, which is not expected to be near the
water depth range of FOWT parks in the near future, as discussed in Section 2.1.2. It was also stated that it is
expected to be feasible to tension the mooring system of FOWTs to a higher level than necessary, as permanent
stretch of polyester would occur over time, causing the tension to drop to the desired level.

2.6. Research gap

Most literature provides insights into the challenges associated with the installation and overall performance of
Floating Offshore Wind Turbines (FOWTs) and their mooring systems. Hybrid, or semi-taut, mooring systems
promise to be reliable solutions for FOWTs, as discussed in the literature review, which also identified several
factors that require a certain amount of chain usage in hybrid systems. For the water below the sea surface,
the performance of fibre ropes is primarily related to the implementation of protective covers and filters [15].
While studies have explored methods and effects of pre-stretching fibre ropes during installation, the relationship
between pre-stretching and mooring design is not yet fully addressed. Although this research does not provide
a detailed analysis of this aspect, it applies existing theory to the chosen hook-up method and sequence and
explores how fibre stretch management could affect the required length of the top chain.

The literature describes numerous hook-up and tensioning methods for FOWTs [12, 69]. However, specific criteria
regarding the required top chain length or its connection height to the floating platform are still lacking. This
research aims to address these gaps by modelling the hook-up operation and establishing a relationship between
the top chain length, connection height, and operational sea states.



Floating turbine and hook-up

This chapter introduces the reference floating wind turbine and its mooring system used in this research. The
installation sequence and hook-up method considered in this study are explained in Section 3.2.

3.1. Reference application

The FOWT is located at a water depth of 265 metres, and its mooring system contains three hybrid mooring lines
with a long middle polyester section and two chain ends. A 2D view of the FOWT and its mooring system is
shown in Figure 3.1, highlighting the different components of a single line. Relevant dimensions are summarised
in Table 3.1, with line lengths representing the unstretched length, and the pre-tension (PT) is expressed as a
percentage of the chain’s MBL. Individual dimensions of the semi-submersible platform, turbine and mooring
materials are detailed below.

Top chain
Polyester rope

Buoy

Polyester rope buoyancy i
4 Bottomchain

Figure 3.1: Reference FOWT application

Parameter Dimension  Unit Parameter Dimension Unit
Water depth 265 m Polyester buoyancy length | 300 m
Anchor radius 1,000 m Bottom chain length 100 m

Top chain length | 60 m Total line length 969 m
Polyester length | 508 m PT 14.5 % MBL

Table 3.1: Dimensions of the reference FOWT application

Floating wind turbine

This study utilises the University of Maine (UMaine) VolturnUS-S 15 MW reference semi-submersible floating
offshore wind turbine [1]. The choice of this turbine is based on its status as a publicly available model and its
alignment with the expected minimum size of future floating wind turbines. The turbine has also been subject to
extensive research, providing a solid base for future research. The data provides a semi-submersible platform

19
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with three radially spaced columns and one central column, on which the tower of the 15 MW wind turbine
is mounted. Details of the turbine and the floating platform are listed in Table 3.2, with specific dimensions
illustrated in Figure 3.2.

Parameter Value Units
Turbine rating 15 MW
Hub height 150 m
Freebord 15 m
Draft 20 m
Platform mass 17,839 t
Tower mass 1,263 t
Total system mass | 20,093 t
Hull displacement | 20,206 m”"3

Table 3.2: Details of the semi-submersible platform and wind turbine [1]
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Figure 3.2: Dimensions of the VolturnUS-S platform and turbine [1]

Polyester rope
The lower section of the polyester rope includes a buoyant cover designed to prevent the line from making contact
with the seabed. Details of the rope without the buoyant cover are provided in Table 3.3.
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Parameter Polyester Rope
Nominal diameter | 210 mm

Axial stiffness 190,300 kN
MBL 14,710 kN
Weight 0.35 kN/m

Submerged weight | 0.087 kN/m

Table 3.3: Properties of the polyester rope

Mooring chain

The characteristics of the mooring chain are listed in Table 3.4. The chain is a studless design with a nominal
diameter of 175 mm. Figure 3.3 provides a perspective on the size of the links, highlighting their substantial size,
weight, and the associated challenges in handling these chains.

Standard O&G -

Parameter Value Unit rig chain | §

Nominal diameter | 175 mm

Axial stiffness 2.6x10° kN § ; .

MBL 1.8x10* kN T

Weight 598 kN/m

Submerged weight | 5.19 kN/m 76mm8?”’“117:nm N /
Table 3.4: Mooring chain properties I tasmm — 220mm

Figure 3.3: Chain size comparison

3.2. Installation

Different installation methods offer varying benefits and challenges, as outlined in Section 2.5. This study
examines a three-line mooring system, where a dry chain link connection is preferred for the first two lines,
while an off-vessel connection method is used for the third line. The reason for this distinction is that tensioning
equipment, such as an inline or fairlead tensioner, is expensive. For large-scale deployments, the dry chain
link method is expected to be financially advantageous. However, this method does not allow for tensioning
of the mooring system, which is an important step to ensure the required PT is reached after the hook-up or
pre-stretching. More detail is provided in Section 3.2.2. This study assumes that applying a pulling force to one
of the three lines is sufficient to gain the necessary pre-stretch for the entire mooring system, and therefore two
lines can be installed without tensioning equipment, while only the third line requires it.

This research assumes that for off-vessel connection methods in a three line mooring system, the use of permanent
top chain is considered to be less critical compared to the dry chain link method. These connections are made in
the water column, and temporary work chains or lines can be used to complete the connection. The need for
permanent chain can even be eliminated by using temporary chains to tension the mooring system, resulting in a
line consisting entirely of fibre rope, apart from the chain in the bottom segment of the mooring system. Section
3.2.2 discusses how pre-stretching could influence the required top chain length. However, this approach relies
on the feasibility of pre-stretching all three lines of the mooring system by pulling a single line. This process and
its underlying assumptions require further investigation, which is beyond the scope of this study. The detailed
analysis in this research focuses on determining the required top chain length for the dry chain link method.

3.2.1. Installation sequence

This section describes the selected hook-up installation sequence applied in this research. The first two lines are
referred to as fixed-length lines because their lengths cannot be adjusted after hook-up, unlike the third line,
which incorporates a tensioning system. The first part focuses on the connection method of the first two lines,
creating an H-link connection between the lower and upper segment of the mooring line on the deck of the
Anchor Handling Tug Supply (AHTS) vessel. In this process, the upper segment of the top chain is attached to
the floating platform, while the lower segment is pre-laid on the seabed.
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Figure 3.4 illustrates the steps involved in connecting the FOWT to its mooring system. The floating turbine is
towed to the site using tug boats (blue). The tow line of the tug boats could either be directly connected to the
floating platform, or to the upper segment of the top chain. The lower segment of the mooring line is pre-laid well
in advance of the hook-up operation. The AHTS vessel (black) connects to one of the upper segment top chains
(3.4a) and positions itself above the first pre-laid fixed-length mooring line (3.4b). For the fixed-length lines, it is
preferable to position the vessel as close as possible to the anchor to create slack in the pre-laid mooring line.
After the connection is made, the procedure is repeated for the second and third lines (3.4c and 3.4d). During the
hook-up, tugboats assist with station keeping to restrict the displacements of the floating turbine.

\

Fixed length
Adjustable length

oY N

(a) Tow to first line (b) Connection of first line
[ ]

(c) Connection of second line (d) Connection of third line followed by tensioning of system

Figure 3.4: Hook-up sequence

Figure 3.5 shows the installation steps of creating an H-link connection on the deck of the AHTS. The grey dotted
line resembles chain, the red line polyester and the green line a work line or recovery wire. First, the upper
segment of the chain is gathered onto the AHTS using the ROV and connected to a winch. The winch is paid out
to maintain a slack line (3.5a and 3.5b). Then the ROV recovers the pre-laid mooring line and the line is laid on
the deck and locked into shark jaws (3.5¢ and 3.5d). The AHTS reverses towards the floater by paying in on the
winch until the upper segment of the chain can be locked into the shark jaws as well (3.5e). Once both chain ends
are locked, the H-link connection is made.

At this stage, the upper segment chain length becomes critical, as it forms a fixed-length connection between
the floating turbine and the AHTS. High tensions or an overly taut chain could cause significant issues or even
lead to failure. It is essential for the chain to have sufficient length to maintain adequate sag while avoiding
overly conservative estimates. For large-scale projects, even a few extra metres of chain per line could provide
significant benefits in terms of cost savings. The same considerations apply to the operational limits of the
hook-up procedure. Once the connection is made, the mooring line is attached to the winch and deployed (3.5f).
The second line follows the same procedure. The third line is connected using either a sea-bed, in-line or fairlead
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tensioner, which is described in more detail in the next Section.

It should be noted that these steps represent a subset of the full installation process for creating the H-link
connection. Certain procedures, such as checking for twist in the line, are not included in this description.

(a) Transfer top chain from tug to AHTS (b) Retrieving top chain on AHTS

(e) H link connection is made (f) Mooring line is deployed

Figure 3.5: Dry chain link connection sequence

For this installation method, the chain length required depends on both segments of the mooring line. For
the bottom segment, the critical factors include avoiding contact between the fibre ropes and the stern of the
vessel, as well as preventing contact between the line and the thrusters of the AHTS. For the upper segment, the
requirements are primarily influenced by the distance between the AHTS and the FOWT and the vessel’s ability
to maintain a fixed distance during installation. Further details are provided in Section 4.3.2.

3.2.2. Tensioning and pre-stretch

The mooring system of a FOWT should achieve a specific PT once installation is completed. After the third and
final mooring line is connected, a tensioner is used to establish the desired PT. As highlighted in the literature
review in Section 2.3, managing the stretch removal of fibre ropes is a critical part of the installation process. The
two main parameters during this operation are the maximum load in the line and the holding duration at this
load. The remaining part of this section focuses on polyester.

The management of polyester rope length and elongation is a complex aspect, and a thorough understanding
of its properties and behaviour is essential to successfully apply pre-stretching when installing a FOWT. Rope
lengths must be defined at various tensions to account for different stages, including installation, start-of-life and
end-of-life conditions. As polyester elongates over time, its quasi-static stiffness increases, which affects critical
design parameters such as floater offsets. Key properties, including quasi-static stiffness, dynamic stiffness, and
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strain behaviour, are determined based on lifetime mooring loads. The end-of-life strain is then used to calculate
back what rope length should be applied that fits all stages of its life time.

When stretch removal is applied, both elastic and plastic elongation occur in the polyester rope, resulting in
a permanent increase in length. In the context of the mooring system, this increased rope length reduces the
system’s PT. However, as previously discussed, this issue can be addressed by designing and defining the rope
length for various stages of its lifetime. By accounting for pre-stretching during the design process, the required
PT can be maintained without the need for significant re-tensioning. When aiming to reduce chain length, the
stretch in the polyester rope could be accounted for in the top chain’s design. By shortening the top chain to
compensate for the expected stretch, the desired total mooring line length can be achieved after pre-stretching,
resulting in a smaller chain-to-polyester ratio. If slight adjustments of the PT are still required, the tensioner of
the third mooring line can be used. Re-tensioning can be achieved using a temporarily chain, removing the need
for sufficient spare top chain. Figure 3.6 demonstrates an example of an inline tensioner in use. It shows how
the connection between the lower and upper segments is established, as well as the use of a temporary chain,
represented by the black line.

Figure 3.6: Use of an inline tensioner and temporarily chain

It is evident that pre-stretching plays a vital role in mooring design. Figure 3.7 illustrates the relationship between
the tension applied during installation and the resulting rope elongation. This relationship is visualised using
the Syrope model, where increase in tension leads to a shift to a new working curve for the polyester rope. The
values presented in the figure are based on literature and internal testing conducted by Seaway7. The additional
elongation values are determined based on the rope returning to the same PT. The allowable stretch and resulting
elongation are influenced by factors such as the specific tension, project requirements, and material properties.
The example using the Syrope model is provided solely to illustrate what this could mean for mooring design
and top chain length.
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Figure 3.7: Elongation of polyester due to pre-stretching

The black arrows in the figure represent the shift on the original working curve, corresponding to the maximum
tension that has been applied to the polyester rope. The resulting stretch at the desired PT level is determined by
tracing the working curve downwards. The distance between the two dotted orange lines indicates the amount of
permanent stretch induced in the polyester rope due to pre-loading up to 40% MBL, compared to the stretch after
hook-up. The range of this elongation is given as 0.5% to 1.5%, serving just as an indication. The difference is
highly dependent on the material properties, the duration of applied tensions and the hook-up and tensioning
methods used. The 0.5% additional elongation is primarily based on the findings from the study shown in Figure
2.10 [43], where an initial loading of 26% MBL was applied. This loading is expected to be significantly higher
than typical loads during hook-up, indicating that the PT in the system was substantial after the hook-up process.
The upper limit of 1.5% is derived from tests performed in [23], corresponding to a low holding time in their tests.

The high initial load reported in [43] presents a beneficial situation if such a high load can be achieved during the
hook-up process. In Figure 3.7, this would correspond to moving the blue point upward along the black arrow.
Ideally, the blue point would reach the original working curve above the right dotted yellow line. From this
position, if the rope is subsequently loaded and held at 40% of its MBL, the tension-stretch relationship would
follow the working curve downward, starting at the red point and stabilising at the desired PT level. This would
remove the need for re-tensioning the system after loading the line up to 40% MBL.



Method

This chapter outlines the methods and tools used in this research. Model inputs are described, followed by the
modelling choices and assumptions made during the analysis. Additionally, the different sections of the top chain
are identified and illustrated, each with its own criteria for evaluation.

4.1. Methodology

This section outlines the methodology used to analyse the dynamics during the hook-up operation of a FOWT.
For the hook-up operation, specifically for the dry chain link connection method, the objective is to establish a
relationship between the top chain length, the connection height of the chain to the FOWT, and the operational
design limits. OrcaFlex is used as a tool to guide this analysis, providing a platform for developing a model that
simulates the hook-up operation. As described in Sections 3.2.1 and 4.4.3, during the hook-up of the mooring
lines, station keeping of the floating turbine is provided by two tug boats. The top chain must not contribute to the
force equilibrium, as slack in the line is required to ensure safe working conditions on the installation vessel. This
means that the tug boats must counteract the loads caused by wind and waves, as further detailed in Section 4.4.3.

Input variables include the length of the top chain, the vessel type, the tug assistance, environmental loads and
the FOWT itself. Ideally, during real-life operations, the installation vessel would follow the displacements of the
floating turbine. This can be achieved using its dynamic positioning (DP) system, incorporated with a system
measuring the relative distance, to maintain a consistent distance from the floating platform. Further details on
this approach are described in Section 4.4.2.

Two types of calculations, distinguished by how vessel and floater motions are handled, model the hook-up
operation in OrcaFlex: Displacement RAOs and Load RAOs. The difference lies in how the motions and loads
experienced by the floater and vessel are defined and applied. Displacement RAOs describe the first order
harmonic motions of the vessel and floater in response to incoming waves, encompassing all six degrees of
freedom (DOF) [51]. These motions are predefined as amplitudes and phases for a range of wave periods and
directions. In this method, the vessel and floater’s motions are superimposed on their primary positions, and no
external station-keeping tools, such as mooring lines or tugboats, are required. This approach does not account
for external forces or dynamic interactions, providing a controlled representation of vessel and floater motion.

Load RAOs, in contrast, define the first order wave forces and moments acting on the vessel and floater due to
incoming waves. The motion of the floater and vessel are calculated based on these forces and moments. In this
method, the vessel and floater interact through the top chain. Without station keeping measures, such as tugboats
or a DP system, the vessel and floater would drift away under the influence of environmental forces.

Figure 4.1 illustrates the six DOF that apply to both the vessel and the floater. In summary, the Displacement
RAO method prescribes harmonic motions for all six DOF around their initial position, while the Load RAO
method calculates motions dynamically based on wave forces, allowing for more realistic interactions between the
vessel, floater, and mooring components. Further details on the applications and advantages of these methods
are discussed in 4.4.2.

26
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Figure 4.1: Degrees of freedom of a FOWT [18]

Simulations are performed in both the frequency and time domains. In the frequency domain, lines and other
objects do not influence the expected behaviour of a vessel or FOWT. However, it provides the maximum expected
responses for all six degrees of freedom, based on a specified storm duration. In the time domain, both the
Displacement RAO and Load RAO methods are applied.

The Displacement RAO method forms the foundation for developing a functioning model, ensuring that its
behaviour aligns with expectations. This method serves as the basis for further refinement and analysis. Frequency
domain simulations determine the six degrees of freedom of both the installation vessel and FOWT for waves
varying in direction, height, and period. These results identify workable sea states and guide the selection of
cases for more detailed investigation.

Subsequently, the Load RAO method in the time domain is the primary approach used to analyse the dynamics
of the vessel, floater, and top chain. It also verifies the correspondence between the behaviour predicted in the
frequency domain and the observed dynamics in the time domain.

4.1.1. OrcaFlex

The analysis of the operation is performed using OrcaFlex, a specialised dynamics software designed for offshore
marine applications. OrcaFlex is capable of solving six-degree-of-freedom rigid body motions for vessels and
offshore platforms, as well as performing finite element modelling for line structures such as mooring lines
and risers. It supports simulations in the time domain, using both explicit and implicit numerical methods to
solve for non-linear system behaviour, as well as analysis in the frequency domain for linearised problems. The
software incorporates both first- and second-order wave load transfer functions, allowing for detailed modelling
of wave-structure interactions [47].

The hydrodynamic model of the VolturnUS semi-submersible platform was created using OrcaWave, a diffraction
analysis tool that complements OrcaFlex. This model includes frequency-dependent added mass, radiation
damping, wave response amplitude operators (RAOs), and second-order quadratic transfer functions (QTFs) [49,
66].

The mooring lines are modelled using OrcaFlex’s finite element capabilities, capturing inertial, elastic, and
hydrodynamic forces in multiple degrees of freedom. OrcaFlex’s line-type wizard is used to define chain
properties such as geometry, mass, and strength, in accordance with established standards. The line types for the
mooring chain and polyester rope are derived from a reference project, which also utilised OrcaFlex’s line-type
wizard. DNV code checks are also included in the OrcaFlex software. It offers a wide range o