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Abstract

To reduce both carbon emission and fossil fuel consumption, there is a pressing need for the
exploitation of renewable sources of energy such as biomass, hydropower, solar power,
waves, and wind. This thesis addresses the application of wave energy, which has a large
potential to contribute to the world’s renewable emission-free energy supply. However, the
challenge for current wave energy technology to make a commercial impact is to reduce its
levelised cost of energy and, as part of this task, to ensure the long-term reliability and
durability of the mooring lines and power cables used in wave energy converter (WEC)
systems. This thesis contributes to the development of a numerical analysis procedure for
assessing the fatigue characteristics of these mooring lines and power cables.

The main objective of this thesis is to develop a complete numerical analysis procedure for
the assessment of mooring lines and power cables used in WEC systems. A WEC system
consisting of a heaving-point-absorber WEC, a catenary mooring chain system, and a low
voltage power cable was chosen as the subject of this case study. The numerical study was
conducted based on a first-principles approach. The simulation methodology and analysis
procedure consisted of a hydrodynamic and structural analysis, a stress and fatigue damage
analysis, a parametric study, an energy performance analysis, and an assessment of the
influence of biofouling on the WEC energy performance and the fatigue of the moorings
and power cable.

Coupled and de-coupled simulation procedures were compared using DNV DeepC. It was
found that the coupled procedure should be used to simulate the hydrodynamic and
structural response of the WEC system to capture the coupling effect in the system. A stress-
based rainflow counting fatigue analysis was developed, which enabled the identification of
fatigue-critical locations along the mooring lines and power cable under varying
environmental conditions. A fatigue-wave height-wave period matrix and a simulation
matrix were designed as tools to visualise the fatigue damage to the mooring lines and power
cable under various environmental conditions. In comparison with the biofouling-free
condition, it was shown that biofouling on the WEC system can reduce the time-averaged
power absorption of the WEC by up to 20% and reduce the fatigue life of the mooring lines
by approximately 80%. Hence, it is recommended that biofouling is considered during the
early stage of WEC system design. The influence of biofouling on the fatigue life of the
power cable was found to be negligible. However, considering the long fatigue life calculated
for the power cable, it was concluded that it is necessary to develop a more detailed model
of the power cable.

Keywords: catenary mooring chain, coupled analysis, de-coupled analysis, dynamic cable,
fatigue, heaving point absorber, low voltage cable, marine biofouling effect on absorbed
power, marine biofouling effect on fatigue, mooring line, power absorption, power cable,
wave energy converter.
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1 Introduction

In this chapter, the research background and motivation are presented, followed by the
objective of the work.

1.1 Background and motivation

To reduce both carbon emission and fossil fuel consumption, there is a pressing need for
renewable energy sources as all countries around the world seek to realise a sustainable
energy policy. In Europe, the European Commission has set a goal of 20% total energy
consumption from renewable sources by 2020 (European Commission, 2010), where
such renewable sources include biomass, hydropower, solar power, tidal, waves, and
wind, among others (European Commission, 2015).

Among the renewable energy alternatives, biomass and hydropower account for a
significant share of Sweden’s total energy production. In 2014, the total supplied energy
was 555 TWh, of which biomass and hydropower contributed 23% and 12%, respectively
(Swedish Energy Agency, 2016). However, additional renewable energy sources are
needed to satisfy the Swedish energy policy, which targets a total changeover to
renewable energy sources by 2050 (Gustavsson et al., 2011). According to the Swedish
Society for Nature Conservation, the potential for wave energy production between
2020 and 2030 is approximately 10-34 TWh/year, growing from nearly zero in 2005
(Naturskyddsforeningen, 2012).

Renewable ocean energy sources can be utilised in various forms, such as offshore wind,
wave, tidal, and ocean current energy. This thesis addresses the application of wave-
based renewable energy, which has a large potential to contribute to the world’s
renewable emission-free energy supply. As presented by Barstow et al. (2008), the
regions between the latitudes of 40° and 60° in both hemispheres, where Europe is
located, are identified with the highest wave energy potential. The anticipated wave
resources in Europe amount to 29500 TWh/year (Magagna et al., 2014), which is able to
cover the net electricity generated in 28 countries in the European Union in 2013
(European Union, 2015). A similar prediction has also been calculated for the United
States. The recoverable wave energy along the coastlines of the United States is on the
order of 1000 TWh/year, which corresponds to approximately 1/3 of the total electricity
consumption of the country (Jacobson, 2011).

In 2011, the Ocean Energy Centre (OEC) was founded at Chalmers University of
Technology with the aim of supporting the development of methods and technologies
for the harvesting of renewable ocean energy. According to a survey conducted by the
OEQC, the participating companies, including CorPower Ocean AB (2016), Minesto
(2016), Ocean Harvesting Technologies AB (2016), Waves4Power (2016), and Vigor
Wave Energy AB (2016), identified two major obstacles limiting the commercial impact
of their technologies for extracting energy from the ocean and distributing it to shore:
the insufficient mechanical service life of the mooring lines and power cables compared
with the expected service life of the wave energy converter (WEC) device itself, and the
lack of an established methodology to generate reliable predictions of the mechanical
service life of the device components. The results of this survey and a recently initiated
research programme by the Swedish Energy Agency on marine renewable energy served
as the motivation for the current thesis project.



A comparison among the energy production costs of different energy sources can be
performed based on their levelised costs of energy (LCOEs). The LCOEs of established
energy technologies, such as biomass, coal, hydropower, nuclear power, and onshore
wind power, range from 40 to 230 USD/MWh, whereas the LCOEs for current wave
energy technologies range from 280 to 1100 USD/MWh (Salvatore, 2013). For wave
energy to be profitable and competitive compared to other types of energy production,
its LCOE must be reduced (Magagna et al., 2014). Gao et al. (2015) have further noted
that to achieve this goal of reducing the LCOE, survivability under extreme wave
conditions and long-term performance with respect to fatigue are particular challenges
for the structural design of WECs and require further investigation. One reason for the
high LCOE of wave energy is that the long-term operation and usage of WECs requires
maintenance such as the removal of biofouling, the repair of ageing mechanical parts,
and even the replacement of device components if they fail as a result of fatigue damage.
Among all these concerns, failure due to fatigue damage is crucial and should be
mitigated to reduce the LCOE to a competitive level. This issue also serves as a strong
motivation for the research presented in this thesis.

1.2 Objective

The work presented in this thesis has been funded by the Swedish Energy Agency
through two projects: “Ocean Energy Centre — Durability analysis of cables and
moorings used in systems for harvesting renewable ocean energy”, Contract No. 36357-
1, and “R&D of dynamic low voltage cables between the buoy and floating hub in a
marine energy system”, Contract No. 41240-1. The first project, conducted between 2013
and 2015, focused on the development of a numerical tool for assessing the mechanical
service life of mooring lines and power cables. In the second project (2015-2017), the
focus is on a newly developed low voltage cable and its application in a WEC array farm.
Consequently, the objectives and goals of the research presented in this thesis are closely
related to those of these projects.

The main objective of the work presented in this thesis was to develop a complete
numerical analysis procedure for the mooring lines and power cables used in WEC
systems. Such an analysis should address the fatigue life assessments of the moorings
and cables while providing high-level assessments of the performance of the WEC
system, such as its energy performance; see Figure 1. From the motions and
hydrodynamics of a simulated WEC to the estimation of energy performance, our
research fills the investigative gaps throughout the entire assessment spectrum. A
schematic overview of the three main research topics addressed in this thesis and the
interactions among them is presented in Figure 1.

This main objective can be further divided into the following three sub-objectives:

G1. Compare different simulation procedures, leading to a recommendation for the
study of the behaviour of WEC systems with regard to the initial fatigue design
assessment of WEC mooring lines and power cables.

G2. By means of a parametric study, investigate the sensitivity of the predicted
service lives of the mooring lines and power cables with regard to the
environmental and design parameters. Moreover, identify the values or ranges



of the environmental and design parameters that will result in long (fatigue)
service lives of the mooring lines and power cables.

G3. Investigate the potential impact of biofouling on a WEC system, primarily with
regard to the energy performance of the WEC and the fatigue life of the
moorings and cable.

Fatigue life
¢ Mooringsystem and
configuration
e Low voltage power
cable

Environmental
WEC loads and factors
energy
performance - * Wave load
e (cean current
e Marine biofouling

Figure 1. Interactions among the three main topics of this thesis:
fatigue life analysis, energy performance analysis, and the influence
of environmental loads and other factors.

1.3 Outline of the thesis

The outline of this thesis is as follows: Chapter 2 describes the methods used for the
analyses presented in the thesis and the limitations of the research. This thesis is based
on a brief summary of results drawn from the appended Papers I, I, and III, which is
presented in Chapter 3. The conclusions of the thesis work are summarised in Chapter
4, followed by a proposal for future work in Chapter 5.






2 Numerical Model and Methodology

Because of the wide variety of different WEC concepts that have been proposed (150
types recorded in 2012 (Brennan et al., 2012)), numerical simulation methods are pivotal
for the development of wave energy conversion technology for two reasons (Cruz, 2008).
In the early stage, numerical simulations provide flexibility in assessing a large number
of versions of a proposed technology with a relatively low marginal cost. In later
development stages, numerical methods play a critical role in optimising the entire
system and/or envisaging new generations of WEC systems. This chapter presents the
numerical analyses and simulation models that were applied in this thesis project. An
overview of the connections among the different analysis and assessment methods and
the appended papers is presented in Figure 2.

Paper | Paper Il Paper lli
— T 1
Hydrodynamic and : Comparison of coupled || : Coupled analysis oo :
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h 1> . based on a design- | !
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coupled analysis) .| generic WEC system : . : | the dynamic response :
:Dj : ! : ! _,'_ of the entire WEC  |!
i P i[77| system and the fatigue |,
1 ! i| 1| of the mooring lines |1
1 1 1
Stress and fatigue 1 Dr?vilolpmierlt O:‘ P Dr?"?:or"“ie";t OT : : and power cables !
damage analysis —r|  ananalysis too —r an analysis too | ! .
1| for mooring lines ! for power cables 1. 1
1
I L Jd o :
:D:z 1 1! 1 : 1
1 1 ! r 1
1 1 | r, 1
1 1! 1 ] i 1
. . !| Parametric analysis |1 !| Parametric analysis |1 ! Parametric ana lysis 1
Parametric analysis | for mooring lines | for power cables ¥ for the entire .
1 1 : o WEC system 1
1 1 1 1
1 1! 1 : 1
P TTTTTTTTTTTTTT tmmmmmmTeeeees - !
! 1
: Power absorption |
Energy performance 4| analysis of the WEC |t
analysis of the WEC I| based on a simplified :
: PTO model 1
1 1
il - :
1
' :
Assessment of other l Influence of :
environmental factors ‘If marine biofouling |,
- \
D o 1
Complete simulation
model and
assessment
procedure used
in this thesis

Figure 2. The connections between the numerical model and methodology
described in Section 2 and the appended papers.



2.1 Numerical model of the WEC system

Figure 3 shows the schematic layout of the WEC system model studied in this thesis. The
presented figure is taken from the appended Paper II1, as this figure depicts the latest
model considered in our research project. A WEC system is defined as the basic unit of
a WEC array farm. The WEC system consists of a point-absorber-type WEC, a catenary
mooring chain system, and a low voltage power cable that is connected to a stationary
fixed power-collecting hub.

Wave and /
current -\ Power @@bﬂ@ Y
— p

e

Figure 3. Schematic layout of the numerical model considered
in this thesis (from Paper I1I).

The studies presented in the appended Papers I to III focused on an investigation of a
point-absorber-type WEC. This type of WEC is able to exploit the more powerful wave
regimes available in water depths of typically more than 40 metres (Falco, 2010). The
WEC was modelled as a closed buoy with a given geometry and mass and a constant
linear damping in the heave degree of freedom. This constant damping was used to
incorporate a linear power take-off (PTO) into the model to capture the power
absorption of the WEC.

The WEC floats freely in the seawater but is held in position by a mooring system that
is anchored to the seabed. This thesis primarily considers a catenary mooring chain
system, which consists of a number of mooring lines that are symmetrically attached
around the outer rim of the WEC buoy (to fairleads on the WEC buoy).

The studied power cable is a low voltage power cable that has been recently developed
by the company nkt cables (2016) and is currently being tested at the Runde test site in
Norway (Runde Environmental Centre, 2016). The actual WEC buoy manufactured by
Wavesd4Power (2016) and deployed at Runde is shown in Figure 4. In contrast to
conventional submarine power cables (such as those described by Worzyk (2009)), the
newly developed cable is specially designed with respect to two unique criteria. First, the

6



electricity transmitted by this cable has a relatively low voltage of 1 kV because the
electrical power generated by waves is typically low, on the order of 100 kW. Second,
the cable is designed to hang freely in the seawater rather than to be in contact with the
seabed. Hence, it is subject to motions and loads from the WEC, hub, waves, and
currents and is therefore also called a “dynamic cable”. In the following, this low voltage
cable is simply referred to as the power cable.

)‘W ‘,

R

Figure 4. Studied WEC buoy, designed by the Swedish company
Wavesd4Power (2016).

The power cable carries the electricity from the WEC to a power-collecting hub. In a
full WEC array farm, this hub collects the electricity from a number of WECs and then
transmits it ashore. According to the original design for the studied WEC system, the
hub is planned to be fixed at a stationary position in the seawater. Therefore, the hub
was modelled as a fixed point in space.

The WEC system is exposed to external environmental loads induced by currents,
waves, and winds. In addition, the seabed and seawater define the spatial boundaries of
the system’s movement. Hence, the currents, waves, seabed, and seawater were included
in the numerical model; however, wind was excluded in the present investigation
because it was assumed that the wind has a limited impact on the WEC system (see
Section 2.3 for further discussion).



2.2 Method and software

Many studies have been reported in the literature in which the hydrodynamics, motion,
and structural response of a WEC system and its fatigue life have been investigated. For
example, Martinelli et al. (2012) proposed an iterative procedure that can be used in the
verification phase of the design of a mooring system for a WEC. By means of a 1:20 scale
model test of an oscillating water column WEC and a catenary spread mooring system,
the proposed procedure was proved useful for capturing the motion and force response
of the mooring system. Thies et al. (2012) assessed the fatigue life of a power cable used
for a WEC. Using the prescribed motion of the WEC as measured in a 1:20 scale test,
the motion and structural response of the cable were numerically simulated, and the
fatigue life of the cable was then estimated based on the rainflow counting (RFC)
method. Cerveira et al. (2013) modelled a point-absorber-type WEC with a catenary
mooring chain system. The motion of the WEC system was simulated to estimate the
power absorption of the WEC. In that paper, it was concluded that the catenary mooring
chains have a negligible influence on the dynamics of the floating WEC and the captured
wave energy. Langhamer et al. (2009) measured fouling assemblages on WEC buoys in
the field. By calculating the response amplitude operators of a WEC buoy with and
without biofouling mass, they concluded that the influence of marine biofouling is
negligible with regard to the dynamic characteristics of a WEC buoy.

Table 1 summarises the various analyses that have been addressed through simulations
in the literature. The various references are compared against the analyses identified in
this study as required to achieve the objective presented in Section 1.2. According to the
author’s literature survey, all analyses required in this study have been studied
separately by a number of researchers, but there is an investigative gap regarding how
all of them should be performed in a single workflow so that both fatigue damage of the
moorings and cables as well as the energy performance of the WEC can be evaluated in
parallel. Therefore, we synthesised the cited literature to determine how to bridge the
gaps between the required analyses and thus developed the simulation procedure
summarised in Figure 5.



Table 1. Summary of the various analyses that have been addressed through
simulation procedures proposed in the literature.

Motion and structural Stress and fatigue WEC energy Parametric study
response analysis damage analysis performance
WEC Mooring Power Mooring Power Design Environmental Environmental
lines cables lines cables parameters loads factors
Cerveiraetal. X X X X X
2013
Fitzgerald & X X X X X
Bergdahl 2008
Johanning et X X X X
al. 2006
Langhamer et X X
al. 2009
Martinelliet X X X
al. 2012
Muliawanet X X X X X
al. 2013
Sinha et al. X X X X
2016
Thies et al. X X X X
2012
Welleretal. X X X
2013
Zaroudietal. X X X X
2015
Thesis / Paper X X X X X X X X X

I-III

The workflow presented in Figure 5 consists of several types of components. The
rectangular boxes represent actual analytical steps performed in our research, whereas
the rounded boxes encapsulate the input/output information required to be carried
through the different steps. The solid lines (solid arrows and solid boxes) indicate work
performed as part of this research project, and the dashed lines (dashed arrows and
boxes with dashed lines) indicate information obtained from third parties, including our
industrial partners, design regulations, and guidelines.

Differently coloured boxes represent the different types of methods applied in this
thesis. They can be summarised as follows:

* Hydrodynamic and structural response analysis of the WEC system (blue boxes).
e Stress and fatigue damage analysis of the mooring lines and power cable (red

boxes).

* Energy performance analysis of the WEC (green boxes).

* Assessment of the influence of marine biofouling (orange boxes).

* Parametric analysis for quantifying the sensitivities and uncertainties of the
information used throughout the entire workflow (boxes without colouring).

In the following sections, the basic information regarding each method will be further

elaborated.
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Figure 5. Methodology developed for the current thesis project.
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2.2.1 Hydrodynamic and structural response analysis of the WEC system

In this context, the purpose of the hydrodynamic and structural response analysis was to
assess the motion of the entire WEC system, the axial force response in the mooring
lines, and the axial force and bending moments in the power cable. To numerically
simulate the WEC system for motion and structural analysis, we chose to employ the
simulation tool DNV DeepC (DNV, 2013). DeepC provides integrated functions for
simulating an entire deep-water floating system. This integration facilitated the
modelling of the WEC, moorings, and other environmental conditions in a manner
suitable to our research interest. Furthermore, DeepC also provides the possibility of
simulation using either a coupled or a de-coupled analysis approach, enabling a
comparison of these approaches in our research within a single numerical toolbox.
However, as in a recent study conducted by Bhinder et al. (2015), in which the different
software packages AQWA, SIMA, and OrcaFlex were compared with respect to the
simulated tension force of the mooring lines, the author may also consider testing
another numerical package in the future to evaluate the feasibility of using different
software to achieve our research objective; see the discussion in Chapter 5.

These two simulation alternatives, namely, coupled and de-coupled simulation
procedures, are the two main approaches used to study the dynamics of WEC systems,
including the motion and force response. In a coupled analysis, the motions of every
modelled component (in our case, the WEC with the attached moorings and power
cable) are solved simultaneously, whereas in a de-coupled analysis, the computations are
separated into two sequential steps. In our de-coupled simulation, the motion of the
WEC was solved first, followed by the motions of the moorings and power cable. Using
a de-coupled simulation procedure reduces the complexity of the numerical simulation
and often results in better numerical stability compared with the coupled approach,
whereas the merit of the coupled procedure lies in the inclusion of the mutual interaction
(coupling) effects between the WEC, mooring lines, and power cable in the simulation
(such as the inertial load and damping effects from the moorings as well as the seabed
friction).

However, the majority of studies referenced above in Table 1 were conducted from the
hydrodynamics perspective. Only a select few considered both the structural response
and the fatigue life in their assessment criteria. Hence, the objectives of our research
were to compare the different simulation procedures from the perspective of stress and
fatigue analysis and to propose a suitable methodology for future research. Our
numerical simulation results were further verified against the case study conducted by
Palm et al. (2013) to confirm their validity.

2.2.2 Stress and fatigue damage analysis of the mooring lines and power
cable

In this thesis work, the numerical modelling and analysis were performed in accordance
with first-principles design. In first-principles design, the model is simplified to a
reasonable level to capture the characteristics of the system while requiring an
acceptable computational effort. To this end, the catenary mooring chains were
modelled as beam elements and the power cable was modelled as a thick-walled circular
tube; see Papers I and II for details. Hence, the goal of the stress and fatigue analysis
performed in our research was to identify the fatigue-critical locations along the mooring
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lines and power cable as well as their overall relative fatigue lives, and their intrinsic
failure mechanisms were not considered in the model. The stress and fatigue damage
analysis was performed using an in-house code developed using MATLAB (The
MathWorks Inc., 2013), for which the force histories of the mooring lines and power
cable were extracted from the simulation described in Section 2.2.1.

In Papers II and III, the mooring lines were constrained to exhibit stiffness in the axial
direction only, namely, zero bending and torsional stiffness was assumed (DNV, 2010);
the influence of bending and torsional stiffness was investigated in Paper I. The
structural response of each mooring line was characterised in terms of the axial force,
and then, the corresponding axial stress was calculated using the nominal cross-sectional
area of the catenary chain.

For a power cable, the structural response must be considered in terms of the axial force
and the bending moments (Barbeiro & Yamada da Silveira, 2013; Katsui et al. 2013).
Accordingly, the stress components of the power cable included both axial and bending
stresses. For each cross section of the power cable, we considered the outermost edge to
be the most critical area for the stress response, and we calculated several points on the
periphery to determine the most fatigue-susceptible location on the cross section.

The accumulated fatigue damage and fatigue lives of mooring lines and power cables
can be calculated after their stresses have been calculated. At present, the calculated
fatigue lives have not yet been verified against laboratory data. Hence, it is unknown
which failure modes dominate the fatigue lives of the mooring lines and power cable. In
addition, the calculated fatigue life could refer either to the occurrence of a crack in the
structure or to complete fracture. Due to the uncertainties from the unknown failure
mode and the lack of the laboratorial validation, the absolute value of the calculated
fatigue life may be unrealistic and be less important in this study. Nevertheless, the
chosen fatigue evaluation is judged to be relevant because it enables us to predict the
relative lives of the mooring lines and power cables and to observe their fatigue
characteristics.

Because the initial study showed that the stress levels of the mooring lines and power
cable are considerably lower than their design yield stress, a stress-based approach was
adopted in the fatigue analysis. Given the stress history obtained from the time-domain
simulation, the RFC method was employed to extract the stress cycle for the fatigue
analysis (Endo & Morrow, 1969; Rychlik, 1987). Finally, the accumulated fatigue
damage (FD) was calculated using the Palmgren-Miner cumulative rule and the S-N
(stress-number of cycles to failure) curve for the material of the mooring or cable under
consideration.

For the fatigue damage calculation, two additional assumptions were made. First, only
tensile stress was assumed to contribute to the fatigue damage in the fatigue analysis,
and hence, any recorded negative (compressive) stress readings were rounded up to zero
prior to the cycle-counting procedure. Second, no fatigue limit was considered; thus, all
stress ranges contributed to the total fatigue damage.
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2.2.3 Energy performance analysis of the WEC

The primary focus of this research was the fatigue analysis of WEC moorings and power
cables. However, any change in the mooring and cable design parameters that lead to
longer fatigue lives could have a negative effect on the WEC’s energy production
capability. Hence, according to Figure 1, a parallel energy performance analysis was
warranted.

The energy performance of the WEC was evaluated in terms of the time-averaged
absorbed power. The WEC absorbs energy through the activation of the PTO damping
(Falnes, 2007). This study, however, used a simplified model of the PTO system. A
constant damping in the heave degree of freedom was introduced to incorporate a linear
PTO into the model for power absorption.

2.2.4 Assessment of other environmental factors - marine biofouling

The influence of marine biofouling was studied based on the energy performance of the
WEC and the fatigue lives of the moorings and cable, as presented in Figure 1. Both
aspects are considered to be important factors in determining the necessary maintenance
procedures for deployed WEC systems.

A precise quantitative estimate of the marine biofouling on a WEC requires detailed in
situ measurements of the flow properties and biological activity at the deployment site.
However, such information is typically lacking during the initial design phase and only
becomes available once the device has actually been deployed for a certain period of
time, similar to the challenges currently faced by the offshore wind energy industry
(Carswell et al., 2015; Krone et al., 2013; Wilhelmsson & Malm, 2008). Hence, to
investigate the effect of biofouling, the author referred to the public literature, which
provided us with a reliable reference point for fouling conditions; for this purpose, Tiron
et al. (2012) and NORSOK (2007) were used as the two core references.

The biofouling effect was included by modelling an increase in the masses and drag
coefficients of the moorings and cable, following the recommendation defined in the
Position Mooring standard (DNV, 2010). Although the standard cited above is intended
for mooring systems, we adopted the same principle for the cable because of its similar
slender geometric characteristics relative to the floating WEC buoy. With regard to the
fatigue damage analysis of the WEC moorings and cable, their S-N curves were assumed
to remain unchanged with respect to the original S-N curves for the materials of the
moorings and cable under consideration, i.e. no influence of bio-corrosion on the S-N
curves was considered.

In this research, it was assumed that an anti-fouling coating had been applied to the
WEC buoy. Therefore, only the biofouling effects on the moorings and cable were
considered. However, to consider fouling on the WEC buoy, additional mass could be
added to the buoy while retaining the buoy’s geometry, following the procedure
described in Langhamer et al. (2009) and Tiron et al. (2012).
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2.2.5 Parametric analysis

Various numerical and physical parameters are involved in describing the entire WEC
system and in controlling the numerical simulations. By numerical parameters, we refer
to those parameters adopted to assist in numerical simulation. The parameters that are
needed typically depend on the chosen numerical simulation technique and/or software.
For example, a mesh size must be specified in finite element analyses for structural
element discretisation, and the artificial stiffness used in DNV DeepC is a numerical
parameter that is used to improve the numerical stability of the static solution (SIMO
Project Team, 2012). By contrast, physical parameters are those that have a direct
physical meaning, e.g. the wave height and wave period describe the real environmental
loadings acting on the structures, the axial and bending stiffnesses describe the material
properties of the structures, and the lengths and diameters describe the geometrical
characteristics of the system.

The parametric analysis was performed by imposing systematic variations in a number
of parameters. The sensitivity of the fatigue damage evaluation of the mooring lines and
power cables as well as the energy performance analysis of the WEC to various
parameters was quantified. All parameters investigated throughout the entire study are
summarised in Table 2.

Table 2. Summary of the numerical and physical parameters investigated in
this thesis project.

Yangetal. Paperl Paper II  Paper 111
(2014)

Numerical parameters

Mesh size X
Artificial stiffness X
Structural Rayleigh damping X
Physical parameters

Wave drift force of the WEC X
Pretension force of the mooring
system

Length of a mooring line X

Bending and torsional stiffness of
a mooring line

Mooring configuration X
Bending stiffness of the power
cable

Length of the power cable
Mass of the power cable
Wave height, period and direction X X

Current speed and direction
Time duration for marine
biofouling development

Thickness of marine biofouling
Density of marine biofouling

X X X X X

X X X X X
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In addition to the parametric analysis, a simulation matrix was also used to improve the
presentation of our results, allowing them to be presented in the most compact form
while clearly representing the potential correlations among different parameters. Figure
6 shows a schematic example of the simulation matrix from Paper III that was used to
present the results of our parametric study.
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Figure 6. Schematic view of the simulation matrix.

2.3 Assumptions and limitations

The research presented in this thesis is multi-disciplinary, encompassing research
disciplines such as numerical modelling, hydrodynamic analysis, marine structural
analysis, and assessment of the influence of the ocean environment. The purpose of using
this multi-disciplinary approach was to build a system model that can be used primarily
to simulate the fatigue lives of mooring lines and power cables while also simulating the
energy harvesting performance of WECs. To date, the adoption of several
simplifications has been required to present the first suitable simulation procedure for
this purpose, and this has resulted in certain limitations. Below, a summary of these
assumptions and limitations is presented.

Type of WEC and its geometry

The developed simulation procedure is not limited to the study of point-absorber-type
WECs. However, this type of WEC was chosen as the subject of our case study because
of its research potential, as follows. Because a point-absorber-type WEC harvests energy
from its own motion, more frequent periodic motion of the WEC can be expected.
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Hence, mooring and cable fatigue accumulates more rapidly compared with other types
of WEC systems, and therefore, the investigation of fatigue failure is particularly
important (Gao et al., 2015). Yet, this limitation also poses an interesting research
question: because the energy production of a point-absorber-type WEC affects its own
motion, the question of how to strike a balance between effective mooring positioning
and sufficient freedom of movement for the WEC itself is worthy of research attention
(Johanning et al., 2007; Weller et al., 2013).

Two examples of WEC buoy geometry were studied during this thesis project: a generic
cylindrical buoy (Paper I) and a specific buoy geometry designed by the Swedish
company Waves4Power (Papers II and III). The generic WEC buoy was initially chosen
to enable us to focus on the development of the simulation procedure. Furthermore, this
generic WEC has been thoroughly investigated in the literature (Fitzgerald & Bergdahl,
2008; Palm et al., 2013), thereby providing the possibility to validate the results of Paper
I through comparison with the cited literature. Using the methodology established in
Paper I, the specific buoy design was then adopted to enable a more realistic case study
in the latter two papers.

Stationary hub

According to the initial design of the hub, determined prior to this research project, it is
planned to remain in a static position in the seawater. Therefore, the hub was treated as
a spatially fixed point, meaning that there is no motional interaction between the hub
and the power cable. This stationary constraint on the hub may later be further
investigated in a possible future case study with our industrial partner, Waves4Power
(see Chapter 5, which discusses possibilities for future work, for details).

PTO system

The PTO system of the WEC was modelled as a linear damper in this study. This
simplification was made to restrict our focus to fatigue analysis while maintaining the
possibility of calculating the energy performance of the WEC. If the developed analysis
procedure is to be applied by other researchers or industrial partners, a more detailed
PTO can be modelled for the WEC to provide better accuracy in the estimation of the
energy harvesting performance of the WEC.

Mooring systems and materials

For the mooring systems to be used in WEC systems, which are required to exhibit
highly compliant behaviour, research is actively ongoing for the investigation of various
possible configurations and materials. The available configurations include single-point
systems, taut systems, and dynamic positioning (Bosma et al., 2015; Harris et al., 2004),
whereas the considered materials include nylon fibre rope, elastomeric rubber, and
synthetics, among others (Fitzgerald & Bergdahl, 2007; Ridge et al., 2010; Thies et al.
2014; Weller et al., 2015). The focus of the current research was a spread mooring system,
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specifically, a system of steel catenary mooring chains. Steel mooring chains have a
relatively moderate installation cost because of their ease of handling and installation,
and hence, they are a more favourable choice in the development and manufacture of
WEC systems. Additionally, more complete analytical tools and related theories are
available for this type of mooring system because of its earlier adoption in marine
engineering. Our research strove to build upon existing analysis methods and tools and
to further extend it for the investigation of WEC systems.

Power cable — low voltage cable

Traditional submarine power cables are mostly static cables placed on the seabed
surface, with typical lengths of up to hundreds of kilometres (Worzyk, 2009). Our
research focused on dynamic cables; see Section 2.1 for details. Dynamic cables are
designed not to be in contact with the seabed during operation, and the cable lengths are
much shorter than those of static cables. Furthermore, dynamic cables operate in the
free-hanging state, hence their dynamic motion. This motion can increase the risk of
different failure modes in comparison with static cables, such as fatigue, fretting, and
wear. Therefore, dynamic cables require a more sophisticated structural design and were
an important focus of this study.

When the investigation of the power cable was conducted, the low voltage cable was still
under development. Therefore, the model of the power cable was simplified from an
umbilical cross section to a circular tube with a smaller inner diameter; for the details of
this simplification, refer to the appended Paper 1I.

Software used and modelling of environmental loads

The hydrodynamic and structural response analysis of the WEC system was performed
based on DNV DeepC in this study. Therefore, we naturally inherited all of the
limitations of the software we used. Moreover, because of limitations related to
computational complexity and research feasibility, the modelling of the WEC system
was simplified to a reasonable extent. As our study progressed, more detailed modelling
of the WEC system was included. Nevertheless, this study included a systematic
investigation of the simulated results obtained using DeepC, and the simulation results
were also partially compared with those obtained using a different software package,
MooDy (Palm, 2014); see Paper I for details.

The DeepC software provides the possibility of considering the wind load on the WEC
system. However, it was assumed that the wind load has a negligible effect on the
dynamic response of the WEC system, and this load was therefore neglected in the
present investigation. With respect to the wave load, restrictions were introduced under
the assumption of small wave amplitudes and Airy wave theory (DNV, 2012a; SIMO
Project Team, 2012). Hence, to ensure the validity of our simulated results, all studied
wave conditions were examined in comparison with the wave steepness parameter and
the shallow water parameter to avoid obtaining invalid results from the numerical
simulations; see Paper II for details.
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Fatigue damage analysis: elasticity theory

In this study, the material response of the mooring lines and power cable was assumed
to always be elastic. Hence, the stress-based approach and the Palmgren-Miner
cumulative rule could be used in the fatigue analysis. For the environmental loads
considered in Papers I to III, the structural response was shown to remain below the
yield stress. However, for harsh sea state conditions, or when snap loads occur, the
elastic assumption may be violated. For these conditions, a different fatigue damage
model must be developed; however, this is out of the scope of the current thesis.

Failure modes and failure points in the mooring lines and power cable

Two potential failure modes were not considered in this study because of the
assumptions made when modelling the mooring lines and power cable. First, the
potential failure modes for the mooring lines due to its torsional response was not
considered (Hobbs & Ridge, 2005) because of the assumption of zero torsional stiffness
of the mooring lines. Second, because the power cable was simplified as a thick-walled
tube, no intrinsic failure mechanisms such as fretting or wear were considered as
potential failure modes of the power cable (Nasution et al., 2013; Zhou et al., 1996).

The purpose of this study was to assess the structure failure of the moorings and cable;
hence, the possible failure points were assumed to lie on the main structures of the
moorings and cable themselves. Thus, our modelling focused on the main structures of
the moorings and cable while neglecting possible failures of the connectors between
components, such as the linkages between the WEC and the moorings, the linkages
between the moorings and the seabed, and the linkage between the WEC and the cable.
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3 Results

The entire contribution of this thesis is based on the three appended papers, each of
which addresses a different stage of the study performed to achieve the overall goal, as
described in Section 1.2. The purpose of this chapter is to provide the reader with an
overview and brief summary of the most important results. For more detailed
descriptions and results, the reader is referred to the appended papers.

3.1 Summary of Paper |

The objective of Paper I covers three aspects: first, the establishment of an analysis
procedure to execute the basic workflow, as described in Figure 5, for studying the
fatigue characteristics of mooring lines; second, the comparison of different simulation
procedures, namely, coupled and de-coupled analysis, to obtain a recommendation for
the initial fatigue design assessment of WEC mooring lines; and finally, a discussion of
how the motion, forces, and stress response of the mooring lines vary for different
simulation procedures and modelling parameters, both numerical and physical.

The main focus of Paper 1 is placed on the establishment and comparison of the analysis
procedures and on the fatigue characteristics of the mooring lines. We begin with a
simplified WEC system model that includes the essential components, namely, a WEC
buoy, a four-mooring system, the waves, the seawater, and the seabed; the ocean current
load is not considered. The results are evaluated with a primary focus on the differences
in the motion, force, and fatigue damage results for the moorings obtained using
different simulation procedures and different physical and numerical parameters.

Given regular wave conditions such as those considered in Paper I, the response, as
predicted by the numerical simulations, will eventually reach a steady-state response—
the amplitude and period of the motion response of the WEC are constant. Hence, one
minute of such harmonic results is representative for comparing the differences between
cases, and this approach serves as the basis for comparison in Figure 7 and Figure 8.

Figure 7 presents the results of the fatigue damage analysis for the two compared
simulation procedures, namely, the coupled and de-coupled analysis procedures. The
fatigue analysis encompasses all four mooring lines. Line 1 and Line 3 are positioned to
trail and face into the encountered wave, respectively, whereas Line 2 and Line 4 are
both located in a beam sea position. The two simulation procedures exhibit reasonable
agreement in terms of the trend of the fatigue damage accumulation along the mooring
lines. The fatigue damage is highest at the fairlead of a mooring line (at a line coordinate
of 0 metres) and decreases as the distance from the fairlead increases. However, a
greater difference between the two simulation procedures is evident in the prediction of
the magnitude of the maximum fatigue damage. This difference is attributed to the
limitations of the de-coupled simulation procedure, such as the lack of consideration of
the dynamic influences of the moorings, the linearity assumption, and the absence of the
wave drift force. These differences are expected to be larger under more severe wave
conditions. From a fatigue design perspective, because the computational times are
approximately equal for the two simulation procedures, the coupled simulation
procedure is considered to be the better option for comprehensive studies of WEC
systems.
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Figure 7. Presentation of the results of the fatigue damage calculations for the
coupled and de-coupled simulation procedures along each entire mooring line,
from the fairlead at the WEC to the anchor point at the seabed (at line
coordinates from 0 to 100 m).

Figure 8 summarises the results for all cases investigated in the fatigue response analysis
of the mooring lines in Paper 1. The presented accumulated fatigue is that located at the
fairlead of mooring line 3, because this was identified as the critical position for fatigue
damage. All cases were simulated using the coupled simulation procedure because it was
identified as the best means of capturing the necessary coupling effect with reasonable
effort. The symbols E, RD, W, L, and B denote the element size for the mooring lines,
the Rayleigh damping used to represent the structural damping in the mooring lines, the
encountered wave height and period, the length of the mooring lines, and the bending
and torsional stiffness of the mooring lines, respectively. Note, however, that for the
catenary mooring chain system investigated in this study, the bending and torsional
stiffness can be neglected. The investigation of the bending and torsional stiffness herein
is regarded as a numerical investigation to examine the potential changes in the fatigue
damage evaluation that could occur if a different mooring system were to be adopted. A
standard value is defined for each investigated parameter. The combined set of standard
values for all parameters is defined as the standard case. The results for the standard
case are shown in Figure 7(b) and as the red bars in Figure 8 to allow observation of the
trends in all varied parameters. The implications of each varied parameter are reported
in the appended Paper I; overall, the main conclusion of the parametric study is that
most physical parameters have a profound influence on the structural behaviour of a
mooring system and its fatigue life. This finding indicates that it is important to consider
the fatigue life assessment at an early stage during the design of a new WEC mooring
system.
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encountered wave height and period, the length of the mooring lines, and the
bending and torsional stiffness of the mooring lines, respectively.

3.2 Summary of Paper Il

The objective of Paper Il is to extend the analysis procedure to the fatigue analysis of
the power cable and thus to provide recommendations regarding the design parameters
of the power cable.

To investigate the power cables used in a WEC array farm, it is necessary to increase the
model complexity such that the model is representative of a basic unit of the WEC array
farm. Consequentially, the WEC system studied in Paper II consists of a WEC buoy, a
mooring system, and a free-hanging power cable that is connected to a stationary fixed
power-collecting hub. Paper II has two main research focuses: first, investigation of the
motion and structural responses of the power cable to the actual environmental
conditions at its expected site of operation, and second, identification of the design
parameters that are important for reducing the fatigue damage to the power cable.

A fatigue-wave height-wave period matrix was computed that shows the cable fatigue
damage under different wave load conditions; see Figure 9. A great deal of information
can be read from this figure. Numerically, to avoid violating the conditions for the linear
wave theory applied by DeepC, only sea states that satisfy this linear wave theory were
simulated; see Paper II for details. According to the wave scatter diagram acquired from
the Runde test site in Norway, the simulated cases cover 72% of all possible sea states,
meaning that the predicted fatigue characteristics of the power cable are, to a large
extent, representative of reality. However, because the contributions from the most
severe wave conditions are disregarded, over-prediction of the actual fatigue life is
expected. Physically, this figure already reveals an important concern for a WEC system.
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In the region of high wave heights, greater fatigue damage is observed in the power
cable. However, this is also the region in which the WEC is expected to exhibit the best
power performance. Therefore, WEC designers must address the economic analysis
which balances revenues, namely energy extraction performance of the WEC, and costs,
such as the fatigue damage of the moorings and cables, of the WEC system.
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Figure 9. The fatigue-wave height-wave period matrix: maximum accumulated
fatigue damage along the cable over 10 minutes for different wave heights and
wave periods. The invalid and transitional ranges for the application of linear wave
theory are indicated by the dark grey cells and thick black lines. The light grey and
white cells were excluded from the simulations because their probabilities of
occurrence are zero. The cells corresponding to all wave conditions that were not
simulated are marked with black dots. Each wave condition was simulated as a
regular wave represented by a mean wave height of H = H,/v/2, and an average
wave period of T = T,.

Figure 10 shows the absolute maximum curvature and fatigue damage of the power cable
with various bending stiffnesses, and the results confirm the dilemma encountered when
selecting the appropriate design parameters for the cable as well as the limitations of the
current methodology. When the bending stiffness of the cable is increased, the curvature
response of the cable decreases (Figure 10(a)) but the fatigue damage to the cable
increases (Figure 10(b)). The results suggest that if a cable is designed for lower motion
and curvature response (namely, with a high bending stiffness), then the cable will be
prone to fatigue damage induced by cyclic tensile stress. However, if the cable is
designed to allow for greater motion and curvature response (with a low bending
stiffness), then an advanced model must also be used to predict the intrinsic failure
mechanisms of the cable, such as bird caging, wear, and fretting damage between the
internal cable umbilicals (DNV, 2012b), implying the need to further develop a
numerical model to study the local behaviour of the power cable. Because such local
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failure mechanisms of the power cable were not modelled in this study, the presented
fatigue lives should be interpreted as upper bounds on the service life.
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Figure 10. (a) Absolute value of the maximum curvature response and (b) fatigue
damage accumulated during 10 minutes of stable response for different cable
bending stiffnesses.

3.3 Summary of Paper Il

Paper 111 presents the full simulation procedure and its opportunities, in accordance with
Figure 1. The primary objective of Paper III is to investigate the characteristics of the
entire WEC system with regard to its energy performance and the fatigue life of the
mooring lines and power cable, considering the influence of the design parameters,
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loading conditions, and marine biofouling. This implies that one important task of Paper
II1 is to present the complete analysis procedure as summarised in Figure 5.

In Paper II, the case study WEC system was used as a test case to simulate the cable’s
motion and fatigue characteristics. In Paper 111, we adapted the modelled system to more
closely replicate the Runde test conditions, which specifically required us to update the
current load profile and seabed characteristics. However, our focus remained on the
catenary mooring system, although a polyester mooring system is used at the Runde test
site.

A parametric analysis was conducted in Paper III to study the system characteristics.
Table 3 summarises all parameters investigated in Paper I1I; the detailed information
for each parameter is provided in the appended paper. Illustrations of the orientation of
the WEC system in relation to the incoming wave and current directions are presented
in Figure 11.

Table 3. Summary of the parameters investigated in Paper III.

Investigated parameter  Case Description
Mooring configuration =~ M1  Three moorings
M2  Four moorings

Marine biofouling: F1 Biofouling-free condition
density (p,) and F2  p, =1325kg/m3;t, = 253 mm
thickness (t,) F3  p, =1300kg/m3;

t, = 60.0 mm/40.0 mm (water surface to a
depth of 40 metres / water depth below 40 metres)
Sea state: significant S1 Hy =15m;T, =135s
wave height (H;) and S2 Hy; =20m;T,=50s
peak wave period (T,)  S3  H,=35miT, =75s
S4 Hy=75m;T,=85s

Incoming wave and D1 Odeg
current direction D2 130deg
D3 180 deg

0 deg /\/ 180 deg 0 deg
P WEC Cable - P

(O1) \,& 03 (1)
Moorings Moorings

(a) 135 deg (D2) (b) 135 deg (D2)

180 de
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Figure 11. Illustration of the (a) three-mooring and (b) four-mooring WEC systems in
relation to the incoming wave and current direction.
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Table 4 to Table 6 summarise the results for the time-averaged absorbed power of the
WEC device, the shortest fatigue life among all mooring lines, and the fatigue life of the
power cable, respectively, for all cases investigated in Paper III. For comparison, all
values are normalised with respect to the reference case, which is defined as M1-F1-S2-
D3 and is indicated by a red border around the corresponding cell in Tables 4-6. Note
that the results shown in these tables consider only the effects of biofouling on the
moorings and cable, under the assumption that an anti-fouling coating is applied to the
WEC buoy. The most important conclusions drawn from these tables are as follows:

The modelled biofouling on the cable and moorings is found to result in a
maximum 17% reduction in the WEC’s energy performance.

The occurrence of biofouling significantly reduces the fatigue life of the
moorings, by up to 76% among the simulated cases.

The influence of biofouling on the fatigue life of the power cable is found to be
negligible.

The long fatigue life calculated for the power cable confirms the need to develop
a more detailed model of the power cable.

The direction of the incoming waves and current has only a minor effect on the
energy performance of the WEC. However, an incoming load with a direct
heading on a mooring or cable will cause a significant decrease in its fatigue life.
Hence, from the structural safety perspective, the orientation of each WEC
system should be carefully considered with respect to the prevailing load
direction at its site of operation.

Table 4. Normalised average absorbed power results for the WEC, where the

reference case corresponds to 18.44 kW.

Sea state

Mooring configuration Three moorings (M1) Four moorings (M2)
Fouling condition F1 F2 F3 F1 F2 F3
Dl 0.56 0.54 0.54 0.56 0.53 0.53
S1 D2 0.56 0.54 0.54 0.56 0.53 0.53

D3 0.56 0.54 0.53 0.56 0.53 0.53
Dl 1.00 0.91 0.86 0.97 0.87 0.81

S2 D2 1.00 0.91 0.87 0.97 0.87 0.82
D3 1.00 0.91 0.87 0.97 0.87 0.82
Dl 4.62 4.19 4.02 4.46 3.94 3.76
S3 D2 4.60 4.16 4.00 4.51 4.01 3.82

D3 4.53 4.05 3.92 4.46 3.93 3.76
Dl 18.34 16.80 15.90 16.84 14.89 13.96
S4 D2 18.07 16.40 15.48 17.58 15.62 14.60
D3 17.08 15.29 14.54 16.81 14.85 13.92

Wave and current direction
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Table 5. Normalised results for the shortest fatigue life among all moorings, where the

reference case corresponds to 8 years.

Mooring configuration Three moorings (M1) Four moorings (M2)
Fouling condition F1 F2 F3 F1 F2 F3
D1 | 1.26E+1 | 4.52E+0 | 3.80E+0 | 9.22E+1 | 2.80E+1 | 2.19E+1
S1 D2 | 1.95E+1 | 7.38E+0 | 6.93E+0 | 2.30E+1 | 8.57E+0 | 7.98E+0
= D3 | 1.18E+2 | 3.99E+1 | 3.53E+1 | 9.35E+1 | 3.02E+1 | 2.59E+1
% D1 | 7.88E-2 | 4.63E-2 | 4.78E-2 | 8.51E-1 | 4.33E-1 | 4.21E-1
S2 5 D2 | 1.08E-1 | 6.75E-2 | 7.79E-2 | 1.28E-1 | 8.10E-2 | 9.55E-2
q:é :é) D3 | 1.00E+0 | 5.64E-1 | 6.24E-1 | 8.62E-1 | 4.64E-1 | 4.96E-1
E%‘S‘ S D1 | 6.55E-3 | 4.22E-3 | 3.96E-3 | 4.47E-2 | 2.36E-2 | 2.23E-2
S3 g D2 | 8.06E-3 | 5.31E-3 | 5.34E-3 | 8.97E-3 | 5.95E-3 | 6.13E-3
:% D3 | 5.04E-2 | 2.86E-2 | 3.01E-2 | 4.52E-2 | 2.48E-2 | 2.51E-2
= D1 | 3.22E-4 | 3.13E-4 | 3.00E-4 | 1.62E-3 | 1.38E-3 | 1.29E-3
S4 D2 | 3.70E-4 | 3.55E-4 | 3.52E-4 | 3.84E-4 | 3.73E-4 | 3.78E-4
D3 | 1.76E-3 | 1.36E-3 | 1.56E-3 | 1.63E-3 | 1.42E-3 | 1.38E-3

Table 6. Normalised fatigue life results for the cable, where the reference case
corresponds to 2.0x10" years.

Mooring configuration Three moorings (M1) Four moorings (M2)
Fouling condition F1 F2 F3 F1 F2 F3
D1 | 4.25E+4 | 2.94E+6 | 9.65E+4 | 4.13E+4 | 2.74E+6 | 9.08E+4
S1 D2 | 6.34E+4 | 6.08E+4 | 3.37E+3 | 3.54E+4 | 3.52E+4 | 2.43E+3
= D3 | 4.13E+3 | 497E+3 | 5.26E+2 | 3.13E+3 | 3.89E+3 | 4.78E+2
% D1 | 2.35E+2 | 1.05E+5 | 9.02E+2 | 2.22E+2 | 1.09E+5 | 8.72E+2
S2 5 D2 | 1.35E+2 | 2.48E+2 | 4.24E+0 | 9.08E+1 | 1.64E+2 | 5.37E+0
q:é :1:) D3 | 1.00E+0 | 1.58E+1 | 1.26E+0 | 9.43E-1 | 1.43E+1 | 1.20E+0
3 g D1 | 8.31E+0 | 3.95E+2 | 6.68E+0 | 9.56E+0 | 5.44E+2 | 1.11E+1
S3 g D2 | 1.08E-1 | 6.77E-1 | 1.36E-1 | 1.13E-1 | 4.45E-1 | 1.16E-1
% D3 | 5.28E-3 | 6.48E-2 | 2.46E-2 | 5.12E-3 | 6.36E-2 | 2.38E-2
= D1 | 3.37E-4 | 1.98E-2 | 4.26E-3 | 3.44E-4 | 5.17E-2 | 8.43E-3
S4 D2 | 1.48E-2 | 1.01E-2 | 9.55E-4 | 1.63E-2 | 7.04E-3 | 1.07E-3
D3 | 444E-4 | 1.92E-3 | 4.03E-4 | 4.19E-4 | 1.92E-3 | 4.14E-4
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4 Conclusions

This thesis contributes to the understanding of how numerical analysis can be applied to
simulate and assess the fatigue characteristics of the mooring lines and power cables in
a WEC system as well as the energy performance of the WEC. Additionally, the effect
of biofouling on WEC systems was also studied in conjunction with this analysis,
providing a complete systematic view of the WEC.

The methodology developed in this thesis has not yet been validated against
experimental data. Nonetheless, the adopted numerical tool DNV DeepC has been
extensively verified and validated by numerous researchers (Astrup, 2004), and some of
the results reported in the appended Paper I have been compared against the validated
data in Palm et al. (2013). Based on the systematic parametric analysis performed to
study the sensitivity of the simulated results with regard to the numerical and physical
parameters, it is believed that the developed methodology is suitable for its intended
objective as expressed in Figure 1. However, to achieve a realistic fatigue life prediction
for the cable, we conclude that a more detailed model of the cable’s umbilical cross
section is required.

Our first conclusion drawn from this research corresponds to the first research objective,
namely, the comparison of different simulation procedures. Our research reported in the
appended Paper I compared the coupled and de-coupled procedures, and the conclusion
was to recommend the coupled simulation approach because it captures the interactions
between the WEC and the other system components. These interaction effects are
important for analyses of the types presented in Papers II and III, in which the
interacting motions of the WEC, moorings, and cable in relation to the environmental
loads should all be considered.

Once having established the proposed coupled simulation procedure, we performed a
parametric study to identify critical design parameters contributing to the fatigue
damage of the cable. Our results demonstrated that the motion and fatigue
characteristics of the cable are profoundly affected by its design parameters. Therefore,
we highlighted the importance of considering fatigue life assessment at an early stage in
the design of a new WEC system. In addition, because the power cable was under
development at the time of the study, we applied the methodology to a simplified model
and provided design recommendations as reported in Paper II.

A fatigue-wave height-wave period matrix and simulation matrix was designed as a
visualisation tool to represent the effects of various environmental loads (Papers II and
III). Our simulation results suggested that the fatigue lives of mooring lines and power
cable are critically affected by certain environmental loads, including sea state
conditions and current loads and directions. Hence, it was concluded that the prevailing
environmental conditions must be clearly understood and represented to determine the
characteristics of the entire WEC system and to obtain a reliable fatigue design for the
structures.

It was shown that marine biofouling significantly reduces the energy production
performance of the WEC and the fatigue life of the mooring lines. From a comparison
based on three fouling cases, it was concluded that marine biofouling should be
considered during the early design phase of a WEC system from the perspectives of
energy performance and fatigue life, both playing an important role to determine the
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maintenance schedule of the WEC system. The fatigue life of the power cable is found
to be less influenced by the marine biofouling. Moreover, the calculated long fatigue life
of the power cable confirms the necessity of a more detailed local model of the power
cable to truly capture its failure mechanism.
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5 Future Work

The purpose of this PhD research as a whole is to develop a complete numerical analysis
procedure for the mooring lines and power cables used in WEC systems, which in the
long-term perspective hopefully will contribute to lowering the LCOE for wave energy
technology. The presented thesis work was conducted in accordance with the research
principle summarised in Figure 1. A number of assumptions were made, as described in
Section 2.3. With an emphasis on improving the fatigue lives of the moorings and cables
while also considering WEC energy harvesting performance, a number of issues have
been identified as potential topics of future work to enable us to reach the long-term
goal. We aim to reach the goal by providing a solution to ensure long service lives of the
mooring lines and power cables used in WEC systems.

Model test in a laboratory wave tank

A model test in a laboratory-based ocean wave test tank is planned to validate the
simulation procedure developed in this study. This laboratory test is planned to be
conducted using one point-absorber-type WEC system under various environmental
loads to capture the motion and force responses of the WEC buoy and mooring lines.
By performing this laboratory test, it will be possible to quantify the sensitivities and
uncertainties associated with the different parameters investigated in this study and to
further validate the results of the hydrodynamic and structural response analysis.

Full-scale test at Runde

A full-scale test of a WEC system that is similar to the WEC buoy modelled throughout
our papers is currently deployed near Runde in Norway. This full-scale test will measure
the forces in the power cable and the motion of the WEC. Therefore, we plan to extend
our case study model such that the numerical simulation results will be comparable to
the experimental measurements. For comparison to the system being tested at Runde,
the update of the numerical model should include, but not be restricted to, the mooring
configuration, the material properties of the mooring lines, and environmental
conditions such as the wave climate and current characteristics.

Use of the OrcaFlex software

In this study, DNV DeepC was adopted as the numerical tool used to perform the
hydrodynamic and structural analysis of the WEC system. However, other software
packages are also available for such analyses, such as OrcaFlex (STA, 2014), WEC-Sim
(NREL & SNL, 2014), and WaveDyn (DNV GL, 2015). The features for modelling the
umbilical cross sections of power cables provided by OrcaFlex are well compatible with
our case study WEC system. Therefore, the author plans to explore the possibility of
using OrcaFlex to compare the usability of different software tools.
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Life-cycle cost analysis and evaluation of the maintenance interval

Paper III presents the complete simulated results obtained through the procedure
presented in Figure 5, which provide a holistic view of the WEC system and can be
further extended to obtain insight for engineering applications. Hence, a life-cycle cost
analysis of the system is planned to be incorporated into the overall analysis procedure
in the hope of bridging the gap between our research and practical applications.
Moreover, the author would like to provide an evaluation method for determining the
recommended maintenance interval. The suggested maintenance interval should
consider at least the expected service lives of the structures and the acceptable life-cycle
cost of the entire WEC system.

Development of a local model for the power cable

The results of Papers II and III highlight the importance of developing a local model to
capture the intrinsic failure mechanisms of the power cable. One obvious extension of
our research is to develop a local model for the power cable. Additionally, fatigue tests
of the power cable will be carried out within the project “R&D of dynamic low voltage
cables between the buoy and floating hub in a marine energy system” to identify the real
implications of the fatigue life calculated in this study. Based on the experimental results
thus collected, it will be possible to validate the local power cable model and to more
precisely predict the mechanical service life of the power cable.

Investigation of different mooring materials

As described in Section 2.3, numinous novel materials for WEC moorings have been
proposed in the literature to cope with the dynamic characteristics of WEC systems.
Therefore, to ensure the usability of our developed simulation procedure and to
determine the best mooring solution with a long service life, we would like to study
different mooring materials, such as the polyester moorings currently being tested as a
prototype by Waves4Power or the elastic moorings provided by Seaflex (2016), which
are currently attracting increasing attention.

Influence of extreme/survival loads on fatigue damage accumulation

Because we emphasised the normal operation of the WEC system, this study was
focused on an analysis of the fatigue limit state (FLS). However, from the structural
design perspective, analyses of both the FLS and the ultimate limit state (ULS) are
important (Gao et al., 2015). Therefore, in future work, we would also like to investigate
how much damage may be induced in the WEC system by the extreme loads imposed
under severe environmental conditions.
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Model of the power-collecting hub

In this study, the hub was modelled as a fixed point, consistent with the initial design
assumption. However, this assumption should be further examined by explicitly
modelling the hub as part of the WEC system. If a motion of the hub is observed in the
numerical simulations, it will also be of interest to investigate to which extent its motion
affects the dynamic and fatigue characteristics of the power cable.
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