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Abstract

The demand for clean energy has led to potential cost-effective solutions for the offshore industry. One
of these solutions is shared mooring systems, where floating offshore structures for renewable energy
are coupled to each other. While this approach saves mooring lines and anchors, it introduces new
dynamic loading compared to conventional mooring systems. This study focuses on the feasibility of
using a shared mooring system to combine floating offshore wind and floating solar support structures
in different configurations in a farm layout.

This research uses the Volturn US-S platform to model the floating wind turbines and recreates the
Tractebel Seavolt concept for the modelling of the floating solar arrays. Six configurations are simu-
lated, undergoing irregular waves under various wave headings, load cases, and line materials. The
configurations involve two wind turbines with one or more solar arrays in between them. A Quasi-
dynamic model is used to identify critical cases. These cases are re-evaluated using OrcaFlex. The
assessment of these configurations is done based on two Key Performance Indicators, related to line
tensions and the floating support structures’ displacements. During the process, polyester lines are
chosen due to their favourable characteristics.

The four configurations that met the Key Performance Indicators are compared to a base case of a sin-
gle turbine regarding its displacements and anchored line tensions. Effective utilisation of the shared
lines and limited displacements lead to a preference for the configuration with three solar arrays. Addi-
tionally, the anchored line tensions of the turbine in this configuration increase the least compared to
other configurations.

In summary, using a shared mooring system to combine both floating offshore wind structures and
floating solar structures in a farm layout is feasible. Further research should be done on other configu-
rations and the impact of these mooring systems on the Levelized Cost Of Energy. Additionally, wind
and current loading should be incorporated in future studies.

ii



Contents

Preface i

Summary ii

1 Introduction 1
1.1 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Background 5
2.1 Mooring types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Anchors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Line types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Theory 12
3.1 Mooring theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Mooring Modelling Fidelities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Environmental loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4 Descriptions of waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.5 Equations of Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.6 Wave loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Case study 21
4.1 Floating wind structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2 Floating solar structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3 Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Method 26
5.1 Quasi-dynamic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.2 Floater modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.3 Static mooring response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6 Verification and comparison with OrcaFlex 33
6.1 Verification of the static mooring response . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.2 Sanity check RAOs solar floaters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.3 Comparison of the model to OrcaFlex . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
6.4 JONSWAP spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.5 Assessment of limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7 Results 53
7.1 Key Performance Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.2 Static results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.3 Dynamic Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.4 Identification of critical cases (Quasi-dynamic Model) . . . . . . . . . . . . . . . . . . . . 56
7.5 Evaluating the critical cases (OrcaFlex) . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.6 Feasibility of the configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
7.7 Comparison with the base case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

8 Discussion 62
8.1 Limitations of the research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

9 Conclusions 66

10 Recommendations 68

iii



Contents iv

Bibliography 69

A Sanity checks 73

B Static results 78

C Quasi-Dynamic model results 80

D Orcaflex results 86

E Basecase comparisons 94



Nomenclature

CAD Computer-Aided Design

CALM Catenary Anchor Leg Mooring

CFD Computational Fluid Dynamics

DEA Drag Embedded Anchor

EoM Equations of Motion

HMPE High-Modulus Poly-Ethylene

IRF Impulse Response Function

JONSWAP JOint North Sea Wave Project

LCOE Levelized Cost Of Energy

MBL Mimimum Breaking Load

MSL Mean Sea Level

O&G Oil & Gas

PV Photovoltaics

RAO Response Amplitude Operator

ROV Remotely Operated underwater Vehicle

SALM Single Anchor Leg Mooring

SM Spread Mooring

SPM Single Point Mooring

TD Time Domain

TLP Tension Leg Platform

WEC Wave Energy Converter

v



List of Figures

1.1 Example of a shared mooring system (depicted by the blue line) . . . . . . . . . . . . . 2
1.2 Shared mooring layouts considered . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 The combined wind and solar farm from López et al. . . . . . . . . . . . . . . . . . . . . 3
1.4 Graphical representation of the research questions and research plan: Dark green repre-

sents the research question, light green the subquestions, and blue the means to answer
these questions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Left: Catenary system, Right: Taut leg system . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Catenary, taut and TLP system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Turret configuration for a SPM system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Multiple mooring line configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.5 The EcoTLP concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.6 Various anchor types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.7 DEA from Delmar systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.8 Installation of suction and driven piles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.9 Different chain diameters with their corresponding MBL for different chain grades . . . . 10
2.10 Different types of wire rope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.11 Example of a stress-strain curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.12 Composition of a polyester rope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1 Small element of a mooring line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Quasi-static modeling vs dynamic modeling . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Representation of the lumped-mass method . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4 Environmental loads on a FOWT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.5 Representation of a linear wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.6 Example of a JONSWAP spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.7 Vessel motions in six DOF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.1 The UMaine VolturnUS-S reference semi-submersible platform . . . . . . . . . . . . . . 21
4.2 Dimensions of the VolturnUS semi-submersible . . . . . . . . . . . . . . . . . . . . . . . 22
4.3 The Seavolt concept on which the model is based . . . . . . . . . . . . . . . . . . . . . 23
4.4 Configuration 1 side view . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.5 Configuration 2.1 side view . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.6 Configuration 2.5 side view . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.7 Top views of each configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.1 Overview of the quasi-dynamic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2 Meshed structure using GMSH, viewed in OrcaWave . . . . . . . . . . . . . . . . . . . . 29
5.3 Setup of shared mooring system in Python . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.4 Flow of the static mooring force calculation . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.5 Comparison of JONSWAP spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.6 Time series of a JONSWAP spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6.1 Verification of quasi-static model in OrcaFlex . . . . . . . . . . . . . . . . . . . . . . . . 34
6.2 Different line segment lengths in OrcaFlex . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.3 Convergence of RAOs at 0◦ wave heading . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.4 Convergence of RAOs at 30◦ wave heading . . . . . . . . . . . . . . . . . . . . . . . . 37
6.5 Convergence of RAOs at 45◦ wave heading . . . . . . . . . . . . . . . . . . . . . . . . 37
6.6 Convergence of RAOs at 90◦ wave heading . . . . . . . . . . . . . . . . . . . . . . . . 37

vi



List of Figures vii

6.7 Maximum wave loading occurring at the wavelength λ equal to distances of the columns 38
6.8 Geometry and RAO of a single floater . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.9 Geometry and RAO of the 4 floaters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.10 Geometry and RAO of the 16 floaters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.11 Displacements considering only first-order wave loading . . . . . . . . . . . . . . . . . . 41
6.12 Line 1 tensions, considering only first-order wave loading . . . . . . . . . . . . . . . . . 42
6.13 Line 2 tensions, considering only first-order wave loading . . . . . . . . . . . . . . . . . 43
6.14 Displacements including wave drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.15 Line 1 tensions including wave drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.16 Line 2 tensions including wave drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.17 Displacements considering only first-order wave loading . . . . . . . . . . . . . . . . . . 47
6.18 Shared line tensions, considering only first-order wave loading . . . . . . . . . . . . . . 48
6.19 JONSWAP time series with Hs = 3, Tp = 8 . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.20 Mean and maximum displacements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.21 Mean and maximum tensions anchored lines . . . . . . . . . . . . . . . . . . . . . . . . 51
6.22 Mean and maximum tensions shared lines . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7.1 Workflow of the assessment of configurations . . . . . . . . . . . . . . . . . . . . . . . . 53
7.2 Conventions used for fairlead positions . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.4 Displacements and tensions configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.5 Displacements and tensions configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . 57
7.6 KPI 1 check of configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.7 KPI 2 check of configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.8 Maximum displacements compared to basecase . . . . . . . . . . . . . . . . . . . . . . 59
7.9 Maximum displacements compared to basecase . . . . . . . . . . . . . . . . . . . . . . 60

8.1 Alternative configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

A.1 Line 2 tensions, considering only first order wave loading . . . . . . . . . . . . . . . . . 73
A.2 Displacements including drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
A.3 Line 1 tensions including drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
A.4 Line 2 tensions including drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
A.5 Shared line tensions including drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

C.1 Displacements of configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
C.2 Shared line tensions configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
C.3 Displacements of configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
C.4 Shared line tensions configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
C.5 Displacements of configuration 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
C.6 Shared line tensions configuration 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
C.7 Displacements of configuration 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
C.8 Shared line tensions configuration 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
C.9 Displacements of configuration 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
C.10 Shared line tensions configuration 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
C.11 Displacements of configuration 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
C.12 Shared line tensions configuration 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

D.1 Displacement check configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
D.2 Tension check configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
D.3 Displacement check configuration 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
D.4 Tension check configuration 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
D.5 Displacement check configuration 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
D.6 Tension check configuration 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
D.7 Displacement check configuration 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
D.8 Tension check configuration 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
D.9 Displacement check configuration 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
D.10Tension check configuration 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92



List of Figures viii

D.11 Displacement check configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
D.12Tension check configuration 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
D.13Displacement check configuration 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
D.14Tension check configuration 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

E.1 Turbine displacements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
E.2 Anchor 1 tensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
E.3 Anchor 2 tensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
E.4 Anchor 3 tensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



1
Introduction

In the past few years, the offshore industry has been in the process of substantial development. The
global demand for renewable energy has been steadily increasing, leading to more offshore projects
being developed [29]. The construction of offshore wind farms worldwide has been increasing, accom-
panied by advancements in floating structures for wind energy [30]. Additionally, alternative renewables
such as wave, tidal, and solar energy technologies have undergone increasing research.

In addition to other renewable energy resources, offshore wind is regarded as the foundation for har-
nessing clean energy from the offshore environment. Recently, the Dutch government stated that it
aims to have 3 GW of floating solar installed in the North Sea by 2030 [8], which emphasizes the in-
creasing urgency for research into sustainable solutions to address the demand for clean energy.

In the last decades, large wind farms have been built to produce renewable energy at scale. These
are mostly based on a bottom-founded structure. However, as shallow water is scarce, floating wind
provides a solution, as these structures can be installed in deeper waters. Currently, there are three
commercial floating wind farms in operation, although not on the same scale as bottom-fixed wind
[11, 24]. In the case of wave, tidal and solar energy, these renewables have not been deployed at a
large scale yet. There are many concepts in development with several parties having upcoming pilot
projects in the following years [1, 15, 22].

1.1. Problem statement
Mooring systems play a crucial role in keeping floating renewable installations in their desired positions
by using mooring lines hooked up to anchors at the seabed, counteracting the effects of environmental
loads exposed to the structure. However, compared to traditional offshore structures like oil rigs, re-
newable mooring solutions face unique challenges due to the sheer number of structures in the water.
Moreover, floating wind poses additional aerodynamical loads that are not present in traditional struc-
tures. Nevertheless, the risk associated with mooring line failure is generally lower for floating wind,
as the structures are typically unmanned and do not hold explosive hydrocarbons. Overall, the current
knowledge based on the Oil & Gas industry can be applied to the development of the next generation
of floating structures, although careful and different engineering designs and decisions are required.

According to Ramachandran et al. [45], efficiency optimization in the manufacturing, installation, and
commissioning of floating wind turbines offers opportunities for the offshore wind industry to become a
more competitive option in terms of Levelized Cost of Energy (LCOE). Additionally, standardization and
mass production of the same type of wind turbines can contribute to making it more cost-competitive.

One of the main contributors to the capital costs of a floating wind turbine is its mooring system [29,
35]. With deeper waters, more line length is demanded for the stationkeeping ability which introduces
higher costs. Proposed solutions are the option of shared anchoring and/or shared mooring systems,
of which shared anchoring has already been deployed in the Hywind Tampen wind farm [11]. Sharing

1



1.1. Problem statement 2

the anchors between turbines would lead to fewer anchors installed, which cuts the overall costs of
material and installation. Shared mooring systems work by interconnecting the adjacent turbines to
each other, leading to the installation of fewer anchors and mooring lines to the seabed. Also, fewer
geotechnical surveys of the seabed would be required due to fewer anchor placements. This could all
reduce (installation) costs and reduce environmental impact on the seabed [45].

Figure 1.1: Example of a shared mooring system (depicted by the blue line)

One of the disadvantages of linking the turbines to one another is the more complex dynamics, which
can result in higher loads on the mooring lines. Moreover, the case of a line failure could lead to the
cascading event of more turbines drifting away, increasing the risk of collisions. Furthermore, displace-
ments of wind turbines increase due to the lower stiffness of the mooring system.

Literature on shared mooring systems
Shared mooring is currently in the early stages of development. Currently, there have been no applica-
tions in the offshore industry, although some research has been done by Goldschmidt and Muskulus
[31] and Connolly and Hall [26], who analyzed the dynamic behaviour and the cost-saving potential of
the configurations considered in their research.

Figure 1.2: Shared mooring layouts considered by Goldschmidt and Muskulus [31]

Continuing research of Hall [32, 48] focuses on additional configurations and optimisation of the layouts
considered in an attempt to further reduce costs. In the research of Zhang and Liu [49], displacement
of the floaters was observed to increase when more turbines with shared lines were introduced to a
system.

From this literature review can be concluded that shared mooring has a cost-saving potential in certain
configurations, but further research into the dynamics and layouts is required. Some studies rely on
Quasi-static models, which only take into account the mean forces applied on structures to assess the
tensions on the mooring lines using the catenary equation. The catenary equation, however, provides
only the static restoring force of a mooring line. Other studies use a fully lumped mass approach
to assess the tensions. Although this approach is more accurate since it considers the dynamics of
the mooring lines, it comes at the expense of computational power. A Quasi-dynamic model, which
is a dynamic time-domain model using the static response of a mooring line, would be a mid-fidelity
solution to this problem, providing a more computationally efficient model while also taking into account
the dynamic behaviour of the structures considered.
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Combination of renewables
One of the challenges that come with the rise of renewables is their intermittent nature and the space
they require [27]. Some research has addressed these challenges by combining multiple renewables
in an offshore farm, as doing so could diversify the energy mix and improve the area’s use efficiency
[14, 41]. An example of such a layout can be found in Figure 1.3. For solar in particular, it is expected
that irradiance at sea is higher due to the reflection of sunlight on the sea, and that efficiency will be
higher due to the cooling effect of the sea [14]. Additionally, infrastructure could be shared which could
lower costs. Some preliminary studies regarding offshore solar and Wave Energy Converters (WEC)
in combination with wind have been performed. However, due to their high costs, these innovative
technologies are not expected to compete with offshore wind until 2050, but they may provide a solution
to the problems mentioned above and may therefore be commercialised sooner [14].

Figure 1.3: The combined wind and solar farm from López et al. [41]

1.2. Research objective
The objective of this research is to assess the feasibility of using a shared mooring system, combining
offshore Photovoltaics (PV) energy within a floating wind farm in deep water. The combination of these
two topics is not present in the reviewed literature and would therefore be a contribution to the existing
knowledge. It could be a cost-effective solution by reducing the amount of line material and anchors,
while efficiently utilising the available space and reducing the intermittency problem.
The following research question has been defined to reach this objective:

”What is the feasibility of using a shared mooring system within a hybrid renewable farm, combining
floating wind and floating solar?”

To answer this main question, the following subquestions have been defined:

1. What are the existing methods of modelling shared mooring systems of floating wind farms?
2. Which factors are important for modelling a shared mooring system for a floating wind farm?
3. What is a computationally efficient and feasible way of modelling a (preliminary) design of a float-

ing wind farm in combination with floating PV?
4. Is a shared mooring system feasible for hybrid renewable energy farms? If so, in which configu-

rations?

Below, a graphical representation of the research done is given:
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Figure 1.4: Graphical representation of the research questions and research plan: Dark green represents the research
question, light green the subquestions, and blue the means to answer these questions.

1.2.1. Report outline
This thesis starts with an introduction to offshore mooring in Chapter 2, after which the theory used can
be found in Chapter 3. The structures and configurations considered to evaluate the feasibility of the
shared mooring systems in this thesis are elaborated on in Chapter 4. The methodology and the model
used is explained in 5. The results found using the methodology and model are presented in Chapter 7,
after which these are discussed in Chapter 8. Final conclusions are made in Chapter 9. Suggestions
for future research are made in Chapter 10.



2
Background

This chapter provides a brief summary of the different aspects of mooring. It aims to give insight into
the parameters that affect a mooring system, such as the different mooring configuration types, line
materials and anchors. Mooring systems are designed to keep a floating structure in its intended posi-
tion under the influence of environmental loading, providing a limitation of its (second-order) motions.
Although most of the knowledge and current mooring systems are based on the O&G industry, this
thesis will focus on mooring systems in offshore wind and other renewables.

2.1. Mooring types
Mooring systems are generally divided into two categories; catenary and taut systems. A depiction of
these two systems can be found in Figure 2.1.

Figure 2.1: Left: Catenary system, Right: Taut leg system. [42]

Catenary systems
A catenary system allows the chain or rope to sag in a curve between two anchor points. This shape
allows for the own weight of the line (which partially rests on the seabed) to be used as an added moor-
ing stiffness of the line in case of floater displacement. In case the floater is displaced by a force, the
lower part of the line will be lifted from the seabed, increasing the restoring force due to its own weight.
One of the benefits of the catenary line is that the costs of these systems are relatively low in depths
of up to 500 metres. Additionally, it is a simpler concept and easier to install and maintain. However,
due to the anchors usually only being able to resist horizontal forcing, sufficient space is to be reserved
for the line lying on the seabed. This causes the footprint of a catenary shape to be larger than a taut
system [4]. Moreover, the catenary mooring system can lead to greater platform motions due to its
relatively lower mooring stiffness.

Taut systems
The taut leg system has no line lying on the seabed and relies on the elasticity of the mooring line as
the restoring force in case of displacement of the floater. This provides a smaller footprint compared
to the catenary shape. However, this system also introduces larger tensions on the mooring line and
anchors, as the anchors now also have to account for vertical forcing. Additionally, the taut system
allows the use of less conventional materials, such as polyester fibres or wire instead of chains. Due
to its larger stiffness capabilities, the taut system also makes deeper waters accessible and provides

5
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a better station-keeping ability. Taut systems are generally more cost-effective at greater water depths
due to material costs; the systems are however generally more costly than catenary systems in terms
of their engineering, installation, and maintenance [4, 42].

A variant of the taut system is the Tension Leg Platform (TLP), which relies on a buoyant structure that
is held in place by vertically tensioned tendons, or tethers of steel or synthetic fibres. The tension of
the tendons or risers keeps the system in its place, providing excellent heave stability. It also requires
a smaller footprint for the system to be installed. The differences between the systems can be found
below in Figure 2.2:

Figure 2.2: Catenary, taut and TLP system [9]

Apart from the choice of the shape of the system, mooring systems can either be configured as a spread
mooring (SM) system or a single point (SPM) system. An SM system allows for the mooring lines to
be attached to various positions of the floater, while an SPM system connects one or more lines to the
centre of rotation of the floater (usually in a turret configuration, see Figure 2.3 which allows the floater
to weathervane.

SM systems have enhanced stationkeeping capabilities over an SPM due to the multiple mooring lines
carrying the loads, reducing the systems’ motion. Additionally, it provides redundancy in the case of a
mooring line failure. SM systems do however provide higher costs due to more necessary equipment,
increasing costs in terms of installation and maintenance with it. SPM systems have the benefit of
simplified installations. Since fewer anchors and lines are generally needed, costs will be reduced.
These systems do however provide less precise stationkeeping, as they rely on a single anchor point.
This also means that in case of line failure, the system has a higher risk of colliding with other systems.

Figure 2.3: Turret configuration for a SPM system [16]
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2.1.1. Configurations
Multiple configurations are possible within the systems depicted above, as can be seen in Figure 2.4:

Figure 2.4: Multiple mooring line configurations [28]

Where the configurations are as follows:

(a) Taut
(b) Taut spread
(c) Catenary
(d) Catenary spread
(e) Single Anchor Leg Mooring (SALM)
(f) Catenary Anchor Leg Mooring (CALM)
(g) Lazy-S

Where (e), (f), and (g) are the more exotic configurations. The SALM, CALM and lazy-s configurations
are systems used in O&G operations for offloading oil and other hydrocarbons, as well as a temporary
mooring for vessels by using buoyant elements (depicted by the circles) and clump weights (squares)
to reach a desired mooring stiffness.

2.1.2. Use in renewables
The development of mooring systems for renewables, in particular offshore wind, is currently in its
early stages. Although the O&G industry can provide knowledge, additional research is necessary to
reduce costs, due to differences in scale, size, and nature of renewables. All three commercial floating
wind farms (Kincardine, Hywind, and Windfloat Atlantic) are installed with a spread catenary mooring
system. Windfloat Atlantic uses fibre line segments as its main component of the mooring line, whereas
the other two use chain segments [11, 12, 24]. Other types of mooring systems exist for floating wind.
One of them is the EcoTLP, which is a TLP concept currently in development for deep water conditions
[7].
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Figure 2.5: The EcoTLP concept [7]

2.2. Anchors
Depending on themooring configuration, water depth, seabed conditions and required capacity, various
anchor types have been developed over time. An overview can be seen below in Figure 2.6.
Currently, all operational commercial floating wind farms make use of catenary systems. Since in that
case, the Drag embedded anchor (DEA) is a logical and cost-effective choice, this system is therefore
used by Kincardine and WindFloat Atlantic [12, 24]. The Hywind Scotland Farm uses suction piles [11]
due to its shared anchoring, which requires anchors to resist loading from multiple directions.

Figure 2.6: Various anchor types [46]

Drag embedded anchor
The drag-embedded anchor (DEA) is currently one of the most used types of anchoring due to its
simple installation, costs, and performance [42]. It consists of a bearing plate (fluke) attached to a
shank that is connected to the mooring line. Because of the angle of the fluke, soil failure occurs by
dragging the anchor through the soil, ensuring self-embedment. The DEA was initially designed for
temporary moorings, but has since been improved and is now often used for permanent mooring. One
of the downsides however is that a DEA does not have a large vertical capacity in comparison to its
horizontal capacity, although this is dependent on the soil type and penetration depth of the anchor. It
is mostly only suitable in combination with a catenary mooring system, and the positioning accuracy
during installation of the system is relatively low compared to suction and driven piles. It is however
fairly easy to install and has a large holding capacity in comparison to its weight.
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Figure 2.7: DEA from Delmar systems [21]

Suction pile
Similar to a driven pile, the suction pile is a hollow cylinder. The difference is that the top end of the
cylinder is closed off by an end-cap and their wall thicknesses are typically lower since there is no
hammering required. It can therefore also be installed in deeper waters as opposed to driven piles, as
hammer equipment cannot reach ultradeep waters. Installation begins by self-penetration of the pile
due to its weight, with up to 60% of its length embedded [2]. After a succession of self-penetration,
water is pumped out of the top end of the pile by a Remotely Operated underwater Vehicle (ROV) to
create suction to finalize the embedment of the pile into the soil.

(a) A suction pile being installed [23] (b) A driven pile being installed [6]

Figure 2.8: Installation of suction and driven piles

2.3. Line types
The industry currently uses a wide range of line types for mooring structures, employing both traditional
and more modern options. Materials are selected based on their strength, cost, and durability since
they must be able to withstand environmental conditions throughout their lifespan.

Chain
Chains have been the most used type of line in the offshore industry. These lines consist of heavy-
duty shackles made of high-strength steel links. Sorted in chain grades (from R3 to R5), they all
have different strengths and thus Minimum Breaking Loads (MBLs). An overview of chain diameter vs
their MBLs can be found in Figure 2.9. Chains can be manufactured with studs inserted between the
links, which increases their weight and hydrodynamic drag but also makes them less prone to fatigue.
Studless chains are currently mostly used in deep water moorings.
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Figure 2.9: Different chain diameters with their corresponding MBL for different chain grades [42]

Wire rope
In deeper waters, the use of chains becomes less feasible due to their weight per meter. An alternative
for these conditions is to use wire rope, since it is lighter and more elastic than chains. Wire rope comes
in several types, ranging from six to eight-strands to spiral strands, see Figure 2.10. Spiral strand is
usually used for permanent mooring, and therefore also has a sheathed option to prevent corrosion.

Figure 2.10: Different types of wire rope [42]

Synthetic rope
An even more lightweight and commonly used option is synthetic mooring line. The most common syn-
thetic line is polyester rope, however, numerous alternatives such as nylon, high-modulus polyethylene
(HMPE), and Aramid (used in Kevlar) exist for mooring systems. Synthetics have become the most
used line for taut systems in deep and ultradeep waters. These materials provide higher strength than
steel and are more fatigue resistant against load cycles. They do however degrade more over time
and are influenced by temperature, which poses maintenance challenges over its lifetime. Additionally,
unlike wire rope and chain, synthetic ropes exhibit nonlinear stress-strain properties, which depend on
time, tension and temperature. The line will, after pre-tensioning, be longer than the fabricated length.
Moreover, after the first high-tension load such as in extreme weather, it will elongate even more. This
will have to be taken into account during the engineering phase of a design.

Figure 2.11: Example of a stress-strain curve, taken from Weller et al. [47]
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Figure 2.12: Composition of a polyester rope



3
Theory

Floating offshore structures are subjected to extreme environmental loading, such as wind, currents
and in particular, waves. This necessitates an accurate description of the motions and loadings on
such a structure for a reliable design. Design restrictions, in particular for floating wind turbines, are the
maximum nacelle accelerations of the turbine itself, the minimum bending radius of the power cable,
as well as the MBL of the mooring lines. This chapter provides an overview of the applied theory in this
thesis, first describing mooring theory, after which an overview of the environmental loading is given.

3.1. Mooring theory
Before conducting an extensive analysis of the mooring system of a floating structure, accurate mod-
elling of the mooring lines and the entire system is essential to achieve a realistic representation. The
foundational approach to mooring line modelling relies on the catenary equation; however, more ad-
vanced numerical methods are also being used nowadays in the industry. Below, an overview of
different mooring modelling methods is given, alongside an explanation of catenary theory.

3.1.1. Analytic catenary equation
The analytic catenary equation is a static approach for solving the tensions and shape of the mooring
line. Considering a small element of a mooring line in a 2-D plane as shown in Figure 3.1, with V being
the vertical (z-axis) external force component, and H being the horizontal (x-axis) force component
of the external force of the mooring line at the fairlead. W is defined as the weight in water, s the
(unstretched) Lagrangian coordinate and T the tension in the mooring line [36].

Figure 3.1: Small element of a mooring line as found in Jiang et al. [36]

To find the shape and restoring forces for the line, the horizontal and vertical forces will have to be in
equilibrium with the line tension [36]:

T
dx
dp

= H (3.1a)

12
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T
dz
dp

= V −W
s

L
(3.1b)

Where p is the stretched coordinate and T is defined by Hooke’s Law, using the elastic stiffness of the
material and its deformation:

T = EA

(
dp
ds

− 1

)
(3.2)

Using the rewriting found in Jiang et al. [36] for x and z, the equations for finding the catenary shape
can be found:
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 (3.4)

With s being the instantaneous position within the coordinate system, L the total length of the mooring
line, and EA the axial stiffness of the material. The first part of the right side of Equation 3.3 and
Equation 3.4 represents the elastic stretching of the mooring line, while the second part describes the
parabolic shape of the mooring line caused by its own weight.
Given the total line length and its boundary positions relative to the origin, this leads to the final hori-
zontal distance l and vertical distance h:

l =
HL

EA
+
HL

W

[
asinh

(
V

H

)
− asinh

(
V −W

H

)]
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As can be seen from Equation 3.5 and 3.6, the horizontal and vertical distance are dependent on the
horizontal and vertical forcing, with the vertical forcing assumed equal to zero. If one wants to know the
distances from anchor point to fairlead point of the floater, the horizontal restoring force can be found
using a numerical iteration process with initial guesses for the suspended length L and restoring force
Fhor using the equations above:

xsusp =
FhorLsusp

EA
+
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W

[
asinh

(
Fvert

Fhor

)
− asinh

(
Fvert −W

Fhor

)]
(3.7)
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(3.8)

For the total horizontal distance from the anchor point to fairlead, the following is used:

xtotal = Ltotal − Lsusp + xsusp (3.9)

Suspended (shared) line
A shared line, fully suspended from the seabed, can be modelled with the same catenary equation as
from above by coupling two catenary-shaped mooring lines at their lowest points (normally the anchor
points), with one of the catenary shapes mirrored over the x-axis. The shared line has a simplified
calculation, as it can be assumed that Ltotal = Lsusp for each part of the line, leaving only one unknown
(Fhor) left to be solved.

3.2. Mooring Modelling Fidelities
Below an overview of different modeling techniques for mooring design is given. Although different
definitions are given in the literature for modelling techniques, for example, described by Davidson and
Ringwood [28] and Lehmann [39], the definition of each modelling technique in this report is taken from
Bureau Veritas [13] and OrcaFlex [17].
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3.2.1. Static approach
The static analysis represents the simplest form of modelling a mooring line. By assuming static equi-
librium between the mean environmental loading (static loading) and the total restoring mooring force,
a relation between the displacement of the structure and the mooring force can be found. Static load
restoring curves are calculated using the catenary equation. This modelling approach is nowadays
barely used in the offshore industry, as more sophisticated software is available that captures dynamic
forcing. Nevertheless, static analysis still finds its utility in the initial phases of a design.

3.2.2. Quasi-static approach
As defined by Lehmann [39], the Quasi-static approach takes the dynamic wave loads into account by
offsetting the floater by a distance defined by a statistical analysis of the wave motions.
The method still relies on a certain mean displacement based on the static equilibrium, however, an ex-
tra displacement is added which is derived from the Response Amplitude Operator (RAO), determined
by the sea state and the response function of the floater [39]. This method still ignores all dynamic
effects. The Quasi-static approach is also rarely used for the final design in the offshore industry, but
can again be used in the preliminary stages.

Figure 3.2: Quasi-static modeling vs dynamic modeling [28]

3.2.3. Quasi-dynamic approach
The Quasi-dynamic approach involves a time-domain (TD) simulation of the mooring system under en-
vironmental loads. It models the mooring lines as non-linear massless springs, modelling the tensions
as derived from the static catenary equations from the static approach. It is assumed that there is no
overlap between low-frequency components and wave frequencies when calculating wave loading and
can therefore be evaluated separately and summed at each time step.

The dynamics of the floater are evaluated at each time step using the equations of motion to evaluate
the position of the floater. The tensions in the mooring lines are then assessed using the static cate-
nary responses. The benefit of this method is that the static responses can be pre-calculated, saving
computing power.

For this approach, it is assumed that the mooring system is not in resonance with the wave frequency
and that out-of horizontal-plane low-frequency motions are negligible. Moreover, it is assumed that hor-
izontal and wave frequency phenomena do not coincide. According to Lehmann [39], this assumption
is reasonable if the resonance period of the mooring system in surge, sway and yaw is greater than 5
times the zero-up crossing period of the wave.
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3.2.4. Dynamic approach
The full dynamic approach for modelling mooring lines is considered to be the most accurate in the in-
dustry due to the fact that it entails all dynamic effects, including nonlinearities. A full dynamic approach
has different methods of modelling the mooring line:

1. Lumped mass method
2. Finite Element Method
3. Finite Difference Method

Figure 3.3: Representation of the lumped-mass method as found in Davidson and Ringwood [28]

Due to the high number of degrees of freedom in the simulation, this modelling approach comes at a
high computational cost. It is currently the most used standard within the offshore industry. Additionally,
there is the option of a coupled and uncoupled analysis. Nowadays, a coupled analysis is considered
to be a necessity in terms of the complexity of the systems.

Coupled analysis
A coupled analysis allows for the mooring system to not only apply a restoring force on the floater but
also to apply damping and inertia loads. There is, so to say, a direct coupling between the vessel’s
motions and all dynamic loads of the mooring system. This coupling is nowadays mostly used in deep
water mooring analysis, as the damping and inertia of the mooring system play a large role.
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3.3. Environmental loading
A floating offshore structure, loaded by environmental forces such as waves, wind and current, de-
mands an accurate enough description of its motions and loadings to design confidently. In particular,
for a floating wind turbine, the design restrictions must be met for the electrical cable, which has a
minimum bending radius and maximum nacelle accelerations. Knowing these restrictions and the met-
ocean conditions on the intended location, a specific mooring system can be designed to meet these
restrictions.

Figure 3.4: Environmental loads on a FOWT [42]

The environmental forces depicted in Figure 3.4 can be calculated in different ways, ranging from low
accuracy and computational cost to high fidelity and time-consuming simulations. In this chapter, only
waves are discussed, as these have the most significant impact on the loading of a floating structure.

3.4. Descriptions of waves
Waves are depicted as wind waves and swell. Wind waves are generated by wind blowing on the water
surface, causing ripples which, over time and length (called fetch) can turn into large waves. As these
waves are generated locally, they are also called local waves or sea waves [42]. If the wind blows for
a long time, the waves can travel over a longer duration of time. These so-called swells can therefore
travel to other local systems. The wavelengths of these swells are not significantly affected by the local
winds.

Depending on the type of structure and the sea state, different wave theories can be used for describing
waves. The most basic theory is the Linear (Airy) wave theory. However, also nonlinear waves such as
Cynoidal, Stokes’ second, third, and fifth order wave theories can be used. These all describe a regular
wave; however, because of their non-linear nature, they cannot be applied in a spectrum. Therefore,
the industry still relies heavily on linear wave theory, which is applicable in the case of deep water.

3.4.1. Linear wave theory
Linear wave theory is a simplified method of describing waves, where the assumption has been made
that waves are small and perform a sinusoidal motion. The height of the water surface (water elevation)
can be described by the following:

ζ = ζa cos(kx− ωt) (3.10)

Where ζ is the elevation, ζa is the amplitude of the wave, k is the wave number, x is the position where
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the sea elevation is evaluated, and ω is the wave frequency. The wave number k can be expressed as

k =
2π

λ
(3.11)

Where λ is the wavelength, which for deep water is equal to:

λ =
gT 2

2π
(3.12)

With T being the wave period, and g being the gravitational constant. ω can be given by:

ω =
2π

T
(3.13)

The total wave height H can be expressed as H = 2 ∗ ζa. A depiction of this wave can be found in
Figure 3.5.

Figure 3.5: Representation of a linear wave

3.4.2. Wave spectra
In the offshore industry nowadays mostly irregular wave spectra are used for the determination of the
environmental loading. One of the most used spectra is the JOint North Sea Wave Project spectrum,
also known as JONSWAP. The JONSWAP spectrum is based on measurements of waves in the North
Sea and gives a realistic representation of the distribution and wave energy across a spectrum of wave
frequencies. It was originally derived from the Pierson-Moskowitz spectrum with an additional shaping
factor, see Figure 3.6. The complete expression for the JONSWAP spectrum is [33]:

EJONSWAP (f) = αg2(2π)−4f−5 exp

[
−5

4

(
f

fpeak

)−4
]
γ
exp

[
− 1

2

(
f/fpeak −1

σ

)2]
(3.14)

Where:

• f is the wave frequency in [Hz]
• α is the spectral energy parameter
• fpeak is the peak frequency
• γ is the peak enhancement factor
• σ represents the spectral width parameter

Usually, γ is taken with a value of 3.3 and σ as:

σ = 0.07 for f ≤ fpeak, σ = 0.09 for f > fpeak (3.15)

α is dependent on the conditions, however, Isherwood [34] found an equation for the estimation of this
parameter.
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Figure 3.6: Example of a JONSWAP spectrum [33]

3.5. Equations of Motion
The influence of waves, wind, and current can be captured in the dynamics of rigid bodies by using
the Equations of Motion (EoM) of the structure. A rigid body can move in six degrees of freedom, as
depicted by Figure 3.7:

Figure 3.7: Vessel motions in six DOF [38]
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Where the following definitions are given for each motion:

• Surge (x), movement in the longitudinal direction
• Sway (y), movement in the lateral direction
• Heave (z), movement in the vertical direction
• Roll (ϕ), rotation along the longitudinal direction
• Pitch (θ), rotation along the lateral direction
• Yaw (ψ), rotation around the vertical direction

As a rigid body can move in six degrees of freedom, the equations of motion are usually depicted in
matrix form:

(M +A)ẍ(t) +Bẋ(t) + Cx(t) = Fext(t) (3.16)
In hydrodynamics, the EoMs of a vessel or structure in waves have the following depictions:

• M is the mass matrix of the structure
• A is the added mass, which represents the inertia of the water displaced by the structure
• B is the resistance of the structure to move in the water, also known as hydrodynamic damping
• C represents the hydrostatic forces on the structure due to its weight
• Fext represents all external forces on the structure

The EoMs can be solved in both TD and FD, although in FD the system will have to be linearized.

3.6. Wave loading
The wave loading on a floating structure can be simulated with the use of various methods. Three
methods are well-known and used in the industry:

• Morison’s equation
• Diffraction-radiation theory
• Computational Fluid Dynamics

Morison’s equation is used in the case of a slender (in comparison to the wavelength of the waves) struc-
ture, which is drag and inertia-dominated. If high accuracy is demanded (in the case of breaking waves
for example), Computational Fluid Dynamics (CFD) come into play, with large computational cost as
its main downside. It is however the most complete and accurate description of wave loading, as it em-
ploys the full viscous Navier-Stokes equation. For high-volume structures such as semi-submersibles,
the hydrodynamic problem can be split into two problems, called the diffraction and radiation problem.

Diffraction
The diffraction force is the force that is exerted on a structure by the waves, assuming that the structure
itself is fixed. The wave force Fw can be split in two different forces:

Fw = FFK + FD (3.17)

Where FFK is called the Froude-Krylov force, and FD is called the diffraction force. The Froude-
Krylov forces are the forces introduced by loading the structure with the waves. These waves are then
diffracted, as the structure is impermeable, which introduces the diffraction force. Both are obtained by
integrating the water pressure over the submerged surface of the structure.

Radiation
The radiation problem represents the structure moving with the frequency of the incoming wave field,
assuming no waves are present. The moving of the structure introduces waves by itself and therefore
produces the added mass, damping, and hydrostatic restoring coefficients.

The diffraction-radiation problem is solved by using Linear potential flow theory, which uses the simpli-
fied Navier-Stokes problem with a set of boundary conditions and assumptions to describe a velocity
potential field (Φ). This velocity potential field can be used to solve the flow of a fluid in every direction.
The calculation of the forces, moments, and hydrodynamic coefficients is often done by using the
Boundary Element Method (BEM), which meshes the surface of the structure into panels (typically
triangular or rectangular) to integrate the potentials over it, using Green’s function [38].
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3.6.1. Response Amplitude Operator
In the maritime and offshore industry, a vessel or structure’s motion is usually depicted by the Response
Amplitude Operator, also known as RAO. An RAO is a transfer function that describes the relation
between a wave spectrum and the motion response to these waves:

RAO(ω) =
xa(ω)

ζ(ω)
(3.18)

Where xa is the motion amplitude and ζ is the wave elevation amplitude. It gives a convenient insight
into how a vessel or structure behaves in the offshore environment. Integrating over a range of frequen-
cies (spectrum) will give the full RAO, from which the response spectrum Sxx of a structure loaded by
the wave spectrum Sζζ is given:

Sxx(ω) = |RAO|2 · Sζζ(ω) (3.19)

RAOs are generally the resulting output of radiation-diffraction software tools.

3.6.2. Drift loads
The responses of a structure in waves consist of first, second-order, and higher-order wave forces.
Above, a description of the first-order wave force is given by the diffraction-radiation theory. Higher-
order terms are usually omitted, as these cause small loads on structures. The second-order wave
force however does present a significant effect on the total loads on a structure, also known as drift
loads. Drift loads are especially important for moored structures, as this drift will cause a displacement
of the structure which the mooring system will have to oppose.

The second-order wave drift force consists of low-frequency components and high-frequency compo-
nents. The low-frequency components contain the mean wave drift loads and frequency difference
components. High-frequency components, also known as sum frequency loads, are mostly calculated
in the case of stiff structures such as TLP designs.

The second-order wave drift force is a quadratic force dependent on the wave amplitudes of a pair
of wave components. The contribution to the drift force is proportional to the frequency difference of
these two wave components. If the wave components have the same frequency, it gives a constant
contribution called the mean wave drift force. This mean wave drift gives a mean offset under a certain
load. Wave components that differ from each other in terms of frequency give rise to low-frequency
load contributions, which determine the slow drift motion of a structure. The wave components with
low-frequency differences usually give the highest slow drift motion. The wave components with large
frequency differences are usually less important.

There are two different methods for calculating the drift force, far field, and near field approach, de-
scribed by Newman [43] and Pinkster et al. [44]. Far-field gives onlymeanwave drift force, the near-field
approach also contains the frequency-difference components. These components are usually given
in the Quadratic Transfer Function (QTF), which is calculated in diffraction-radiation potential software.
For the calculation of the mean wave drift force, only the diagonal of the QTF is necessary.

Conclusion
Based on the introduced theory and modelling methods, it was decided to design a Quasi-dynamic time
domain model, making use of the static catenary equations to acquire the mooring forces in the system.
For the modelling of the motions and loadings of the floating structures, the equations of motion will
be solved using hydrodynamics, making use of linear wave theory. The model will be able to simulate
irregular waving, from which the first-order wave forces and second-order mean wave drift forces will
be calculated. Wind and current loading is left out of the model to keep the project within scope.



4
Case study

This chapter describes the structures considered for this study, including the mooring line properties
and configurations considered. The structures used are existing concepts, out of which the solar floater
model was recreated due to no data being available.

4.1. Floating wind structure
The semi-submersible platform from the University of Maine, known as the Umaine VolturnUS-S as
found in Allen et al. [25], was used for the modelling of the floating wind turbines. A render of this
floater is shown in Figure 4.1. The choice of this turbine and its semi-submersible platform was made
based on its publicly available data and its potential to accurately represent the trend towards larger
turbines in the offshore industry. Additionally, this turbine has been the subject of extensive research,
providing benchmark data for future research.

Figure 4.1: The UMaine VolturnUS-S reference semi-submersible platform [25]

The semi-submersible supporting the 15MW turbine consists of four columns: one central column and
three radially spaced columns. Three catenary mooring lines are used to install the turbine at a depth
of 200 metres. The platform is designed to have a 20-metre draft and a 15-metre column that is not
submerged, resulting in 35-metre-long columns.

A general overview of the specifications of the turbine can be found in Table 4.1:
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Property Value Unit
Turbine Rating 15 MW
Hub height 150 m
Length 90.1 m
Width 102.1 m
Height 290 m
Draft 20 m
Total mass 20,093,000 kg
Platform mass 17,839,000 kg
Tower mass 1,263,000 kg
RNA mass 991,000 kg
Water Depth 200 m

Table 4.1: System specifications taken from Allen et al. [25]

The dimensions of the wind turbine can be found below in Figure 4.2.

Figure 4.2: Dimensions of the VolturnUS semi-submersible [25]

4.1.1. Mooring system
The three catenary chain mooring lines are hooked up to the fairlead points of the platform. These
fairlead points are placed at the outer ends of each one of the outer columns at 14 metres depth below
Mean Sea Level (MSL). The lines are of a grade R3 studless chain with a nominal diameter of 0.185
m. Full properties of the mooring system can be found in Table 4.2
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Property Value Unit
MBL 22,286 kN
Chain diameter 0.185 m
Mass per unit length 685 kg/m
Axial stiffness 3,270 MN
Line length 850 m
Fairlead pretension 2,437 kN
Anchor Depth 200 m
Fairlead depth 14 m
Anchor radial spacing 837.6 m
Fairlead radial spacing 58 m

Table 4.2: Mooring system properties, taken from Allen et al. [25]

4.2. Floating solar structure
For the modelling of the solar panels, no reference data was available of any existing concept. It was
therefore chosen to recreate a model based on the Tractebel Seavolt concept. The Seavolt concept is
a semi-submersible structure design, based on four equally spaced columns. The topside is covered
with solar panels. The benefit of this concept is that the solar panels are far above sea level, protecting
the panels from the harsh offshore environment.

Dimensions were drawn based on existing renders of the concept. The structure, depicted in Figure 4.3,
consists of four floaters of equal diameter arranged in a square formation. The dimensions used for
the modelling of the floater can be found in Table 4.3:

Figure 4.3: The Seavolt concept on which the model is based

Property Value Unit
Topside length 42 m
Column diameter 2.4 m
Spacing between columns 24 m
Height floater 17.5 m
Draft 6.5 m
Fairlead depth 6 m
Total mass 115,200 kg

Table 4.3: Dimensions of modeled structure

4.2.1. Mooring system
The mooring system of the floating solar system was designed from a derivative of the mooring system
of the base case of the Volturn US-S floater. Three options were considered; a regular catenary chain,
a wire rope, and a polyester rope. The lines were scaled to a configuration of 16 connected floaters, in
order to represent a large scale solar farm.
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The catenary chain properties of the solar floater were determined by scaling the mass per unit length
of the Umaine base case to the total mass of the floating solar array. As the mass of 16 floaters
equals 1843.2 tonnes, this leads to a scaling of 1/10.92. Next, the mass per unit lengths were scaled
accordingly to the number of lines attached to each floater. In the case of the solar floater, this led to a
ratio of 3:4 turbine lines versus solar floater lines. For the wire and polyester rope configurations, the
properties were scaled by 2x the MBL of the catenary chain as a conservative choice. An elaboration
on the derivation of these properties can be found in Chapter 5. The properties found are depicted in
Table 4.4.

Chain Wire Polyester
Property Value Unit Value Unit Value Unit
MBL 1,886 kN 4,053 kN 3,853 kN
Diameter 0.049 m 0.08 m 0.15 m
Mass per unit length 41.52 kg/m 22.24 kg/m 4.55 kg/m
Axial stiffness 205,000 kN 258,000 kN 24,520 kN

Table 4.4: Mooring properties catenary chain solar floater

4.3. Configurations
For this study, multiple arrangements of the floaters were considered. These arrangements were based
on the study of Goldschmidt and Muskulus [31] and Connolly and Hall [26], and adjusted to allow the
addition of the floating solar structures in between. The configurations used are described below, with
top views of each configuration at the end of this section.

4.3.1. Configuration 1
The first configuration consists of two turbines placed 1000 metres apart, interconnected with one solar
floater array consisting of 16 floaters. Each turbine has two anchored lines and one shared line that
connects them in order to give the turbines a larger mooring stiffness to limit displacements. It should,
however, be noted that in this configuration, the turbines are approximately four turbine spacings apart.
As this would introduce significant wake effects in downstream turbines, this configuration is impractical
in reality. In the case of a smaller turbine, this configuration would be more realistic since the smaller
rotor diameter would reduce the wake effects, allowing a smaller turbine spacing. Therefore, this con-
figuration was researched nevertheless, to be able to have an indication of the behaviour of such a
setup.

Figure 4.4: Configuration 1 side view

4.3.2. Configuration 2.1-2.5
The second configuration of the model incorporates additional floating solar arrays within a turbine
spacing of 2000 metres, equivalent to approximately eight rotor diameters. It was not considered eco-
nomically viable to apply a shared mooring line between the two turbines, since that would require
significantly longer lines compared to conventional mooring methods. Hence, the choice was made to
conventionally moor the wind turbines, while only the solar floaters’ mooring system would be using a
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shared mooring system across the layout. The increased turbine spacing allows for the introduction of
more solar floaters into the overall system. Multiple subconfigurations were taken into consideration in
order to explore various possibilities, increasing the number of solar floaters to a maximum of five, as
is depicted in Figure 4.5-4.6.

Figure 4.5: Configuration 2.1 side view

Figure 4.6: Configuration 2.5 side view

Top views

(a) Configuration 1

(b) Configuration 2.1 (c) Configuration 2.5

Figure 4.7: Top views of each configuration
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Method

This chapter describes the methodology used in this research. First, the Quasi-dynamic model is
described, which was built to model the configurations found in Chapter 4. To acquire the hydrodynamic
data required as input for the model, a diffraction analysis was done on both the turbine and the solar
floater using OrcaWave, a widely used diffraction and radiation analysis software package developed
by Orcina. By using the Python API of OrcaFlex, a software package used by the marine industry for
dynamic analysis, the hydrodynamic data was imported into the model.

5.1. Quasi-dynamic Model
As was introduced in chapter 3, the Quasi-Dynamic model is a hydrodynamic time domain model which
simulates the responses of floating structures and their mooring systems while disregarding the dynam-
ics of the mooring lines. The mooring lines are considered as non-linear springs, which only induce
the forces that are based on the static restoring force of the catenary equation. The dynamics of the
floating structure are calculated using the EoMs. The model then acquires a time series of the motions
and loadings on the floating structures considered next to the line tensions of each mooring line. A full
description of the quasi-dynamic model can be found in the Bureau Veritas NR493 guidelines [3].

The model built can be represented by Figure 5.1, of which the orange boxes represent data from
OrcaFlex/OrcaWave, the green parts are self-modelled inputs, and the yellow parts represent forcings.
The designed model solves the Equation of Motion using the Runge-Kutta 45 method, which is an ex-
plicit time-domain solver giving two solutions in the order of 4 and 5. This allows varying step sizes,
which makes it an accurate and computationally efficient method of solving the system [20].

The EoM that is solved in the model is equal to:

(M +A)ẍ(t) + Cẋ(t) +Kx(t) = Fwave(t) + Fmooring(t) (5.1)

Where Fwave is represented by both the 1st order and mean wave drift forces, and Fmooring is repre-
sented by the static restoring force of the mooring lines. The vector x represents all the DOF contained
in the system in surge and sway.
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Figure 5.1: Overview of the quasi-dynamic model

5.1.1. Assumptions within the model
To stay within scope of the project, the Python model was built around some assumptions, which could
lead to limitations of the model itself. These assumptions are listed below; some of them are explained
below in more detail. The limitations due to the most important assumptions of the model are assessed
in Chapter 6.

1. The static restoring force of the mooring lines
2. The mean wave drift forces
3. The constant added mass and damping for irregular waving
4. The linear axial stiffness of the mooring lines
5. A constant depth (no variation of the seabed) is assumed
6. The anchors were assumed to be static and rigid, neglecting the displacements and deflections

of these anchors.
7. Potential seabed friction coming from the lines scraping the seabed is neglected.
8. No slacking of the mooring lines
9. Linear wave theory is used for the modelling of waves

Static restoring force
The implication of using the static restoring force is that the dynamic forcing of for example the wave
loading and displacements of the floaters will not be fully coupled to the mooring lines. This could
lead to an underestimation of the dynamic tensions in the mooring lines and therefore is considered a
limitation. The quantification of this limitation is done in the verification in section 6.1.

Mean wave drift force
In conventional hydrodynamic models, the full QTF is utilized using Newman’s approach or the fully
calculated QTFs through diffraction analysis (see Chapter 3). However, in this project’s scope, only the
diagonal terms of the QTF, obtained from diffraction analysis, were taken into consideration. Conse-
quently, only the mean wave drift force was considered to capture the second-order wave drift forces
present in the environmental loading. Slow varying drift forces are therefore not captured in the model,
which could lead to an underestimation of the dynamics. The impact of this assumption is assessed in
section 6.5.
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Constant damping and added mass
Most hydrodynamic time-domain models incorporate frequency-dependent added mass and damping
terms to capture the hydrodynamics of a structure, such as OrcaFlex. This is achieved using an Impulse
Response Function (IRF), which is a function dependent on the hydrodynamic damping and added
mass. This is applied on the EoM at each timestep by using a convolution integral to account for the
past motion of the structure. To stay within scope, constant damping and added mass were chosen.
These values were chosen at the frequency corresponding to the highest load RAO. The implications
of this assumption is evaluated in section 6.5.

Axial stiffness of the mooring lines
The values of the axial stiffnesses are based on the values from the line wizard of OrcaFlex and are
assumed linear. The values of the chain, polyester and wireline types have been based on catalogue
data [19]. For polyester rope in particular, it has been assumed the lines have been subjected to the
following conditions to have more realistic data:

• pre-loading: The ropes are loaded to 50% of the MBL, after which they are untouched for 24
hours. This ensures consistent and repeatable elastic behaviour

• slow-varying loads, to account for second-order forces
• soaked lines, to account for the wet conditions

For the calculation of the average performance of the lines, stress-strain figures have been used, by
taking the tangent of the stress-strain curve at 10%mean extension. An example of such a stress-strain
curve can be found in the theory in Chapter 3. Although these values have been carefully determined,
it is still an estimation of the real behaviour due to its linear approximations of the axial stiffness. The
dynamics of the system could be different in reality, as it followed from Chapter 3 that synthetic lines
exhibit nonlinear behaviour which is influenced by numerous factors. The limitation of this assumption
was not assessed in this research to stay within scope.

5.2. Floater modelling
The solar concept (see Chapter 4) was modelled using multiple configurations. Options of one, four,
and 16 floaters were considered for this study.

Rigid assumption
The final design chosen has 16 solar floaters rigidly connected to represent a large solar farm. In reality,
the concept would have hinging connections, allowing the floaters to move relatively to each other. This
could have significant impact on the total response of such an array. However, the diffraction analysis
used assumes an undisturbed wave for the assessment of the responses. This means that downwave
floaters experience the same loading as the upwave floater, while in reality, the waves’ energy would
be dissipated through the field. Additionally, a hinging connection would introduce damping, dissipating
responses into heat. The rigid assumption was, in this part of the process, considered a valid approach
for modelling the displacements of the solar arrays, due to its overestimation of displacements of the
total structure. For a more detailed approach however, this method is considered insufficient due to
the neglecting of the aforemented damping. Additionally, flexible structures could introduce different
natural frequencies which could influence the behaviour of the systems.

5.2.1. Designing and meshing
The structure of the solar concept was modelled using Rhinoceros 3D [18], a commercial Computer-
Aided Design (CAD) software package developed by Robert McNeel & Associates. The structure con-
sidered consists of four floaters of equal diameter. On top of the floater, a topside is placed for the solar
panels to be installed. For this hydrodynamic study, only the four (cylindrical) floaters are modelled, as
these are assumed to be the only parts of the structure to be in contact with the waves.

A diffraction analysis requires a meshed structure as input. The model from Rhino was therefore
meshed in the open-source meshing program GMSH [10]. For the meshing of the model, a rule of
thumb which is also considered in the guidelines of DNV[5] is used: A panel size is of a maximum of λ

6
, where λ is the smallest wavelength analysed.
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For larger structures, however, this would mean a large number of panels due to the sheer size of it,
increasing computation time. To see if panel sizes could be made larger, a convergence study of the
RAOs has been done in chapter 6. The meshed model of the single floater can be found below in
Figure 5.2

Figure 5.2: Meshed structure using GMSH, viewed in OrcaWave

5.2.2. Diffraction analysis
The diffraction analysis was done using OrcaWave. It calculates the loading and responses of a struc-
ture in waves using linear potential theory. It solves the diffraction and radiation potentials, giving the
following outputs:

• Displacement and load RAOs
• Added mass
• Damping terms
• QTFs

For this study, OrcaWave was used to calculate the potential and source formulations only, meaning
that only the diagonal terms of the QTF were determined. For the wave loading, wave periods of 2 to
50 seconds were considered.

The data obtained by OrcaWave is then used in Python using the OrcaFlex API, which is a tool, coupling
OrcaFlex and Python for automation and batch running. The displacement RAOs were disregarded,
as the actual displacements were solved using the Equations of Motion defined in the Quasi-Dynamic
model. Load RAOs represent purely the Froude-Krylov and diffraction forcings from the diffraction
analysis. The EoMs still need to be solved for the environmental loading present, and can therefore be
used in the model with a variable mooring system, as there is no displacement solved yet.

5.2.3. Floating wind turbine model
The UMaine 15 MW reference turbine semi-submersible was used for modelling the floating wind tur-
bine [25]. For the full system properties, see chapter 4. An existing model of the turbine was already
available. The diffraction analysis was redone, however, accounting for the specific conditions for this
study. The obtained data, just like the solar floaters, was imported into the model using the OrcaFlex
API.

5.3. Static mooring response
The system modelled by the static model is shown below in Figure 5.3. From the use of the catenary
equation (Equation 3.3) from Chapter 3, an initial guess of the shape of the catenary equation can be
found using an estimation of the suspended length Lsusp and the horizontal force Fhor. In the case of
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the shared line, the suspended length is equal to the total length (Lsusp = Ltotal), which simplifies the
system as only one variable is unknown (Fhor). Using an optimizer in Python, the correct forcing and
suspended length are found.

Note that from Figure 5.3, the shared line is modelled as two symmetric lines, coupled to each other at
the midpoint between the two floaters.

Figure 5.3: Setup of shared mooring system in Python

From the equations used, a force-displacement relation can be found for both anchor lines as the
shared line for different displacements of the floater. This relation is used in the Quasi-Dynamic model
to acquire the restoring forces on each floater to keep the structure in its intended position. An overview
of the flow of the calculation of the mooring force can be found in Figure 5.4:

Figure 5.4: Flow of the static mooring force calculation

5.3.1. Wave loading
This study made use of both regular and irregular waves for the description of these waves. The
modelling of these waves was conducted based on the theory presented in Chapter 3. For the irregular
wave loading to be used in the time domain, a JONSWAP spectrum was used. This spectrum was first
discretised in n amount of bins with a width of ∆ω (see Figure 5.5b).
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(a) JONSWAP spectrum (Hs = 4, Tp = 8) (b) Discretized JONSWAP spectrum with 100 bins

Figure 5.5: Comparison of JONSWAP spectra

These bins represent a mean wave frequency with a certain amplitude and phase. The phases are
computed randomly with a seed, while the amplitudes are computed by calculating the energy contained
in the bin. The energy contained in a wave, according to Holthuijsen [33] can be expressed as:

E(ω) =
1

∆ω

1

2
ζ2α (5.2)

Rewriting this equation results in the amplitude of the wave being:

ζα =
√

2E(ω)∆ω (5.3)

Calculating these amplitudes for every bin results in n amount of wave components in the spectrum.
This results in a time series by stacking these wave components on top of each other (see Figure 5.6).

Figure 5.6: Time series of a JONSWAP spectrum

This irregular wave spectrum is then used in the quasi-dynamic model to calculate the first and second-
order wave loading on each structure (see Chapter 3) by using the obtained load RAOs, QTFs, hydro-
dynamic damping, and added mass terms from OrcaWave.
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5.3.2. Load cases
For the design of a mooring system for a FOWT, the same standard for mooring offshore oil & gas
facilities can be used [42]. The only difference in terms of structure is that a FOWT is unmanned, and
the effects of failure are less severe than with conventional oil rigs. Therefore, instead of using the
100-year return period for the environmental conditions, the 50-year return period can be used [42].
Two load cases were selected as those that were thought to have the greatest contribution to the loads
on the floaters, representing a normal operating condition and a severe storm case in the North Sea.
The load cases are partly derived from the study of Li et al. [40]. In the table below an overview of the
load cases can be found:

Hs [m] Tp [s]
Load Case I 4 7
Load Case II 11 11

Table 5.1: Load cases as used in the simulations
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Verification and comparison with

OrcaFlex

Before the results on the configurations defined in Chapter 4 could be generated, OrcaFlex was used
to verify the model developed in Python. The goal of this chapter is to understand the capabilities
and limits of the Quasi-dynamic model built. The verification and comparisons were conducted earlier
in the research before the configurations were defined. The comparisons, therefore, have different
mooring properties and layouts than the configurations defined in Chapter 4.The final comparison using
the irregular waving is however using one of the configurations. The verification should, however, be
independent of the layout.

6.1. Verification of the static mooring response
The layout as displayed in Figure 5.3 was applied to multiple scenarios with different water depths. Next,
the results were compared to the model in OrcaFlex as verification of the static mooring response. To
check the forcing, the left floater was displaced over the x position while the right floater remained in its
static position. A 0.1-metre diameter chain with an axial stiffness of 854000 kN and submerged weight
of 0.17292 kg/m was used throughout the verification process. The length of the shared line was set at
1000 metres. The line lengths of the anchored lines are displayed in the table below:

Water depth [m] 200 400 600 800
Line length [m] 600 750 900 1,050

Table 6.1: Line lengths over different water depths

6.1.1. Sensitivity study over different water depths
Figure 6.1 illustrates the percentage errors of the restoring force for the different water depths, com-
pared to OrcaFlex. The errors are displayed for a range of -40 to +40 metres offset about the static
initial position. The results show a maximum difference of 1.52% between the OrcaFlex and Python
models, which is deemed acceptable. The error was constant and near 0 for the shared line (red),
indicating that the error is not significantly influenced by the shape of the catenary chain. Two notes
can be taken from the error in the restoring force of the anchored lines:

1. As more line length is laying on the seabed (when the displacement of the left floater is negative),
the error becomes larger.

2. A static position of the line (Anchored line 2) gives a small baseline error.

33
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(a) Error at 200-metre water depth (b) Error at 400-metre water depth

(c) Error at 600-metre water depth (d) Error at 800-metre water depth

Figure 6.1: Verification of quasi-static model in OrcaFlex

As shown, the error with OrcaFlex is not constant. Rather, it fluctuates with the displacement of the
floater, around 10 metres of displacement each. This was further researched by varying the segment
lengths in OrcaFlex since the initial segment length within OrcaFlex was 10 metres. Figure 6.2 shows
that the error can be smoothed out by reducing the segment length, increasing the total number of
segments per line. Increasing the number of segments implicitly increases the resolution, increasing
accuracy of the mooring line forces.
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(a) 10m segment length (b) 1m segment length

(c) 0.3m segment length

Figure 6.2: Different line segment lengths in OrcaFlex

Increasing the accuracy in OrcaFlex reduces the error in static response. As OrcaFlex has a maximum
number of lumped masses per line, the most accurate state for the anchored had a 0.3 m segment
length. This results in a maximum error of 0.7%.

The sensitivity study showed that increasing the number of segments, and therefore resolution, in Or-
caFlex led to reduced differences. This indicates correct modelling of the static mooring line response.

6.2. Sanity check RAOs solar floaters
As no hydrodynamic data of a solar floater was available during the research, data was created (see
chapter 5) using Rhino and the diffraction analysis software Orcawave. A sanity check was done on
the RAOs of the model to check the correctness of these results. The checks that were done can be
found below:

• Convergence study on panel sizes
• Interpretation of RAOs

6.2.1. Convergence study panel sizing
To check whether the results of the diffraction analysis performed in OrcaWave contained numerical
errors, a convergence study on the panel sizes of the meshing was done on the single floater. The goal
of this study was to see whether the accuracy of the RAOs would decline if panel sizes would increase.
An increase in panel sizes (and therefore a decrease in number of panels) would lead to a decrease in
computational cost, as fewer calculations have to be done on the total amount of panels.



6.2. Sanity check RAOs solar floaters 36

The smallest wave period considered for this study was two seconds; this was considered conservative,
as usually a marginal amount of spectral energy is left in these periods, which would lead to insignificant
responses.

The panel sizes considered can be found in Table 6.2. As mentioned in Chapter 5, the industry stan-
dard is to use λ/6 as the maximum panel size. A wave period of 2 seconds in deep water leads to
a wavelength of gT 2

2π = 6.245, which leads to a panel size of 1040 mm. A smaller panel size of 750
mm was considered as a verification, to examine if results still deviated with an increase in accuracy.
Increments of larger panel sizes were considered, up until 4000 mm.

The resulting RAOs of the floaters are shown in Figure 6.3-6.6 for surge, sway, and heave. Wave
headings considered were 0◦, 30◦, 45◦, and 90◦ degrees. As can be seen, overall there is not much
deviation between the different RAOs. The only visible discrepancies can be found in the sway RAO
at 0◦ and the surge RAO at 90◦. The observed differences, however, are of such minor magnitude that
these were considered negligible.
It could therefore be concluded that even the largest chosen panel size was sufficient for this study to
work with, as the RAOs are sufficiently reminiscent of each other. This paved the way for a computa-
tionally efficient way to simulate the RAOs of larger configurations of solar floaters (4 and 16 floaters,
as described in Chapter 5.

Panel size [mm] No. of panels
750 6,188
1,250 2,973
2,000 1,263
4,000 1,002

Table 6.2: Different panel sizes and number of panels for a single floater.

Figure 6.3: Convergence of RAOs at 0◦ wave heading
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Figure 6.4: Convergence of RAOs at 30◦ wave heading

Figure 6.5: Convergence of RAOs at 45◦ wave heading

Figure 6.6: Convergence of RAOs at 90◦ wave heading

6.2.2. Interpretation of RAOs
The next step was to check whether the generated RAOs made sense. This was done by analyzing the
peaks in the RAOs present. For this check, only the surge RAOs at 0◦ wave heading were considered.
A maximum wave loading, and therefore a peak in an RAO, can be estimated by assuming that the
maximumwave loading is reached when the wavelengths (or a fraction of these wavelengths) are equal
to the front-to-front distance of the cylindrical columns of the solar structure. This is, in the case of a
single solar floater, 26.5 metres. For example, the crest of a wave with a wavelength of 26.5 metres
will hit the first column, while the second wave (26.5 metres further away) will hit the second column
as well, inducing maximal loading on the structure. A visualisation is depicted in Figure 6.7:
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Figure 6.7: Maximum wave loading occurring at the wavelength λ equal to distances of the columns

A visual representation of the geometries and the corresponding RAOs can be found in Figure 6.8-
6.10. A table of the (fractioned) wavelengths and their corresponding wave periods can be found in
Table 6.3-6.5. The highlighted wavelengths correspond to the original geometry of the floater, while
the highlighted wave periods are corresponding to the peaks in the RAOs. For the configurations with
multiple connected floaters, wave periods of the single floater are also taken as an explanation for the
corresponding peaks in their RAOs.

(a) Corresponding wavelengths and periods to geometries of a
single floater (b) RAO of a single floater

Figure 6.8: Geometry and RAO of a single floater

In the case of the single floater, multiple peaks are visible at wave periods equal to the fractions of the
distances between the cylindrical columns. The largest peaks in the RAOs are therefore justified.

Fractions of
wavelengths [m] Wave period [s]

26.50 4.12
13.25 2.91
8.83 2.38
6.63 2.06

Table 6.3: Corresponding wavelengths and periods to geometries of a single floater
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(a) Corresponding wavelengths and periods to geometries of four
floaters (b) RAO of four floaters

Figure 6.9: Geometry and RAO of the 4 floaters

In the case of 4 floaters coupled, the peaks visible in Figure 6.9 can also be explained by the corre-
sponding geometries of the floaters. The same is true for the case of 16 floaters, which can be found
below in Figure 6.10 and Table 6.5

Fractions of
wavelengths [m] Wave period [s] Fractions of

wavelengths [m] Wave period [s]

42 5.19 68.50 6.62
21 3.67 34.25 4.68
14 2.99 22.83 3.82
10.5 2.59 17.13 3.31
8.4 2.32 13.7 2.96
7 2.12 11.42 2.70

Table 6.4: Corresponding wavelengths and periods to geometries of four floaters

(a) Corresponding wavelengths and periods to geometries of 16
floaters (b) RAO of 16 floaters

Figure 6.10: Geometry and RAO of the 16 floaters
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Fractions
of wave-
lengths [m]

Wave pe-
riod [s]

Fractions
of wave-
lengths

Wave pe-
riod [s]

Fractions
of wave-
lengths [m]

Wave pe-
riod [s]

Fractions
of wave-
lengths

Wave pe-
riod [s]

126 8.98 84 7.33 110.50 8.41 152.5 9.88
63 6.35 42 5.19 55.25 5.95 76.25 6.99
42 5.19 28 4.23 36.83 4.86 50.83 5.71
31.5 4.49 21 3.67 27.63 4.21 38.13 4.94
25.2 4.02 16.8 3.28 22.10 3.76 30.5 4.42

Table 6.5: Corresponding wavelengths and periods to geometries of 16 floaters

From this sanity check can be concluded that the RAOs can be explained by looking at the geometries
of the floaters. The RAOs can therefore be considered valid, and can be used for this thesis.

6.3. Comparison of the model to OrcaFlex
Before the model could be used for simulating the different configurations considered, it was first com-
pared to OrcaFlex. First, the simple case of a single floating turbine moored to the seabed with two
anchored lines (Line 1 and Line 2) is considered (reminiscent of Figure 5.3, but without the shared line).
The second case considers two turbines with a shared line in between the turbines, where Line 1 is
connected to floater 1 and Line 2 to floater 2.

The comparisons are considered with and without second-order wave drift to verify the implementation
of this forcing. A 0◦ wave heading was considered. Therefore, only the surge direction is shown, as
the sway directions were less relevant in this part of the research. Finally, considering irregular waving,
one of the configurations defined in Chapter 4 was compared to OrcaFlex to assess the limitations of
the final model.

1. Single floater only first-order wave loading
2. Single floater including 2nd order wave drift (QTFs)
3. Two wind turbines with only first-order wave loading
4. Two wind turbines including 2nd order wave drift
5. Assessment of limitations using irregular waving

As the introduction of wave drift did not produce any noticeable differences compared to the others,
comparison 4 has been moved to Appendix A. For the linear waves, wave periods considered were in
the range of 2 up to 50 seconds with a wave height of H = 3m. All regular wave cases consider the
maximum and mean displacements and tensions of the turbines and their lines.

6.3.1. Single floater, only first-order wave loading
For the single turbine, first, the wave loading is considered without wave drift to validate the implemen-
tation of the first-order wave loading.
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(a) Maximum displacement (b) Percentage difference in maximum displacements

(c) Mean displacement

Figure 6.11: Displacements considering only first-order wave loading

As depicted in Figure 6.11, the maximum displacement differences are below 1%. Additionally, the
mean displacements correspond quite well to the OrcaFlex results. In terms of tensions, which can
be found in Figure 6.12, the maximum tensions do differ more. The maximum tensions are larger at
resonance periods of the turbine, for example at the wave period of 7 seconds (where there is a peak in
the RAO). This can be explained due to the implementation of the lines in the Quasi-dynamic model as
opposed to the OrcaFlex model, as OrcaFlex takes into account line dynamics using its lumped mass
method. This introduces extra dynamics in the tensions, and thus larger amplitudes.

Overall, the percentage difference of the maximum tensions is quite low (under 1%). The mean ten-
sions are relatively similar as can be seen in the mean tension plot. This further confirms that the
maxima differences are coming from the amplitudes instead of the means.
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure 6.12: Line 1 tensions, considering only first-order wave loading

As for Line 2 (Figure 6.13), the same differences can be found in terms of maximum tensions.
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure 6.13: Line 2 tensions, considering only first-order wave loading

Overall, it can be concluded that the first-order wave loading and mooring line tensions for moored lines
are implemented correctly, as the differences with OrcaFlex are negligible.

6.3.2. Single floater including wave drift
Considering next, the single floater including wave drift, the results can be found below in Figure 6.14-
Figure 6.16.
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(a) Maximum displacement (b) Percentage difference in maximum displacements

(c) Mean displacement

Figure 6.14: Displacements including wave drift

As can be seen for the displacement, there is good agreement between the models. Only at a wave
period of 7 seconds, the differences become larger, although negligible, which is again due to the larger
response in first order wave loading present.
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure 6.15: Line 1 tensions including wave drift

The differences in tension 1 are as well quite low, although the differences become larger with larger
tensions, as the wave period of 7 seconds exhibits a difference of 4%. These are still quite low though
and are deemed acceptable for the time being.
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure 6.16: Line 2 tensions including wave drift

As for line 2, the differences betweenOrcaFlex and the Quasi-dynamic model are also under 2%. Again,
these differences can be explained by the lack of the dynamics present in the Quasi-dynamic model.

6.3.3. Two floaters, first-order wave loading
For the case of two floaters with a shared line, the displacements and tensions of the lines can be found
below. Overall, the Quasi-dynamic model is, just like the single floater, in agreement with the OrcaFlex
results. The introduction of the shared line introduces the same dynamic discrepancies in terms of
maximum tensions due to the static approach of the lines in the Quasi-dynamic approach. The tension
plots of Line 1 and Line 2 can be found in Appendix A.
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(a) Maximum displacement
(b) Maximum displacement

(c) Percentage difference in maximum displacements (d) Percentage difference in maximum displacements

(e) Mean displacement (f) Mean displacement

Figure 6.17: Displacements considering only first-order wave loading



6.4. JONSWAP spectrum 48

(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure 6.18: Shared line tensions, considering only first-order wave loading

6.4. JONSWAP spectrum
To check whether the JONSWAP spectrum was correctly modelled, two checks were done. First, the
significant wave height, according to Holthuijsen [33], should be equal to:

Hs ≊ 4 ∗
√
m0 (6.1)

Where m0 is the 0th order spectral moment:

m0 =

∫ ∞

0

f0E(f)df =

∫ ∞

0

E(f)df (6.2)

Which is equal to the total energy of the spectrum contained in the discretized frequencies. This was
done for a number of load cases, of which the results can be found below:

Sea state 1 Value Unit Sea state 2 Value Unit Sea state 3 Value Unit
Hs 3 m Hs 9 m Hs 11 m
Tp 6 s Tp 7 s Tp 11 s
m_0 0.562 m m_0 5.057 m m_0 7.555 m
Hs_approx 2.999 m Hs_approx 8.999 m Hs_approx 10.999 m

Table 6.6: Energy checks of the JONSWAP spectrum

From Table 6.6, the approximateHs from Equation 6.1 is in agreement with the originalHs. Additionally,
visual checks on the time wave series were done for multiple sea states, at multiple positions, to see
whether the elevations of the waves were correctly modeled. This visual check was possible due to the
random phasings being seeded to always get the same time series from the wave spectrum. Below,
an example of such a time series is shown in Figure 6.19.
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(a) Time series from OrcaFlex (b) Time series from Python

Figure 6.19: JONSWAP time series with Hs = 3, Tp = 8

From the energy check and visual check of the time-series, it was concluded that the JONSWAP spec-
trum was corecctly modelled.

6.5. Assessment of limitations
For this comparison, multiple simulations of configuration 1 (see Chapter 4) in OrcaFlex were performed.
The goal was to determine what the impact on the dynamics would be due to the assumptions of the
Quasi-dynamic model using an irregular wave spectrum, defined in Chapter 5. For this environmental
loading, the extreme load case, as defined in Chapter 4 was used.

The introduction of irregular waving introduces low-frequency drift forces. Due to limitations in OrcaFlex,
the assumption of the mean wave drift force, in comparison with the full QTF, could not be quantified
in OrcaFlex itself. However, comparing the limited OrcaFlex simulations with Python would give an
indication of the limitation of this assumption. The following constraints were applied to OrcaFlex for
the comparison, of which an overview can be found in Table 6.7:

• Constrain all DOFs, except for surge and sway.
• Replace the frequency-dependent hydrodynamic coefficients with the constant added mass and
damping values used in the Quasi-dynamic model.

• Simultaneously apply the aforementioned limitations to assess the impact of the slow-varying drift
forces.

Description Simulation
FD Full Dynamic (FD)
DOF DOFs constrained (DOF)

DOF+Const. DOFs constrained
+constant hydrodyn. terms (DOF+Const.)

QD Quasi-dynamic model

Table 6.7: Limitations simulated for comparison

The values for the constant added mass and damping matrices were determined based on the fre-
quency yielding the largest load RAO value. This frequency was anticipated to show the most signifi-
cant responses. The values are provided in Table 6.8-6.9.
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Added mass [kg] Surge Sway
Surge 13,677,635 0
Sway 0 12,774,446
Damping [kN/(m/s)] Surge Sway
Surge 3,814.707 0
Sway 0 3,814.707

Table 6.8: Added mass and damping of the turbine

Added mass [kg] Surge Sway
Surge 1,749,172 0
Sway 0 1,751,089
Damping [kN/(m/s)] Surge Sway
Surge 3,010.28 0
Sway 0 3,016.46

Table 6.9: Added mass and damping of the Solar array

Note that these values would change for different wave headings, as the values are based on the
frequency to which the highest wave loading is coming from. For a different heading, these are expected
to change, as different peaks will be present in these RAOs.

Displacements
From the displacements found in Figure 6.20, it can be concluded that the DOF constraint does not
influence the simulation a lot. The limitation of the constant damping and added mass seems to only
have a large effect on the maxima, as the mean displacements change little. The Quasi-dynamic
model is the least accurate in terms of both mean and maxima. For the mean displacements, this can
be explained by the lack of slow varying drift forces, while in the maxima this is complemented by the
limitation of constant hydrodynamic terms and the fact that the mooring lines are modelled using the
analytic catenary equation.

(a) Mean displacements (b) Maximum displacements

Figure 6.20: Mean and maximum displacements

Anchored line tensions
In terms of anchor line tensions, the same conclusion can be made on the constrained DOF simulation.
Constant damping and added mass however do not influence the anchored tensions a lot. The Quasi-
dynamic model shows some interesting behaviour as the mean tensions of the down wave anchored
lines are higher than the other simulations. This can be explained due to the different mean positions of
the floaters compared to the OrcaFlex simulations, as the down wave anchors will have higher tensions
due to the lines being pulled more taut.
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(a) Mean tensions anchored lines (b) Maximum tensions anchored lines

Figure 6.21: Mean and maximum tensions anchored lines

A1 A2 A3 A4
Description Mean Max Mean Max Mean Max Mean Max
FD - - - - - - - -
DOF 0% 0% 0% 0% 0% 0% 0% 0%
DOF+Const. 0% -5% 0% -5% 0% -3% 0% -2%
QD 0% -14% 0% -14% 6% -17% 6% -16%

Table 6.10: Percentage differences from full dynamic simulation

Shared line tensions
Regarding the shared line tensions, the mean tensions are reasonably well captured by the Quasi-
dynamic model. The large differences become apparent in the maxima, as they are again largely
underestimated compared to the OrcaFlex simulations.

(a) Mean tensions shared lines (b) Maximum tensions shared lines

Figure 6.22: Mean and maximum tensions shared lines

T1 L1 L2 L3 L4
Description Mean Max Mean Max Mean Max Mean Max Mean Max
FD - - - - - - - - - -
DOF 0% 0% 0% -1% 0% 1% 0% 0% 0% 0%
DOF+Const. 0% -2% -1% -34% -1% -30% -1% -8% -1% -10%
QD -2% -22% -11% -72% -10% -73% -13% -56% -13% -57%

Table 6.11: Percentage differences from full dynamic simulation

6.6. Conclusions
From the results above, it can be concluded that the Quasi-dynamic model cannot accurately depict
the displacements and tensions present in the configurations considered. Based on the comparisons
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above, it followed that the largest limitation of the model is the exclusion of the slow-varying drift force.
This force contributes significantly to the overall dynamics in all other simulations, both in mean and
maxima. Secondly, the utilization of constant hydrodynamic terms has an impact mainly on the max-
ima, which limits the model’s capability of assessing accurate values even further. Thirdly, the fact that
the mooring lines neglect the dynamics within the mooring lines limits the model even further. These
three factors collectively lead to the observed inaccuracies in the model’s predictions when compared
to the results obtained from OrcaFlex simulations.

Although the model is not useable for in-depth analysis of the load cases, it can be used to identify
critical cases early in the design process. The maximum tensions are not representative, but they do
indicate which simulation has the higher tensions. The mean tensions in both the anchored and shared
lines can be used as an estimate for the mean tensions, as they have a difference of 13% maximum
(see Table 6.10 and Table 6.11). Additionally, the model does follow the trend of the tensions and
displacements, indicating which tensions and displacements are the highest for each configuration.



7
Results

This chapter presents the results obtained from the configurations described in Chapter 4, using Or-
caFlex and the model described in Chapter 5. First, the static results are presented, stating the initial
positions and tensions present in the configurations. Next, the different load cases introduced in Chap-
ter 5 were executed on the configurations using the Quasi-Dynamic model. Since the model could only
identify critical cases, these were simulated again in OrcaFlex to obtain the more realistic dynamics.
The feasibility of these simulations was assessed using Key Performance Indicators (KPIs), after which
the feasible configurations were compared to the base case of a single wind turbine. A full discussion
of the results can be found in Chapter 8.

7.1. Key Performance Indicators
KPIs were specified to assess the performance of the configurations defined in Chapter 4. Two indica-
tors were used to determine the feasibility of the configurations:

1. Maximum tensions of the lines are below the MBL in the extreme load case.
2. Maximum displacements of the floaters (in surge and sway) are below 25 metres in the operating

load case, to accommodate for the limit of the bending radius of the electrical umbilical [25].

The indicators were sorted on importance; KPI 2 was only assessed if:

1. KPI 1 is fulfilled for all simulated wave headings of the configuration considered
2. Maximum displacements of the floaters surpass the 25-metre limit in the extreme load case. The

operational load case displacements were found to be lower than the extreme load case (see
the displacements from Appendix C). Therefore, the operational load case does not surpass the
25-metre limit if the extreme load case does not do so either.

The flow of the assessment of these KPIs is depicted in Figure 7.1:

Figure 7.1: Workflow of the assessment of configurations

53
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For KPI 1 to be satisfied across all LCs, The MBLs of the shared lines must remain within limits to
consider a configuration feasible. The MBLs defined in Chapter 4 are factorized by safety factors taken
from guideline NR493 from Bureau Veritas [3], which can be found in Table 7.1:

Line type Quasi-Dynamic Full Dynamic
Line type I 2.2 2.1
Line type II 1.75 1.67

Table 7.1: Safety factors defined by Bureau Veritas [3]

Line type I represents lines of systems that are in proximity to other structures and Line type II refers to
lines that are far from other structures. As the considered structures are relatively close to one another,
Line type I is selected as the safety factor (2.1). The results in the remainder of this chapter are based
on the factorized MBL:

MBL > SF · Tmax (7.1)

Where SF is the safety factor and Tmax represents the maximum tension in the mooring line considered.

7.1.1. Conventions
Before elaborating on the results, some conventions are defined to clarify the obtained results, both in
this chapter as in the appendices. For each configuration, the first two floaters (Floater 1 and Floater 2)
represent the two wind turbines in each configuration. The solar floaters in between these floaters are
referred to as Floater 3, and so on. The fairlead (FL) positions and the lines attached are arranged as
shown in Figure 7.2. The lines attached to the fairlead points are numbered from top to bottom, from
left to right.

Figure 7.2: Conventions used for fairlead positions

7.2. Static results
In order to acquire the correct pretensions and initial positions used for the offset calculations, statics
were determined by applying no environmental load in the model, resulting in only the restoring forces
of the mooring lines applied to the structures. The pretensions of the shared lines were set to be
between 10 and 20% of the MBL limit by scaling the line lengths accordingly [42]. The MBLs used can
be found in Chapter 4. The lengths, material, and anchor positions of the turbine remained unchanged
throughout the analysis. Results of the static analysis, including floater positions and tensions of the
mooring lines, can be found in Appendix B. For each configuration, the following line lengths were
determined to acquire the required pretension in each line:
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Line lengths Line type
Configuration Chain Rope Wire Turbine Units
Configuration 1 410 390 398 1,020 m
Configuration 2.1 890 800 820 - m
Configuration 2.2 530 485 498 - m
Configuration 2.3 348 330 335 - m
Configuration 2.4 245 237 240 - m
Configuration 2.5 180 173 176 - m

Table 7.2: Lengths of the shared mooring lines for each configuration

7.3. Dynamic Results
7.3.1. Simulation parameters
To acquire sufficient data to be statistically certain of acquiring the maximum wave height in the time
series, a three-hour sea state is considered to be the standard time period. This allows for approxi-
mately 1000 wave cycles to be loaded onto a structure. In order to obtain the dynamics results, the
Quasi-dynamic model was used to simulate time series of 14800 seconds, allowing for a 600 seconds
wave buildup period and a 3400-second timeframe for transient behaviour to be negligible. The last
10800 seconds (3 hours) were taken to be the steady-state time series used for analysis. An example
of a full-time series can be found below:

(a) Example of a time series of tensions in a line (b) Example of a time series of the position of a floater

Each configuration was executed using two load cases for five wave headings and three mooring line
types, as defined in Chapter 4 and 5. The environmental conditions Hs = 4, Tp = 7 and Hs = 11,
Tp = 11 are referred to as Load Case I and Load Case 2 respectively. An overview of the conditions
simulated in shown in Table 7.3:
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Condition Linetype Hs Tp Heading Condition Linetype Hs Tp Heading
0 Chain 11 11 0° 15 Rope 4 7 0°
1 Chain 11 11 15° 16 Rope 4 7 15°
2 Chain 11 11 30° 17 Rope 4 7 30°
3 Chain 11 11 45° 18 Rope 4 7 45°
4 Chain 11 11 90° 19 Rope 4 7 90°
5 Chain 4 7 0° 20 Wire 11 11 0°
6 Chain 4 7 15° 21 Wire 11 11 15°
7 Chain 4 7 30° 22 Wire 11 11 30°
8 Chain 4 7 45° 23 Wire 11 11 45°
9 Chain 4 7 90° 24 Wire 11 11 90°
10 Chain 11 11 0° 25 Wire 4 7 0°
11 Chain 11 11 15° 26 Wire 4 7 15°
12 Chain 11 11 30° 27 Wire 4 7 30°
13 Chain 11 11 45° 28 Wire 4 7 45°
14 Chain 11 11 90° 29 Wire 4 7 90°

Table 7.3: Overview of simulations run for each configuration

7.4. Identification of critical cases (Quasi-dynamic Model)
As was concluded from the assessment of the limitations of the model in Chapter 6, the Quasi-dynamic
model can not be used to accurately depict the dynamics of the system. It can, however, be used to
identify the critical cases in the simulations defined in Table 7.3. As the critical loads were present in
the shared lines, the anchored line results are disregarded in this section. In order to show the relative
differences between wave headings for Load Case 2, the tensions are normalised to the maximum
tension found in all lines in the simulation (Figure 7.4-7.5). The full results of each configuration can be
found in Appendix C.

The Load Case 2 results of the Quasi-dynamic simulations showed that the 0◦, 30◦ and 90◦ wave
headings were the critical cases. In terms of tensions, critical cases were found in the 0◦ and 30◦ wave
headings. In terms of displacements, the 90◦ heading was most crucial. An explanation for this can
be found in Chapter 8. OrcaFlex was used to simulate these specific wave headings, using the more
accurate full dynamic approach.

(a) Displacements (b) Shared line tensions

Figure 7.4: Displacements and tensions configuration 1



7.5. Evaluating the critical cases (OrcaFlex) 57

(a) Displacements (b) Shared line tensions

Figure 7.5: Displacements and tensions configuration 2.1

7.5. Evaluating the critical cases (OrcaFlex)
The critical cases defined above were simulated again in OrcaFlex to get a more accurate depiction of
the dynamics present in the system. For these results, again, only the shared line tensions (utilizations)
and displacements of the floaters are given. Total utilization of the tension is based on the ratio of the
tension compared to the factorized MBL. From configuration 2.1 onwards, the wire line and chain type
simulations are disregarded, as the polyester line showed preferable characteristics. An explanation
for this can be found below in subsection 7.5.1.

7.5.1. Configuration 1
Regarding configuration 1, both 30◦ and 0◦ cases were found to have line failures due to the exceeding
of the (factorized) MBL. For demonstrative purposes, the 0◦ results inTable D.4 are shown below. It
was also observed that the 0◦ wave heading holds the higher tensions. This can be explained by the
fact that at 0◦ wave heading, the displacements act more directly in line with the shared lines. The lines
exhibit higher peak loads, due to the higher stiffness in this direction in terms of shared and anchored
lines. The 30◦ and 90◦ wave heading results can be found in Appendix D.

Linetype Mean [kN] Utilization Max [kN] Utilization
Catenary 2,456 46% 3,149 59%
Rope 2,300 43% 3,078 57%T1
Wire 2,163 40% 2,989 56%
Catenary 275 31% 1,018 113%
Rope 513 28% 1,081 59%L1
Wire 720 37% 5,583 289%
Catenary 284 32% 1,048 117%
Rope 524 29% 1,089 59%L2
Wire 712 37% 5,368 278%
Catenary 258 29% 593 66%
Rope 495 27% 1,090 59%L3
Wire 701 36% 5,116 265%
Catenary 266 30% 636 71%
Rope 506 28% 1,096 60%L4
Wire 693 36% 4,978 258%

Table 7.4: Shared line tensions at 0◦wave heading

Polyester line
The results of configuration 1 of the Quasi-dynamic model showed that the polyester line type was
found to be preferable in terms of dynamic characteristics, as both maximum displacements and ten-
sions were kept within limits more, as opposed to using chain or wire. It displayed the lowest average
maximum tensions while also having reasonable stationkeeping abilities, as can be found in Table D.1.
The favourable characteristics of the polyester line can be explained by the fact that the chain and wire
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line have higher axial stiffness (see Chapter 4), which results in larger (peak) tensions when pulled
more taut, as the elasticity then becomes a more significant part of the restoring force. This can be
seen in Equation 3.3 and Equation 3.4 from Chapter 3. With larger horizontal forcing, the elastic (left)
part of the catenary equation will take over the equation as it will be significantly larger than the parabolic
(right) part.

Surge Sway
Linetype Mean [m] Max [m] Mean [m] Max [m]

Turbine 1
Catenary 3.73 10.73 -0.02 -0.06
Rope 3.25 12.75 -0.01 -0.06
Wire 6.21 19.82 0.01 5.15

Turbine 2
Catenary 4.20 10.47 -0.02 -0.09
Rope 3.74 10.95 -0.02 -0.07
Wire 0.16 11.29 -0.06 6.66

Solar
Catenary 4.60 10.60 -1.39 -2.70
Rope 3.60 10.10 -0.50 -0.13
Wire 3.16 17.78 -3.33 32.80

Table 7.5: Displacements configuration 1, 0◦heading

7.5.2. Configuration 2.1-2.5
As was stated earlier, only the polyester line type was further explored in the process. For this section,
only the lines with the highest tensions were chosen to give a clear overview of the KPI checks. As an
example, one of the tables used for the assessment of the configurations is shown below, where the
utilisation and displacement checks are based on the maximum values in the tables:

Figure 7.6: KPI 1 check of configuration 1

Figure 7.7: KPI 2 check of configuration 1
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7.6. Feasibility of the configurations
KPI 1 was assessed first in order to reach a configuration with a feasible mooring system. Each config-
uration was evaluated on its maximum tension of all shared lines for the wave directions considered:

Configuration KPI 1 Heading MBL KPI 2 Heading Max displ. [m]
1 PASS 0 60% PASS 90 15.11
2.1 PASS 0 38% FAIL 90 26.68
2.2 PASS 0 46% FAIL 90 29.48
2.3 PASS 0 92% FAIL 90 45.64
2.4 FAIL 0 125% FAIL 90 44.05
2.5 FAIL 0 216% FAIL 90 46.34

Table 7.6: KPI check

From the OrcaFlex results, of which the full results can be found in Appendix D, configurations 2.4 and
2.5 failed KPI 1. Therefore, it was concluded that these configurations are not feasible. Configurations
2.1-2.3 did not meet KPI 2; these simulations were re-evaluated for the operational load case.

7.6.1. Re-evaluation of KPI 2
The configurations which did not pass KPI 2 (see Table 7.6) for the extreme load case were re-evaluated
using the results of the operational load case. From Table 7.7 it was found that the re-evaluated con-
figurations had a maximum displacement below 25 metres in this load case (see Table 7.7 ).

Configuration KPI 2 Max displ. [m]
2.1 PASS 9.94
2.2 PASS 10.43
2.3 PASS 16.48

Table 7.7: Re-evaluation of KPI 2

Concluding, only configurations 2.4 and 2.5 resulted in the failure of mooring lines. These configurations
were therefore excluded from the comparison with the base case of a single turbine.

7.7. Comparison with the base case
The configurations which met the KPIs were compared to the single turbine base case to assess the
behaviour in terms of displacements and anchor tensions. The turbine with the largest anchored ten-
sions, the upwave turbine, was used for this comparison. Only the displacements of the turbine and
the tensions of the anchored lines are compared, as the single turbine does not have any shared lines.
The full results can be found in Appendix E. The maximum displacements of the upwave turbine can
be found in Figure 7.8.

(a) Maximum surge displacements (b) Maximum sway displacements

Figure 7.8: Maximum displacements compared to basecase
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These results show a clear increase in displacements in terms of surge displacements for the 0◦ and
90◦ wave heading. However, for the 30◦ wave heading, an improved stationkeeping capability can be
found in the case of configurations 2.1 and 2.2. The largest differences can be found in configuration
1, which is to be expected, as this configuration has two fewer anchored lines than the other configura-
tions, which mainly provide stiffness in the surge direction.

In terms of sway, configuration 1 performs better in terms of maxima compared to the base case. This
can be explained by the overall higher tensions (see Figure 7.9) in the anchored mooring lines, due to
the static state of this configuration being different. The higher tensions facilitate the higher stiffness in
its mooring stiffness in the sway direction. Regarding the other configurations, the decrease in mooring
stiffness in this direction is clearly visible, as in the 90◦ wave heading, the offsets increase with a min-
imum of 20%, increasing up to 50%. The maximum sway displacements in configuration 2.2 and 2.3
are however lower than configuration 2.1. This can be explained by the fact that these systems have an
overall higher utilisation of the shared lines, increasing the overall mooring stiffness of the solar arrays.
This in term brings about less displacement in the turbine.

Figure 7.9 shows themaximum anchored line tensions of turbine 1. In the case of configuration 1, which
does not have a third anchored line, the shared line between the two turbines is displayed instead.

(a) Maximum tensions A1 (b) Maximum tensions A2

(c) Maximum tensions A3/T1

Figure 7.9: Maximum displacements compared to basecase

Regarding the tensions above, the replacement of the anchored line with a direct shared line in configu-
ration 1 induces larger tensions in the whole system, by up to 134% in the 30◦ wave heading for Anchor
1. This is due to the fact that this shared line pulls the turbines more towards each other, lifting more
anchored line from the seabed. The larger tensions, however, only induce a larger mooring stiffness
in the sway direction, as was found in Figure 7.8. Although the MBLs were not reached in this config-
uration, this does mean that optimisation can be done to a lesser extent than the other configurations
which have lower tensions. Regarding the rest of the configurations, the largest differences in anchor
tensions are shown below:
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Configuration A1 A2 A3
1 134% 97% 18%
2.1 39% 31% -25%
2.2 31% 30% -26%
2.3 22% 23% -24%

Table 7.8: Largest percentage differences in tensions

From the results of Table 7.8 it can be found that the introduction of one solar array increases the
maximum tensions by around 30%. However, adding more than one solar array does not lead to a
significant increase in anchored lines. In the 90◦ wave heading, a decreased oppposed to configuration
2.1 and 2.2 is even noted. An explanation for this can be found in Chapter 8.
Looking at the utilization of the tensions of the shared lines (see Table 7.6, these loadings are trans-
ferred more towards the shared lines of the system once more solar structures are introduced.

This indicates that the number of solar arrays should be taken into account in the case of an optimiza-
tion study. The results show that in regard to the utilisation of the lines, configuration 2.3 seems to
be the preferred setup, as the shared lines approach their maximum utilisation in the extreme load
case while the displacements remained under 25 metres. Additionally, the anchor loads of Anchor 1
and 2 increased the least compared to the other configurations, while Anchor 3 has comparative load
reductions. An extensive discussion can be found in Chapter 8.
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Discussion

This chapter provides an evaluation and reflection of the results presented in Chapter 7. Additionally,
the limitations of this research are discussed. The results in section 7.6 show that a shared mooring
system for a combined renewable array is feasible, as four out of six configurations met the criteria for
both the MBL and the displacement assessment defined in section 7.1.

From Chapter 6 it was concluded that the Quasi-dynamic model built in Python could not accurately
depict the dynamics present in the systems considered. It was, however, possible to identify the crit-
ical cases of the simulations. The identification was used to save computational effort in Orcaflex by
disregarding less critical cases. The use of the Quasi-dynamic model resulted in 40% of the simula-
tions being disregarded for the Orcaflex dynamics. In terms of tensions, the 0◦ and 30◦ wave heading
were identified as critical, as identified in section 7.4 . This can be explained by the fact that in the 0◦

heading, the highest mooring stiffness can be found due to the alignment of the lines and anchors in
each configuration. The 30◦ wave heading also provides a higher mooring stiffness due to the angled
alignment of the anchored lines in the configurations relative to other directions. The 90◦ wave heading
was the critical case in terms of displacements, which can be explained by the fact that it provides the
lowest mooring stiffness in that direction, counteracting the environmental forces the least. As can be
seen from the configurations in section 4.3, no lines are aligned in the sway direction, apart from the
anchored lines which provide sway mooring stiffness at an angle of 60◦.

Looking at the results from section 7.7, configuration 2.3 was favourable when compared to the an-
chored line tensions of the base case. The anchored line tensions increased the least of all configu-
rations, by a maximum of 23%, as opposed to the 97%, 31% and 30% in the other shared mooring
configurations (Table 7.8). Additionally, the displacements of the floaters stayed within the electrical
umbilical limit of 25 metres. The initial increase in anchored line tension when adding a single solar
array can be explained by the mean forcing of the shared lines, which stay constant over the addition of
more solar arrays (see Appendix D). The fact that the anchored line tensions do not increase after one
solar array can be explained by the fact that the dynamic (maximum) shared line tensions connected
to the turbines are far out of the eigenfrequency region of the turbines’ load response, due to its inertia.
The investigation of this phenomenon could be a topic for further research.

An important finding within the results is that the introduction of additional solar arrays next to the one
in configuration 2.1 does not appear further to increase the overall anchored line tensions of the turbine.
On the contrary, as more solar panels are introduced, tensions can even decrease, as can be seen
from Figure 7.9. This phenomenon could be used as an advantage in choosing configurations and in
optimisation studies.
When evaluating the shared line utilisations, configuration 2.1 displayed lower tensions, with the highest
tension only reaching 38% of its MBL, compared to the 60%, 46% and 92% utilisations of configura-
tions 1, 2.2 and 2.3, respectively. An optimisation of the mooring line dimensions could lead to cost
reductions, potentially making this configuration more favourable.
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Although the anchored tensions of configurations with more than three solar arrays were found to be
within limits, the shared tension limits were exceeded. The exceeding of the limits is due to the cu-
mulative loads on the lines due to the addition of these structures, as effectively each array adds to
the drag and inertia forces. Increasing the number of solar arrays results in higher (peak) loads on
these shared lines. Considering other line materials could make configurations with more solar arrays
feasible, however, this was left out of scope.

Of particular interest is that for both load cases 1 and 2, the maximum displacement difference between
configurations 2.1 and 2.2 is not significantly large. Larger displacements appear only when a solar ar-
ray is solely connected to adjacent solar arrays, which is the case for configuration 2.3-2.5. This could
be explained by the fact that more DOFs lead to a lower overall mooring stiffness in the system. This
leads to the conclusion that structures that are more indirectly moored to a conventionally (anchored)
moored structure perform larger displacements. This conclusion is also supported by Zhang and Liu
[49], who observed ”Accumulating displacement” in their shared mooring system.

Compared to the base case, the anchor tensions in configuration 1 significantly increase, as the tur-
bine’s mooring system itself is less stiff due to two anchored lines missing (Anchors 3 and 4). This in
term increases the displacements of the floaters and the tensions in the other anchored lines. Never-
theless, this configuration remains feasible, as the dynamics stay within their limits.

8.1. Limitations of the research
Although the results of this research indicate that a shared mooring system can be a promising innova-
tion, the following limitations of this research should be taken into consideration.

8.1.1. Case study
Configurations
Regarding the studied configurations, configuration 1 consists of two turbines separated by a distance
of 1000 metres (four rotor diameters), while in practice, distances of turbines range between eight to ten
rotor diameters. This scenario would therefore probably not be feasible in practice. This configuration
would be more realistic when selecting a smaller turbine, such as the OC4 5MW turbine with a rotor
diameter of 128 meters as used by [37]. This would, however, introduce different dynamics due to the
smaller size of the turbine platform.

For this study, six configurations were analysed for multiple environmental conditions. Although the
results have already brought insights into the behaviour of shared mooring systems applied in some
configurations, it does not fully answer the main research question. Additional configurations were
identified but were not evaluated to stay within the scope of the project in terms of time management.
One of these configurations was an extension of configuration 2 and combined multiple arrays into
a square array, with varying solar floaters in between turbines. An example of this can be found in
Figure 8.1a. This configuration is more representative of an actual farm layout. This configuration is
particularly interesting in terms of investigating the scalability of shared mooring systems.
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(a) Square configuration (b) Alternative square configuration

Figure 8.1: Alternative configurations

An alternative to the square array would be to place the solar arrays in the middle of the square layout,
as depicted in Figure 8.1b. This could potentially improve the dynamics of the solar arrays, as these
would now have a more symmetrical mooring stiffness due to the placement of mooring lines. This
configuration may also improve the accessibility of the farm, as vessels are not obstructed by mooring
lines on the outer edges of the farm, as opposed to the configuration in Figure 8.1a.

Solar floaters
As no reference data was available, the Tractebel Seavolt concept was used to design the solar floaters.
As the dimensions of this concept were estimated based on rendered pictures, they might not accu-
rately depict the real design. This could cause inaccuracies in the results, as the response of a floater
is dependent on its geometry.

Moreover, the solar floaters were scaled to contain 16 floaters in one array, by rigidly connecting the
floaters to adjacent floaters. In reality, these connections would be hinging, altering the structures’ re-
sponses. To stay within scope, a rigid connection was chosen. Although this implies different behaviour,
the diffraction analysis was in general considered a conservative way to model the dynamic behaviour,
due to the usage of an undisturbed wave field. The selected approach could therefore considered
conservative, as the responses further in the solar array field will be simulated worse than in reality.
However, the effect of the rigid connection compared to a flexible connection should be researched,
as it could be non-conservative for certain wave periods and situations. The flexibility could introduce
other resonance frequencies which could alter the displacement behaviour of the considered arrays.
The assessment of the rigid versus flexible effect however was left out of scope.

8.1.2. Quasi-dynamic model
The Quasi-dynamic model used for the identification of the critical cases was verified with Orcaflex to
quantify the impact of the limitations on the model.

• Only the mean drift loads (diagonal QTFs) were considered in this model. This shows significant
differences with a full QTF calculation in the full dynamic model in irregular waving as was verified
insection 6.5. This limitation was identified as the largest contributor in the differences between
the Quasi-dynamic model and Orcaflex. In some cases, a 14% difference in anchor tensions,
and a 73% difference in shared line tensions was observed, when assessing the total differences
between the models. A full independent assessment of the differences between the mean wave
drift loads and full QTFs could not be executed.

• Constant addedmass and damping were used for irregular waves, which provided another limiting
factor in evaluating the dynamics of the system, of around 5% in terms of anchor loads. The full
assessment can be found in section 6.5.
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• The analytic catenary equation used in the Quasi-dynamicmodel disregards the dynamic tensions
present in mooring lines, which underestimates peak loads compared to a full dynamic model by
around 4%, as was assessed in section 6.1.

• The axial stiffness in the polyester mooring lines is assumed constant, based on the average
values of the axial stiffness at 10% elongation of the mooring line (see Chapter 5). In reality,
polyester lines exhibit nonlinear behaviour, which could significantly influence the results, as the
axial stiffness would change based on the elongation of themooring line. The results are therefore
not fully representative for each loading. An assessment of the differences in behaviour was out
of scope.

• Wind and current loads are neglected in this model, which can underestimate loading and re-
sponses. Also, aerodynamic damping is therefore not taken into account, which is also a signif-
icant factor in modelling a wind turbine. To keep the the research within scope and time man-
agement, it was chosen to leave these factors out. Wave loading provides a significant heavier
loading than current and wind however, so the results are still a valuable addition to knowledge.

• Only 1 simulation of each load case was considered; to acquire more accurate data, at least 5
seeds of simulations should be done to acquire more accurate results, as stated in NR 493 of
Bureau Veritas [3].

• Only surge and sway directions were considered in the Quasi-dynamic model. It was found that
these degrees of freedom were correctly modelled by comparing them to Orcaflex. The results
in Orcaflex are however considering only surge, sway and yaw. Introducing heave, roll and pitch
could lead to different results, however, this was not quantified in this research.
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Conclusions

This research aimed to answer the following research question:

”What is the feasibility of using a shared mooring system within a hybrid renewable farm, combining
floating wind and floating solar?”

In short, based on a Quasi-dynamic time domain model and a Full Dynamic model (OrcaFlex), it was
concluded that shared mooring systems are feasible for combined floating wind and floating solar. Four
out of the six considered configurations passed the KPI considered.

This research considered six configurations (Chapter 4) of the Volturn US-S reference platform, de-
signed for a 15MW floating wind turbine. The design for the floating solar was based on the Tractebel
Seavolt concept. The configurations each consisted of two floating wind turbines with increasing
amounts of solar arrays in between the turbines. These solar arrays used shared lines to remain
in their intended positions.
To model the hydrodynamic responses of the structures, a Quasi-dynamic time domain model was built
in Python to simulate the response of the structures and loadings on the mooring lines (Chapter 5).

Hydrodynamic data of the considered structures was acquired using the diffraction analysis software
OrcaWave. In terms of environmental loading, an irregular (JONSWAP) wave spectrum was used to
represent wave loading. Drift loads were represented by using the mean wave drift forces. In the
case of irregular wave loading, a constant added mass and damping was used to stay within scope.
The mooring line restoring forces were modelled using the analytic catenary equation, representing
the static mooring force. The analytic catenary equation was chosen as this was regarded as a more
computationally efficient approach.

In the verification process (Chapter 6), the mooring restoring forces and first-order wave loading were
verified using OrcaFlex. Additionally, the obtained RAOs of the solar arrays were checked for numerical
errors. Regarding the Quasi-dynamic model, the mean wave drift loads turned out to be a significant
limitation in the case of irregular waving, as the slow-varying drift loads had a substantial impact on
the dynamics. Additionally, the constant added mass and damping provided an extra limitation to the
results. It was concluded that the Quasi-dynamic model could not be used for a full assessment of
the dynamics. However, it was able to identify critical cases. The model was therefore used as a tool
to assess the critical cases, from which these cases were re-evaluated using the full dynamic model
(OrcaFlex).
The obtained results were evaluated using two KPIs described in Chapter 7:

1. The maximum tensions of the lines should not exceed the MBLs of the mooring lines in the ex-
treme load case.

2. Maximum displacements of the floaters (in surge and sway) should be below 25 metres in the
operating load case.
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Four of the configurations were deemed feasible, after which these were compared to the base case
of a single turbine in terms of displacements and anchor loads. One of the observations was that the
introduction of solar arrays increased the anchored line tensions, but did not significantly increase when
more solar arrays were added. In some cases, a reduction in tensions was even noted.

Based on these results, it is crucial to ensure that the modelling approach used to evaluate the feasibil-
ity of these systems is suitable for analysing the behaviour of the structures involved. This is especially
important in the case of a shared mooring system, as it introduces more complex dynamics than con-
ventionally moored systems. It was concluded that the slow-varying drift forces have a large influence
on the behaviour. Moreover, the damping and added mass cannot be assumed constant in the case
of this research.

This research investigated the combination of floating offshore wind and floating solar in a farm layout,
using a shared mooring system. This topic had not yet been addressed in the existing literature, and is
therefore a valuable addition to knowledge. This research paves the way for more extensive research
into this topic, as it has shown that these systems are feasible in terms of loads and displacements.
Compared to a conventionally moored single floating turbine, the displacements and loads are within
their limits and have a limited effect on the turbines’ behaviour. The use of a Quasi-dynamic model
decreases computational effort as it identifies critical cases, which can lead to a reduction of cases to
assess in later stages. For the final assessment of a mooring design, a fully coupled dynamic model
is required, as the dynamic loads on the mooring lines are neglected in the Quasi-dynamic model.
The cost-reduction potential due to mooring line and anchor use has not been quantified, and should
therefore be done in further research Additionally, the mooring lines have the potential for optimisation
in some configurations, which could make the configurations even more appealing. Further research
into the topic of shared mooring, in particularly for combined renewables, is recommended to achieve
more insights. Concluding, a first step towards making floating offshore renewables more viable has
been made in this research, and paves the way to generate more clean energy in the future.
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Recommendations

10.0.1. Case study
• An extensive economic study has not been performed. This could be valuable to the existing
knowledge, as this could provide insights into the LCOE of these renewable farms with shared
mooring systems. As line and anchor costs are potentially reduced by the use of shared mooring
systems, it is expected to reduce the capital costs of the mooring system.

• Different water depths could lead to a more economic case for the shared mooring setup, as
more line length is needed for the conventional mooring method when mooring in deeper waters.
However, dynamics will be different and should therefore be evaluated accordingly.

• Only one type of solar PV concept was used for this study. Offshore solar, however, is still in its
infancy in terms of design. There has been no convergence towards one particular structure as
of yet. It would therefore be interesting to see if other concepts could also be suitable for the use
of a shared mooring system within a farm configuration.

• Only a few configurations have been researched. Further research could explore other topologies,
of which some are discussed in chapter 8.

• The configurations considered were not optimised in terms of mooring line length and dimen-
sions. In a future study, this should be looked into, as other configurations could exhibit improved
characteristics compared to the current scenarios.

10.0.2. Modelling
• Implementing a frequency-dependent added mass and damping should be implemented when
doing hydrodynamic studies, as this has significant impact on the behaviour of the structures.
This can be done by introducing an Impulse Response Function (IRF) which convolutes the wave
frequencies over the frequency-dependent damping and added mass each timestep. This is
expected to increase the accuracy of the model for irregular wave loading.

• Using irregular waves, the full QTF should be evaluated to take into account the full dynamics.
This can be done by implementing the Newman’s approach, which extrapolates the diagonal
terms to the off-diagonal entries in the QTF matrix.

• A study on flexible connections for diffraction analysis could be done. Multibody diffraction anal-
ysis could provide a solution, however, this was considered out of scope for this research.

• Implementing wind and current loading will give a more accurate representation of reality, and
should therefore be taken into account. Current loading could be implemented by using the
Morrison equation. Wind loading could be implemented by using a constant thrust, or by using
Blade Element Method (BEM) theory on a wind turbine.

• Taking into account more DOFs can improve the accuracy of the model, as these could signifi-
cantly affect the behaviour of a system. It does however come at the cost of computational effort.

• Implementing nonlinear axial stiffness of the polyester mooring lines would improve the accuracy
of the modelling.
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10.0.3. Results
• Transient effects are ignored, as this is a steady-state dynamic model. Transient effects can
however introduce significant loading. In future research, this could be taken into account for
certain cases, such as in the event of a line failure, which introduces significant transient effects.
It should be noted, however, that a Quasi-Dynamic approach would not be sufficient due to the
increase in dynamic loading in the lines.

• The results were checked on displacements and ultimate tensions. However, mooring lines are
subjected to dynamic and thus cyclic loading, which causes fatigue. Fatigue is one of the largest
contributors to the lifetime of mooring lines, so this should be taken into account in future research.

• One of the believed benefits of sharedmooring is the savings on installation time. Future research
could explore this by providing a novel installation method incorporating shared mooring systems,
which could provide insight into the actual savings using this novel technology.

• Although configuration 2.3 seems to have the best properties in this research, with an optimization
study this could shift to another favourable configuration. Moreover, introducing economics in the
research could also have a significant influence on the steps towards a preferred layout.
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A
Sanity checks

Two floaters, first order wave loading

(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure A.1: Line 2 tensions, considering only first order wave loading
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Two floaters, including wave drift

(a) Maximum displacement
(b) Maximum displacement

(c) Percentage difference in maximum displacements (d) Percentage difference in maximum displacements

(e) Mean displacement (f) Mean displacement

Figure A.2: Displacements including drift
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure A.3: Line 1 tensions including drift
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure A.4: Line 2 tensions including drift
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(a) Maximum tensions (b) Tension amplitudes

(c) Percentage difference in maximum tensions (d) Mean tension

Figure A.5: Shared line tensions including drift



B
Static results

Configuration 1

Configuration 1 Static positions
Linetype x1 y1 x2 y2 x3 y3

Catenary 447,27 0,00 1505,53 0,00 976,40 0,00
Rope 452,75 0,00 1500,05 0,00 976,40 0,00
Wire 452,38 0,00 1500,42 0,00 976,40 0,00

Table B.1: Static positions configuration 1

Configuration 1 Anchored line pretensions [%]
Linetype Anchor 1 Anchor 2 Anchor 3 Anchor 4

Catenary 15,23% 15,23% 15,23% 15,23%
Rope 16,52% 16,52% 16,52% 16,52%
Wire 16,42% 16,42% 16,42% 16,42%

Table B.2: Anchored line pretensions configuration 1

Configuration 1 Shared line pretensions [%]
Linetype Turbine line Solar line 1 Solar line 2 Solar line 3 Solar line 4

Catenary 21,71% 13,95% 13,95% 13,95% 13,95%
Rope 20,67% 12,80% 12,80% 12,80% 12,80%
Wire 20,73% 11,80% 11,80% 11,80% 11,80%

Table B.3: Shared line pretensions configuration 1

Configuration 2.1

Configuration 2.1 Static positions
Linetype x1 y1 x2 y2 x3 y3

Catenary 425,80 0,00 2331,80 0,00 1378,80 0,00
Rope 433,48 0,00 2324,12 0,00 1378,80 0,00
Wire 432,75 0,00 2324,85 0,00 1378,80 0,00

Table B.4: Static positions configuration 2.1
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Configuration 2.1 Anchored line pretensions [%]
Linetype Anchor 1 Anchor 2 Anchor 3 Anchor 4 Anchor 5 Anchor 6

Catenary 11,70% 11,70% 9,63% 9,63% 11,70% 11,70%
Rope 12,74% 12,74% 8,58% 8,58% 12,74% 12,74%
Wire 12,63% 12,63% 8,67% 8,67% 12,63% 12,63%

Table B.5: Anchored line pretensions configuration 2.1

Configuration 2.1 Shared line pretensions [%]
Linetype Solar line 1 Solar line 2 Solar line 3 Solar line 4

Catenary 16,01% 16,01% 16,01% 16,01%
Rope 12,73% 12,73% 12,73% 12,73%
Wire 11,72% 11,72% 11,72% 11,72%

Table B.6: Shared line pretensions configuration 2.1



C
Quasi-Dynamic model results

Configuration 1
C.0.1. Displacements

Figure C.1: Displacements of configuration 1

C.0.2. Tensions

Figure C.2: Shared line tensions configuration 1
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Configuration 2.1

Figure C.3: Displacements of configuration 2.1

Figure C.4: Shared line tensions configuration 2.1
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Configuration 2.2

Figure C.5: Displacements of configuration 2.2

Figure C.6: Shared line tensions configuration 2.2
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Configuration 2.3

Figure C.7: Displacements of configuration 2.3

Figure C.8: Shared line tensions configuration 2.3
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Configuration 2.4

Figure C.9: Displacements of configuration 2.4

Figure C.10: Shared line tensions configuration 2.4
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Configuration 2.5

Figure C.11: Displacements of configuration 2.5

Figure C.12: Shared line tensions configuration 2.5



D
Orcaflex results

Configuration 1
D.0.1. Displacements

Surge Sway
Linetype Mean [m] Max [m] Mean [m] Max [m]

Turbine 1
Catenary 3.73 10.73 -0.02 -0.06
Rope 3.25 12.75 -0.01 -0.06
Wire 6.21 19.82 0.01 5.15

Turbine 2
Catenary 4.20 10.47 -0.02 -0.09
Rope 3.74 10.95 -0.02 -0.07
Wire 0.16 11.29 -0.06 6.66

Solar
Catenary 4.60 10.60 -1.39 -2.70
Rope 3.60 10.10 -0.50 -0.13
Wire 3.16 17.78 -3.33 32.80

Table D.1: Displacements configuration 1, 0◦heading

Surge Sway
Linetype Mean [m] Max [m] Mean [m] Max [m]

Turbine 1
Catenary 3,34 8,23 0,76 2,48
Rope 2,55 10,38 0,71 2,47
Wire 3,96 10,02 0,65 2,69

Turbine 2
Catenary 2,99 7,45 0,61 2,15
Rope 2,68 9,06 0,51 1,65
Wire 1,50 6,64 0,48 2,11

Solar
Catenary 3,83 7,16 2,49 6,72
Rope 2,79 6,13 1,50 4,89
Wire 2,65 9,03 1,23 7,06

Table D.2: Displacements configuration 1, 30◦heading
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Surge Sway
Linetype Mean [m] Max [m] Mean [m] Max [m]

Turbine 1
Catenary 0,54 0,54 1,63 6,90
Rope 0,47 1,47 1,49 6,75
Wire 0,40 1,17 1,43 6,82

Turbine 2
Catenary 0,10 1,78 1,65 7,00
Rope 0,16 1,10 1,54 6,87
Wire 0,62 1,29 1,45 6,86

Solar
Catenary 0,82 1,90 9,90 15,10
Rope 0,46 1,29 5,50 15,11
Wire 0,34 0,86 2,39 8,37

Table D.3: Displacements configuration 1, 90◦heading

D.0.2. Shared line tensions

Linetype Mean [kN] Utilization Max [kN] Utilization
Catenary 2,456 46% 3,149 59%
Rope 2,300 43% 3,078 57%T1
Wire 2,163 40% 2,989 56%
Catenary 275 31% 1,018 113%
Rope 513 28% 1,081 59%L1
Wire 720 37% 5,583 289%
Catenary 284 32% 1,048 117%
Rope 524 29% 1,089 59%L2
Wire 712 37% 5,368 278%
Catenary 258 29% 593 66%
Rope 495 27% 1,090 59%L3
Wire 701 36% 5,116 265%
Catenary 266 30% 636 71%
Rope 506 28% 1,096 60%L4
Wire 693 36% 4,978 258%

Table D.4: Shared line tensions at 0◦wave heading

Linetype Mean [kN] Utilization Max [kN] Utilization

T1
Catenary 2447 46% 2860 53%
Rope 2295 43% 2727 51%
Wire 2273 42% 2729 51%

L1
Catenary 280 31% 623 69%
Rope 523 28% 991 54%
Wire 576 30% 3313 172%

L2
Catenary 272 30% 634 71%
Rope 506 28% 982 54%
Wire 558 29% 3124 162%

L3
Catenary 257 29% 427 48%
Rope 499 27% 1015 55%
Wire 551 29% 3565 185%

L4
Catenary 250 28% 548 61%
Rope 484 26% 1036 56%
Wire 536 28% 3478 180%

Table D.5: Shared line tensions at 30◦wave heading
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Linetype Mean [kN] Utilization Max [kN] Utilization

T1
Catenary 2447 46% 2550 48%
Rope 2332 43% 2418 45%
Wire 2340 44% 2424 45%

L1
Catenary 301 34% 478 53%
Rope 550 30% 749 41%
Wire 535 28% 1018 53%

L2
Catenary 250 28% 403 45%
Rope 455 25% 612 33%
Wire 436 23% 1120 58%

L3
Catenary 284 32% 443 49%
Rope 532 29% 717 39%
Wire 517 27% 1033 54%

L4
Catenary 232 26% 338 38%
Rope 436 24% 626 34%
Wire 417 22% 1096 57%

Table D.6: Shared line tensions at 90◦wave heading

Configuration 2.1

Figure D.1: Displacement check configuration 2.1

Figure D.2: Tension check configuration 2.1
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Configuration 2.2

Figure D.3: Displacement check configuration 2.2

Figure D.4: Tension check configuration 2.2

Configuration 2.3

Figure D.5: Displacement check configuration 2.3
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Figure D.6: Tension check configuration 2.3

Configuration 2.4

Figure D.7: Displacement check configuration 2.4
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Figure D.8: Tension check configuration 2.4

Configuration 2.5

Figure D.9: Displacement check configuration 2.5
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Figure D.10: Tension check configuration 2.5

Re-simulated configurations with load case 1
D.0.3. Configuration 2.1

Figure D.11: Displacement check configuration 2.1
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Figure D.12: Tension check configuration 2.1

D.0.4. Configuration 2.3

Figure D.13: Displacement check configuration 2.3

Figure D.14: Tension check configuration 2.3



E
Basecase comparisons

Figure E.1: Turbine displacements
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Figure E.2: Anchor 1 tensions

Figure E.3: Anchor 2 tensions
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Figure E.4: Anchor 3 tensions
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