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Abstract

To reduce greenhouse gas emissions and expand the energy mix, there is a pressing need for
the exploitation of renewable sources of energy, such as biomass, hydropower, solar power,
waves, and wind. This thesis focuses on ocean wave energy and its applications. Ocean wave
energy is abundant and geographically widespread and has one of the highest energy densities
among renewable energy sources, presenting a great opportunity for securing an emission-free
energy supply. However, one challenge associated with existing wave energy technology is to
ensure and verify the reliability and long-term performance of wave energy converter (WEC)
systems; these aspects are fundamental to achieving wave energy at a cost that is commercially
competitive in the long term.

The main objective of this thesis was to develop a complete numerical analysis procedure for
assessing the fatigue characteristics of the mooring lines and power cables used in floating WEC
systems. Both the moorings and cables must be designed to survive under cyclic loading and
not fail due to fatigue, which would endanger the safety and functionality of the WEC system.
However, due to the wide variety of WEC concepts that have been proposed, it remains
challenging to identify which numerical methods are most appropriate for the reliable prediction
of the mechanical service life of the moorings and cables. Starting from a hydrodynamic and
structural response analysis of a WEC system or an array of WECs, the research presented
herein contributes to a systems perspective in which the fatigue performance of moorings and
cables is predicted, the power performance is estimated, and the levelised cost of energy is
calculated with consideration of the interaction effects among WECs in an array.

It was found that a coupled analysis approach should be used to simulate the hydrodynamic and
structural responses of WECs because it captures best the mechanical coupling and
hydrodynamic interaction effects of WEC systems. A wave-height/wave-period matrix of
fatigue was designed as a visualisation tool to illustrate the influence of environmental loads on
fatigue damage accumulation in the moorings and cables. Numerical simulations of multi-WEC
array farms showed that hydrodynamic interactions among WECs in an array farm strongly
affect fatigue damage in moorings, which in turn influence the related cost assessment of a
WEC system. Compared with a biofouling-free condition, it was shown that the presence of
biofouling on the WEC system not only reduces the power absorption of WECs but also
decreases the fatigue life of the moorings and cables. The results obtained from the numerical
simulation were validated against a model-scale ocean basin laboratory experiment and
compared with measurement data from a full-scale WEC installation. The findings showed that
the simulation model can satisfactorily predict the dynamic motion response of a WEC system
under moderate sea state conditions and under non-resonant conditions.

Keywords: computational modelling, coupled analysis, experiment, fatigue, heaving point
absorber, marine biofouling effect on fatigue, mooring line, power absorption, power cable,
wave energy converter.
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1 Introduction

This chapter presents the research background and motivation for the thesis, followed by the
objectives of the work and an outline of the thesis.

1.1 Background and motivation

Between 1971 and 2015, global energy consumption more than doubled from 61,900 TWh to
160,000 TWh (EIA, 2017; IEA, 2017a). Albeit at a decreasing pace, the projected global energy
demand is expected to increase by another 30% before 2040 due to growth in the global
economy and population (IEA, 2017b). Part of the total energy is consumed as electricity.
Figure 1 presents the distribution of global electricity production by various energy alternatives
in 2016. At that time, electricity production from renewable energy sources represented
approximately 25% of the total electricity production.

Hydropower 16.6%

e

Renewable

electricity B Bio-power 2.0%
24.5% ‘
Solar PV 1.5%

\

Non-renewable
electricity
75.5%

® Wind power 4.0%

B Ocean, CSP, and
geothermal power 0.4%

Figure 1. Estimated renewable energy share of global electricity production at the end of
2016; data extracted from REN21 (2017).

As part of the worldwide Sustainable Development Goals (UN, 2018), there is a goal to increase
the share of renewable energy production by extending utilisation from all possible sources,
such as bio-power, hydropower, solar power, wave power, and wind power. The work presented
in this thesis relates to the wave energy resource and aims to contribute to enhancing the
harnessing of wave energy from the oceans.

Figure 1 shows that the electricity production from wave energy in 2016 was modest (in the
0.4% group) compared with the total electricity production. According to IRENA (2017), the
installed wave power generation capacity at the end of 2016 was less than 600 MW; by
comparison, the installed generation power capacity from all renewable alternatives was 2.0
TW. Among the renewable energy sources, alternatives that allow for on-shore energy
production have increased significantly over the past decades, while offshore installations such
as those harnessing offshore wind, wave energy, and tidal energy are now progressing (IRENA,
2018). Increased knowledge on how to design technology and how to operate and maintain
offshore installations has resulted in new opportunities and confidence in utilising offshore
renewable energy sources.



Wave energy holds great potential for contributing to the global energy demand and reducing
the need for energy production from non-renewable energy resources. Estimates suggest that
the energy content in the oceans may be as large as 30,000 TWh/year (Lewis et al., 2011). By
comparison, the annual electricity generation in the 28 countries composing the European
Union is 3,000 TWh (Eurostat, 2018). The European Commission has therefore committed to
supporting the research and development of wave energy technologies to enable full-scale
implementation as soon as possible. The Ocean Energy Forum has outlined a road map that
targets an installed power capacity of 100 GW from wave and tidal energy in Europe by 2050
(Ocean Energy Forum, 2016); this figure corresponds to approximately 10% of electricity
demand projected for Europe by that time, or the daily electricity needs of 76 million
households (EC, 2016; Ocean Energy Europe, 2018). In considering all these estimates and
expectations, note that substantial wave energy is available in the oceans, but not all sites and
areas are appropriate for installation due to, e.g., challenges in operability, maintenance,
installation (such as water depth), and marine spatial planning, including shipping routes. Thus,
the potential is greater than the amount of energy that is actually accessible with current
knowledge and technology (Sims et al., 2007).

Harnessing wave energy requires a wave energy converter (WEC), or a device that converts
wave power to electricity. A WEC typically consists of several sub-components, including (1)
a main structure that captures the mechanical energy in waves, (2) foundation or mooring
systems that keep the main structure in place, (3) a power take-off (PTO) system through which
the mechanical energy of the main structure is converted to electrical energy, and (4) control
systems to safeguard and optimise the performance of the WEC system (Falcdo, 2010;
Kempener & Neumann, 2014). State-of-the-art reviews on wave energy technology have been
provided by Falcdo (2010) and IEA-OES (2018) for an overall technology review and
categorisation of WECs; Wang et al. (2018) for control strategies; and Fraunhofer & ECORY'S
(2017) and SI Ocean (2012) for the development path of the entire wave energy sector.

To increase the utilisation of marine renewable energy, international authorities have joined
forces with industry, research institutes, and stakeholders to identify the challenges that have
inhibited the development and deployment of wave energy; see, e.g., reports by Callaghan &
Boud (2006), Fraunhofer & ECORYS (2017), MacGillivray et al. (2013), and Mofor et al.
(2014). Multiple challenges related to technology, economics, environmental and social issues,
and grid infrastructure have been identified. One of the challenges highlighted in these
investigations has been how to ensure and verify the reliability and long-term performance of
a WEC system, which are fundamental aspects of achieving a wave energy cost that is
commercially competitive in the long term.

This thesis contributes to the design of reliable and safe WEC systems. The work emphasises
the fatigue limit state (FLS) design of mooring lines and power cables for floating point-
absorbing WECs. This type of WEC is suitable for large-scale offshore installations called wave
farms, where WEC systems are clustered in arrays, forming a farm. The mooring system and
the power cables are examples of components that must have high reliability in a WEC system.
The moorings must be designed to survive a large number of cyclic loads and not fail due to
fatigue, which would endanger the safety of the WEC, other nearby objects and the functionality
of the system. The power cables also undergo a large number of load cycles and should never
be allowed to fail due to fatigue. If failure were to occur, the functionality, i.e., energy
production, would be interrupted. From a systems perspective, the moorings and power cables
face the same challenge: reliable fatigue design and the question of how such a design should
be achieved for various floating point-absorbing WEC system concepts.



Mooring lines and power cables have been developed over years in many other offshore
structures (Isaacson & Nwogu, 1987; Worzyk, 2009). Both of these components are flexible
and slender structures attached to the main floating structures. However, these two components
for WEC:s entail multiple key differences from those used in general offshore applications. First,
the WEC is typically designed to be in resonance with the dominating wave frequency in high-
energy areas to maximise energy harvesting. Johanning et al. (2006) and Thies et al. (2012)
recommended that the designs of moorings and cables for WECs should take into account these
dynamic motions. Second, as observed in several studies (Casaubieilh et al., 2014; Fitzgerald
& Bergdahl, 2007, 2008; Paredes et al., 2016), mooring configurations can affect WECs’
dynamic motion and power performance and, consequently, the loads the moorings must
withstand. Paredes et al. (2013) therefore concluded that the analysis of moorings should be
coupled with that of the entire WEC system to properly assess PTO performance and structural
responses with regard to their reliability and survivability. Third, because WECs are typically
installed in relatively shallow water at depths of tens to hundreds of metres (Kempener &
Neumann, 2014), the effects of currents, tides, and waves can be of greater significance than
for other offshore floating structures, as observed by Harnois (2014).

In 2011, a national survey was conducted among several Swedish wave energy companies to
identify obstacles limiting the commercial impact of their wave energy technologies. Two
major obstacles were identified: (i) insufficient mechanical service life of mooring lines and
power cables compared with the target service life of the WEC device itself and (ii) lack of an
established methodology for making reliable predictions of the mechanical service life of the
components used in WEC systems. The results of this survey were aligned with those reported
in the aforementioned literature, serving as a motivation for the current thesis project, which
began in 2013.

1.2 Objective

Because of the possibility of investigating a large number of variants at relatively low cost,
numerical analyses and modelling have been widely adopted to assist in the development of
ships and offshore structures. Without exception, the development of wave energy technology
relies heavily on numerical analyses and modelling. However, due to the wide variety of WEC
concepts that have been proposed, identifying which numerical models are most appropriate
for a particular WEC concept and what method should be used to achieve a particular analysis
objective (e.g., for analysing fluid-structure interaction, structure responses, or WEC control)
remains challenging. This challenge motivated an important contribution from Folley (2016),
who reviewed state-of-the-art techniques for numerical modelling and analyses of single WEC
devices and those in arrays. The numerical modelling of mooring lines and power cables was
beyond the scope of the book by Folley. Shortly after, a review dedicated to the numerical
modelling of mooring systems for WECs was presented by Davidson & Ringwood (2017).
Despite thorough and extensive reviews and comparisons of all available modelling techniques,
both reviews concluded that there exists no best-suited numerical analysis or modelling method;
rather, determining the most suitable one depends on an ideal balance between the
characteristics of the WEC concept, the analysis objectives, computational cost, and accuracy
requirements. Davidson & Ringwood (2017) also concluded that fatigue and extreme load
analysis require the highest fidelity numerical models of moorings to capture the dynamic
tensions throughout the mooring lines.

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
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analysis should address the fatigue life assessments of the moorings and cables while providing
high-level assessments of the overall performance of the WEC system, such as its power
performance. From the motions, hydrodynamics, and structural responses of a simulated WEC
system or an array of WECs, the research presented herein contributes to a systems perspective
from which the fatigue performance of moorings and cables is predicted, the power
performance is estimated, and the levelised cost of energy (LCoE) is calculated with
consideration of the interaction effects between WECs in an array.

The main objective was divided into seven sub-goals and main activities that together ensured
that the main objective was fulfilled, including both academic and industrial contributions to
the research field. The tasks were as follows:

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. Through a parametric study, investigate the sensitivity of the predicted service life 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 are beneficial for long (fatigue) service lives of the mooring lines and
power cables and for optimal power performance.

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

G4. Validate the proposed simulation procedure and model against ocean basin laboratory
tests.

G5. Adapt the validated simulation procedure and model to a full-scale WEC installation
and demonstrate its prediction capability against full-scale measurement results of
WEC motion and mooring force responses.

G6. Quantify how large an influence the hydrodynamic interaction between WECs in an
array system has on the fatigue life of their moorings and the power performance of
each WEC unit.

G7. Demonstrate, through LCoE calculations, whether hydrodynamic interaction must be
considered in a systems analysis and cost estimation of a full WEC system and wave
farm.

1.3 Outline of the thesis

This thesis comprises a summary of research conducted in five appended papers. Chapter 2
describes the methodology proposed, assumptions and delimitations. The motivation and
theoretical background pertaining to the different methods used in the numerical analysis
procedure are elaborated in Chapter 3. A description of two experimental studies is then
provided in Chapter 4. Selected important results and findings are presented in Chapter 5. The
main conclusions, contributions, and novel aspects of the thesis are presented in Chapter 6.
Recommendations for future work are presented in Chapter 7, and references are listed in
Chapter 8.



2 Methodology

This chapter presents the methodology proposed in this thesis. Section 2.1 introduces the
methods and analyses used in the thesis. The methods and analyses together constitute the
methodology, whose overall framework is discussed in Section 2.2. Finally, the delimitations
of the thesis are clarified in Section 2.3.

2.1 Methods and analyses
Two types of methods were used throughout the thesis to achieve the main objective:

e  Numerical methods
e  Experimental methods

Numerical methods were used to analyse various aspects of WEC systems. In this thesis,
numerical methods are further divided into sub-categories depending on the goals of analysis:

Hydrodynamic analysis
Structural response analysis
Stress and fatigue analysis
Power absorption analysis
LCoE analysis

Parameter sensitivity analysis

S

Hydrodynamic and structural response analyses (analyses 1 and 2) were performed for the
entire WEC system, including all sub-components and with either one WEC or multiple WECs.
Together, hydrodynamic and structural response analyses were used to assess fluid-structure
interactions and structure-structure couplings and predict the motions of all system components
and the force responses in the moorings and cables under various environmental conditions.
The force responses of moorings and cables served as an input to the stress and fatigue analyses,
through which the fatigue damage and the corresponding fatigue life of the structures could be
estimated (analysis 3). The motion responses of the WEC were further used to assess the power
performance of the system. In this thesis, the WEC power performance was evaluated as the
power absorption of the PTO system in the power absorption analysis (analysis 4).

The assessment of the overall feasibility of a WEC system can be performed by estimating the
LCoE; see examples of such assessments in IEA-OES (2015). In this thesis, LCoE analysis
(analysis 5) was not used to assess the exact economic performance of the WEC system but
rather to demonstrate the extent to which the fatigue damage of the moorings and cables
(obtained from analysis 3) and the power performance of the WEC system (obtained from
analysis 4) influence the cost estimation of the entire system.

Numerical analyses 1 — 5 include uncertainties in data and models due to, e.g., uncertainties in
the material and mechanical properties of moorings and cables, the random nature of the
environmental loads and factors, and the inherent limitations of the numerical model and
simulation software. These uncertainties were investigated by parameter sensitivity analyses
(analysis 6), in which key parameters were identified, and parametric analyses were performed
to quantify the sensitivity of the WEC’s dynamics and structural fatigue performance to these
parameters.



The experimental method was used primarily to study the hydrodynamic and structural
response of the WEC system, i.e., analyses 1 and 2, which were also developed numerically.
Experiments were performed at two scales for different purposes: validation of the numerical
model and demonstration of the predictive capability of the numerical analysis. An ocean basin
laboratory experiment of a model-scale WEC system was carried out to assess the accuracy and
suitability of the hydrodynamic and structural responses analyses for validation. In addition, by
comparing measurement data gathered from a full-scale WEC installation, the predictive
capability of the hydrodynamic and structural response analyses was demonstrated.

An overview of the relationships between the different methods and analyses presented above
is shown in Figure 2.

Numerical methods

___________________________________________________________

Uncertainty in WEC system design, material
and mechanical properties of the structures,
environmental loads and factors, and
numerical model and simulation software

Parameter sensitivity analysis Experimental methods

v 1. Ocean-basin
laboratory experiment

Hydrodynamic and structural

response analyses Iof the WEC system > Full-scale WEC

v v installation
Stress and fatigue
analysis of mooring Power absorption
lines and power analysis
cables

Y
A

LCoE analysis

Figure 2. Relationships of different methods used to achieve the main objective of the thesis.

2.2 Framework

The combination of the methods and analyses presented in the previous section into a unified
scheme constitutes the methodology proposed in this thesis for assessing the fatigue
characteristics of moorings and cables and, by extension, the LCoE of WEC systems. Figure 3
presents the quantities and data flow directions that motivate the use of these various methods
and analyses. The system performance, including the mechanical life, is controlled by the
mutual interplay between environmental loading and several factors within a WEC system. The
two rounded boxes in Figure 3 show the key aspects pertaining to the strength and loading
configuration that affect the mechanical service lives of the moorings and cables. In this thesis,
a systems perspective of the WEC was emphasised. Hence, the mechanical lives of the
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components (in terms of fatigue) were always evaluated within a larger context in which the
WEC, PTO system, and array configuration were also included. The overall WEC system
response was evaluated by performing analyses 1 and 2, as presented in Section 2.1.

/ WEC system \ / Environmental loads \

« Mooring systems and and factors

power cables  Wave, wind, and ocean
« Wave energy converter <:> currents
* Power-take off system * Marine biofouling
» Array configuration * Parameteruncertainty

\© Parameteruncertainty / \_ J

N 4

Wave energy converter
system performance

* Mechanical life of the
moorings and cables

+ Powerperformance

+ Levelised costof energy

Figure 3. Framework of the various topics that motivated the methodology proposed in the
thesis.

Items in the square box in Figure 3 entail various measures of WEC system performance.
System performance is affected by all key parameters in the rounded boxes. In addition to the
mechanical service life of the moorings and cables, power performance and LCoE were
identified to be critical in determining overall system performance; hence, those factors were
considered in the thesis. The three performance measures of the WEC system were evaluated
by analyses 3, 4, and 5 (Section 2.1), respectively. Finally, analysis 6 was used to investigate
the implications of uncertainties in the data, parameters, and models on system performance.

The various analyses were sequentially developed in the five papers appended to this thesis; see
a schematic summary of the development in Figure 4. The six green cells correspond to analyses
1 — 6, as presented in Section 2.1. If a particular analysis was developed numerically (i.e., the
numerical method), the corresponding cells are yellow, while they are blue for experimental
development. Each yellow or blue cell represents a new topic or issue added relative to those
developed in the previous papers. The chronological development of the numerical analysis
should be read from left to right, whereas the chronological development of the experimental
investigations should be read from top to bottom. Because the experimental investigation for
the full-scale WEC installation has not been presented in any of the five appended papers, these
results are presented exclusively in the text of this thesis.
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Figure 4. Schematic summary of the development of the methodology in the five appended
papers. The interpretation of the cells and arrows can be found in the text in Section 2.2.




2.3 Delimitations

One specific concept (designed and developed by the Swedish company Waves4Power
(2018a), hereafter referred to as the reference concept) was chosen for the case study throughout
the thesis. Figure 5 shows a schematic view of the reference concept. One concept was treated
as a case study so that the developed numerical model could then also be used to demonstrate
the predictive capability of this model for the WEC’s motion and mooring forces against a full-
scale installation (Goal G5; see Section 1.2). For the same reason, the design of the experiment
for validation (G4) and the choices of environmental loads and factors in the parameter
sensitivity analyses (G2 and G3) were made such that the overall conclusions drawn from this
thesis would be comparable to those for the full-scale WEC installation. Additional
delimitations of this thesis are summarised as follows.

— Wind WEC Hub
—p-\/\/ave ‘

Fl =
oater - Se;g1 K
—_— 0

Mooring le

— Current Seg.— g'e9 P

“~Anchor
Seabed

Figure 5. Schematic layout of the reference concept and environmental loading conditions.
The naming conventions for the components of a WEC system used in the figure are also used
throughout the thesis.

Geometrical and hydrodynamic properties of the WEC

The WEC was idealised as a rigid body. This thesis does not address the structural response of
the WEC; only the properties deemed to be relevant to the WEC’s hydrodynamics were
considered. The physical properties used to represent a WEC included the WEC’s draft, hull
geometry, mass, inertial properties, and PTO system.

PTO system

The WEC absorbs wave energy through the activation of the PTO system. In this thesis,
simplified PTO systems without a control mechanism were considered, unlike the system
installed in the reference concept. This simplification was made to restrict our focus to the
fatigue characteristics of the moorings and cables while maintaining the possibility of
evaluating the power performance of the WEC. In this thesis, the PTO system was assumed to
consistently behave as an ideal linear damper that can be represented solely by a constant, linear
damping coefficient in the numerical model. However, because the exact configurations of the
PTO system used in the reference concept and the one used in the model-scale experiment were
both determined to have non-negligible drag damping effects, additional Morison models were

9



used to capture the potential drag damping effect; see discussions in Sections 3.1 and 4.1. The
numerical model of the PTO system used in this thesis was considered to be representative only
when the WEC functioned under the operational-mode conditions; these conditions correspond
to those involving a wave height of less than eight metres for the reference concept. The
uncertainty in the numerical modelling of the PTO system was beyond the scope of the thesis.
However, due to the observations made in the experimental investigation, the development of
a more advanced PTO system is planned for future work; see Chapter 7.

Type of mooring system and power cable

The mooring systems of the WEC can be designed for the sole purpose of maintaining the WEC
on station and/or to provide reaction forces for the WEC to extract power from the waves. The
mooring systems studied in this work belong to the former category. The marine power cables
designed for most offshore structure applications have typical lengths of hundreds of kilometres
and are placed on the seabed. During the development of the reference concept, however, a
different type of cable was developed: one that is categorised as a dynamic cable in this thesis.
In our definition, dynamic cables are designed to not contact the seabed during operation, and
the cables are much shorter than the commonly used cables. Dynamic cables operate in a free-
hanging state; hence, their dynamic motions are of greater importance. In this thesis, only this
special dynamic cable type was investigated.

Material and mechanical properties of the moorings and cables

Two mooring materials were investigated in this thesis: steel and polyester. The material
response of steel was assumed to remain consistently in the linear elastic region, and its
mechanical properties can be represented by constant stiffness values. Polyester moorings
exhibit nonlinear material behaviour that can be modelled under the framework of
viscoelasticity and viscoplasticity. In this thesis, however, only the nonlinearity between the
loads and elongations of the polyester moorings was considered in the numerical model. In the
numerical model for the polyester moorings, the moorings’ mechanical properties were defined
by several points in a load-elongation diagram extracted from a monotonic tensile test; these
points composed a pointwise linear curve representing the structural characteristics of the
moorings.

The power cables consist of cylindrical and helical members composed of different materials
with different mechanical properties. The thesis followed a first-principles design approach for
the power cables. To that end, modelling and simulation were performed on a global “model”
level in which each cable was represented as an axisymmetric line structure whose mechanical
properties were defined for the entire cross-section of the line. The cable was assumed to
consistently operate in the linear elastic region; hence, the mechanical properties were defined
by constant stiffness values in the numerical model.

Failure modes and failure points in the moorings and cables

The goal of the stress and fatigue analyses performed in this thesis was to identify the fatigue-
critical locations along the mooring lines and power cables according to the first-principles
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design; the intrinsic failure mechanisms of these two structures were not considered in the
model. The accumulated fatigue damage and fatigue lives of the moorings and cables were
calculated from the stress cycles, adopting the S-N or R-N approach. It was assumed that normal
stresses govern the fatigue damage; other phenomena such as wear, fretting, or bird-caging (in
the cable) were not considered. To date, the calculated fatigue lives have not been validated
against laboratory test results.

The possible failure points were assumed to lie on the main line-structures of moorings and
cables themselves. Hence, the connector components (such as the linkage between the WEC
and the moorings or between the WEC and cables, for example) were not modelled;
consequently, the contributions of these connector components to the fatigue failure of the WEC
system was disregarded.

Stationary hub

According to the initial design of the hub from the reference concept, the hub was designed to
remain in a static position in the sea. Therefore, the hub was modelled as a spatially fixed point,
meaning that the motions and force interactions between WECs through the hub were not taken
into account.

Software implementation and numerical modelling of the environmental loads

Except for Paper I, which focused on comparing different software, the simulation of the
hydrodynamic and structural responses of the WEC systems was performed using the software
included in the DNV GL SESAM package (DNV GL, 2018b). Consequently, all limitations of
the software were naturally inherited. The SESAM package adopts potential flow theory to
model environmental loads; hence, restrictions were introduced to study only operational
loading conditions.

Environmental loads from ocean currents, winds, and waves were considered in the thesis. The
ocean current loads were restricted to be time-invariant. The wind loads were described by the
wind spectrum and restricted to operational wind conditions (with extreme wind conditions
such as those encountered in a typhoon or hurricane being disregarded, for example). Under the
assumption of small wave amplitudes and Airy wave theory, all studied wave conditions were
examined with respect to the wave steepness parameter and the shallow water parameter to
avoid obtaining invalid results from the numerical simulations; see Paper II for details.

Due to a limitation of SESAM in simulating the complete interaction effect (see Section 3.1 for
a description), the numerical analysis of hydrodynamic and structural responses used in this
thesis cannot simulate a WEC concept that has bodies with different geometries or
hydrodynamical properties or an array system consisting of WECs with different PTO systems.
However, this limitation did not prevent the study of the reference concept, despite its two-body
design, because in the reference concept, one body could be represented as an additional effect
on the other body; hence, a one-body WEC model was sufficient to represent the entire system.
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3 Numerical analyses

This chapter presents the analyses developed using numerical methods. These analyses include
hydrodynamic and structural response analyses (Section 3.1), a stress and fatigue analysis
(Section 3.2), a power absorption analysis (Section 3.3), an LCoE analysis (Section 3.4), and a
parameter sensitivity analysis (Section 3.5).

3.1 Hydrodynamic and structural response analyses

The purpose of the hydrodynamic and structural response analyses was to calculate the motion
of the WEC system and the force response of the mooring lines and power cables. When the
thesis project was started, no report existed in the literature that compared the advantages and
disadvantages of different models and analysis approaches, particularly with regard to the
fatigue damage of mooring lines used for wave energy applications. To examine the numerical
methods used in this thesis, an initial literature survey of existing numerical methods and
simulation software was undertaken and is presented in the next sub-section. Then, the exact
analysis workflow and analysis approaches used in the thesis are elaborated.

Choice of numerical model and simulation software

Different numerical models and simulation packages exist to simulate WECs and the connected
moorings and cables and their interaction with waves, winds, and currents in the surrounding
water. Li & Yu (2012) reviewed numerical methods that are suitable for modelling point-
absorbing WECs, while Folly (2016) conducted a more general review not limited to any
particular type of WEC. For mooring lines used in WECs, a review was provided by Davidson
& Ringwood (2017). An assessment of power cables using numerical methods was presented
by Thies et al. (2011, 2012). However, to the author’s knowledge, there is no specific review
addressing the modelling of power cables for WECs. Nonetheless, the methods reviewed by
Davidson & Ringwood (2017) can, to some extent, also be applied to power cables.

Wave-structure interactions can be simulated using a frequency-domain, time-domain, or
spectral-domain model. Spectral-domain models, including the phase-resolving model and
phase-averaging model, were developed to model wave propagation over large domains (a few
to hundreds of kilometres). The spectral-domain model uses a statistical representation of
waves, which when passed through an appropriate transformation function produces a
probabilistic estimate of the WEC response. Examples of using a spectral-domain model for
wave energy applications can be found in the work by Beels et al. (2010), Millar et al. (2007),
and Iglesias & Carballo (2014). However, the spectral-domain model cannot be used to
calculate the temporal responses of the WEC system; consequently, the model cannot be used
for a detailed structural response analysis of mooring lines and power cables. The spectral-
domain model was therefore not considered in the thesis.

Both the frequency-domain and time-domain models involve defining a specific load that
excites the WEC system, whose dynamic motion and structural responses are solved using the
equations of motion. These two models are then able to predict the specific response of the
WEC system under a specific loading condition, enabling a deeper investigation of the WECs
and their attached moorings and cables. Self-evidently, an analysis is performed in the
frequency domain using the frequency-domain model, whereas an analysis is performed in the
time domain using the time-domain model.
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Frequency-domain analysis is the more common method for simulating the hydrodynamic and
structural response of floating offshore structures. This type of analysis assumes that the
hydrodynamic behaviour of a system can be characterised by a linear approach. Thus,
frequency-domain analysis is computationally simpler and requires less computational power
than does time-domain analysis. For most floating offshore structures, the responses must be
assessed over a wide range of sea states, and the use of frequency-domain analysis can
substantially reduce the computational cost.

Frequency-domain analysis does have limitations, however. First, the method is restricted to
linear problems. In the study of mooring lines and power cables for WEC systems, however,
the coupling between the WEC and these two components introduces nonlinearities, e.g.,
geometric nonlinearity and seabed friction (Vicente et al., 2013; Vickers, 2012; Thies et al.,
2011). The restriction of the linear problem was addressed by Fitzgerald & Bergdahl (2008),
who developed a method for linearizing the impedance of mooring lines; this method was later
used by Vicente et al. (2009) and extended further by Cerveira et al. (2013). The second
limitation of the frequency-domain analysis is that transient responses of systems cannot be
captured. The potential failure of mooring lines and power cables may require an understanding
of the instantaneous responses of the structures to identify critical scenarios, such as collisions
or snap loads (Palm et al., 2017). For these reasons, despite requiring higher computational
power, analysis of the dynamic response of moorings and cables in the time domain was deemed
necessary for the current thesis.

Time-domain analysis can be performed using linear potential flow theory or other nonlinear
theories that require computational fluid dynamics (CFD) to solve the Navier-Stokes equation.
Potential flow theory, which is based on the assumption of inviscid and irrotational flow, also
holds only for waves and oscillatory device motions with small amplitude. WECs ideally
operate in resonance, a mode in which the small-amplitude assumption is not always fulfilled
(Falnes, 2002). Different nonlinear theories using the CFD method to analyse WEC systems
were reviewed by Wolgamot & Fitzgerald (2015). These nonlinear theories can capture
nonlinear interactions between the fluid and structures and are therefore advantageous in
evaluating extreme loading conditions and the survivability of WEC systems and their sub-
components; see implementation examples by Palm et al. (2013, 2016), Ransley (2015), and
Yu & Li (2011). However, the CFD method currently requires considerable computational
power that is not yet feasible for structural fatigue problems. The structural fatigue problem
typically requires tens to hundreds of simulations of various environmental states and a duration
of three to six hours for each environmental state to obtain extreme response estimates with
sufficient statistical confidence for fatigue damage estimation (DNV GL, 2017b). Thus, time-
domain analysis using linear potential flow theory was adopted to carry out the hydrodynamic
and structural response analysis of the WEC system. However, a restriction was made whereby
only the operational-mode condition of the WECs was investigated in the current thesis; see the
discussion in Section 2.3.

Several numerical software applications enable time-domain analysis using linear potential
flow theory for wave energy applications. The commercial software package DNV GL
SESAM, which was used in this thesis, integrates several software applications and core solvers
to model different parts of an offshore floating structure and perform various types of numerical
simulations. Different core solvers in the SESAM package have been compared with other
solvers designed for similar purposes; see the comparison of simulated WEC motion and
hydrodynamic forces of a three-body oscillating WEC reported by Combourieu et al. (2015),
the study of the applicability and mathematical implementation of the method for dynamic
mooring analysis reported by Thomsen et al. (2017), and the study of the ability to simulate the
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material and geometric nonlinearity of mooring lines reported by Bhinder et al. (2015). Among
the solvers compared in these three references, except for a few solvers that exhibit certain
limitations, no “best” solver is recommended. Furthermore, it was concluded in all of these
studies, following verification and validation studies, that the numerical implementation used
by the SESAM package yields sufficiently suitable simulation results. Because the integration
of several software applications and core solvers into the SESAM package facilitates the
modelling and assessment of the WEC, mooring lines, and power cables (all exposed to a
variety of environmental conditions) in a manner suitable to the objectives of this thesis, the
SESAM package was chosen.

Analysis workflow and numerical model

Figure 6 presents the analysis workflow alternatives provided in the SESAM package to
perform the hydrodynamic and structural response analyses of WEC systems in the time
domain. A WEC system can consist of either a single WEC or several WECs connected in an
array system. The rectangular boxes in the figure represent the actual analysis steps, whereas
the rounded boxes represent input/output information for the analysis steps. The rounded boxes
can be further divided into two categories: the dashed boxes include the basic information
needed prior to performing the analysis, whereas the solid boxes include information extracted
from the preceding step in the workflow.

The basic information (dashed rounded boxes in Figure 6) includes physical properties that
describe the WEC system and its ocean environment. The physical properties to be used depend
on the simulation purpose. In this thesis, the physical information includes the following: (1)
site and resource conditions; (2) geometric configuration and hydrodynamic properties of the
WECs, including their own PTO systems; and (3) geometric configuration and hydrodynamic
and mechanical properties of the mooring lines and power cables.

One piece of information also included in the dashed rounded boxes in Figure 6 but omitted
from the abovementioned list is marine biofouling. Marine biofouling (i.e., marine growth) is a
collective term for the settlement and growth of sedentary and semi-sedentary organisms on
artificial structures situated in marine and estuarine environments (Kingsbury, 1981). The
influence of marine biofouling was considered in this thesis and is regarded as an environmental
factor (see Figure 3) that affects the performance of a WEC system. In this thesis, the biofouling
effect was defined as an increase in the mass and drag of mooring lines and power cables,
following the recommendation defined by the Position Mooring Standard (DNV GL, 2015).
Although the standard cited is intended for mooring systems, we adopted the same principle for
cables because of the similar slender geometric characteristics of the two components of
floating WECs. Additionally, it was assumed that an anti-fouling coating had been applied to
the main floating WEC. Therefore, only the biofouling effects on the moorings and cables were
considered. However, to consider fouling on the WEC, additional mass could be added to the
WEC while retaining the WEC’s geometry, following the procedure described by Langhamer
et al. (2009) and Tiron et al. (2012). Therefore, the dashed rounded boxes pertaining to the
properties of the WECs, moorings, and cables are preceded by a box for marine biofouling in
Figure 6, and all were categorised as the basic information that describes WEC systems and
their ocean environment.
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analyses of WEC systems in the time domain.
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The numerical model of WEC systems is composed of six sub-level numerical models that use
the information contained in the dashed rounded boxes (see Figure 6). The sub-models include
an environment load model, a panel model of the WEC, a point model of the WEC, a Morison
model of the PTO system, a Morison model of the WEC, and a finite element (FE) model of
the mooring systems and power cables (i.e., all slender structures). Figure 7 presents the
information flow from the basic information of the WEC system to the six sub-level numerical
models. These six sub-models, except for the two Morison models, are the minimum number
required for the hydrodynamic and structural response analysis and were gradually developed
from Papers I to V throughout the thesis project.
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..........................................................................
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Properties of , + ________PIOREIIEY .
the WEC Power take-off (PTO) | Morison model of
i Marine i/ 1 N\ system ; the PTO system
i biofouling ; Special characteristics Morison model of
___________________ of each individual WEC _; the WEC
information ! S : model of mooring
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to describe a . systems and
WEC system | Power cables : power cables

Figure 7. Relation between the six sub-level numerical models and the basic information
(information in dashed rounded boxes in Figure 6) needed to represent the WEC system for
analysis of its hydrodynamic and structural response.

The two Morison models (for the WEC and PTO system) are used with the sole purpose of
capturing the drag damping effect and hence can be excluded if a WEC system is deemed to be
insensitive to such an effect. The importance of the drag effect was evaluated according to the
evaluation criteria reported by Chakrabarti (1987a). Two characteristic hydrodynamic
properties were examined: the Keulegan-Carpenter parameters and the Reynolds number. In
Paper I, because the studied WEC buoy (a cylindrical buoy with a height-to-diameter ratio of
2) was deemed to be insensitive to the viscous drag damping effect, no Morison model for the
WEC was used. In the reference concept, the WEC has a long cylindrical tube, and its PTO
mechanism is realised by water movement inside the central hollow tube of the WEC. The
Morison model was therefore used to capture the corresponding viscous drag and transverse
drag damping from the tube and the moving water. The WEC buoy and PTO system used in
the model-scale experiment (Paper IV) were both deemed to have a non-negligible viscous drag
effect due to the presence of a long cylindrical tube; a long, thin steel bar; and a thin heave
plate. Hence, Morison models were also used in Paper IV to represent the corresponding
experimental configuration. Detailed descriptions of the usage of the Morison models of the
WEC and the PTO system can be found in Papers II and IV, respectively.
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Table 1. Overview of the six sub-level models in relation to different software and solvers used for the hydrodynamic
and structural response analysis of the WEC system.

Sub-model Information of the WEC system to be Software (core solver)”  Steps to be used in the
extracted workflow (cf., Figure 6)
Environment load e External environmental loads acting on HydroD (WADAM); All steps
model the WEC system DeepC or SIMA (SIMO
and RIFLEX)
Panel model of e Hydrostatic data and inertia properties of HydroD (WADAM) Step 1
the WEC WEC buoy

e Global responses of WEC buoy in
frequency domain, including
hydrodynamic added mass and damping,
first-order wave-exciting forces and
moments, and second-order drift forces
and moments

Point model of First-order motion and force response of ~ DeepC or SIMA (SIMO)  Steps 2 and 3
the WEC the WEC buoy in the time domain

e Second-order motion and force response
of the WEC buoy in the time domain if
using analysis approaches Al and A3

Morison model of e Drag damping effect of the PTO system  HydroD (WADAM); Step 1 by WADAM or
the PTO system DeepC or SIMA (SIMO) steps 2 and 3 by SIMO
Morison model of e Drag damping effect of the WEC buoy HydroD (WADAM); Step 1 by WADAM or
the WEC DeepC or SIMA (SIMO)  steps 2 and 3 by SIMO
FE model of e Time-domain motion and force response ~ DeepC or SIMA Steps 2 and 3
moorings and of the mooring systems and power cables (RIFLEX)

cables

The six sub-level models together represent a complete numerical model for the WEC system.
These models are used in different steps and by different software applications and solvers in

the SESAM package to capture a particular effect or to simulate the response from a certain
models and their relations to different parts of the SESAM package; a comprehensive

component in the WEC system. Table 1 presents a brief summary of the six sub-level numerical
comparison can be found in Paper IV.

"References for the listed software and solvers: DeepC (DNV GL, 2018a), HydroD (DNV GL, 2018¢), RIFLEX (SINTEF
Ocean, 2018a), SIMA (SINTEF Ocean, 2018b), SIMO (SINTEF Ocean, 2018c), WADAM (DNV GL, 2018d).
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Analysis approaches

Various analysis approaches are provided in the SESAM package to simulate the hydrodynamic
and structural response of the WEC system; see the three parallel tracks of the workflow
presented in Figure 6. The complete theoretical background and mathematical implementation
of each analysis approach can be found in SINTEF Ocean (2017a, 2017b); the major differences
between the three approaches relevant to the thesis are highlighted in this sub-section.

Depending on the level of inclusion of the mutual mechanical coupling between the WEC and
the slender structures, such as the moorings and cables, the three approaches were categorised
as de-coupled (A1 and A2) or coupled (A3). The definition reported by Gao & Moan (2009)
was followed for the categorisation: if the equations of motion of the WEC and mooring lines
(and power cables in this thesis) are solved simultaneously using time-domain analysis (and
thus if the motion and force of the mooring structures implicitly influence the instantaneous
dynamics of the WEC and vice versa), then the corresponding analysis is referred to as a
coupled analysis approach; otherwise, the analysis is referred to as a de-coupled analysis
approach.

The three analysis approaches also capture various degrees of interactions; see the comparison
in Table 2. According to the definition in Oxford’s 4 Dictionary of Physics, “interaction” is
defined as “an effect involving a number of bodies, particles, or systems as a result of which
some physical or chemical change takes place to one or more of them” (Law & Rennie, 2015).
Based on this definition, the mechanical coupling between the WEC and the slender structures
is one type of interaction, while other types of interactions can also occur in a WEC system
operating in an ocean environment, such as fluid-WEC interactions, fluid-slender structure
interactions, WEC-WEC interactions through the fluid, and interactions through the fluid
between the slender structures. To separate the interaction between the WEC and slender
structures from all other possible interactions, the former is referred to as the coupling effect in
this thesis; this terminology is also used throughout the appended Papers I — V. WEC-WEC
interaction through the fluid was studied in the appended Paper V in particular and is referred
to as hydrodynamic interaction in that paper.

As shown in Table 2, every approach has its own limitations. A3 is the only available approach
that fully considers the coupling effect between the WEC and the moorings and cables. The A2
and A3 approaches could both potentially be used to study the structural response of the
moorings and cables because these two approaches can accommodate the interaction between
the fluid and the moorings and cables and to analyse the instantaneous dynamic responses along
the entire length of these two structures. Another factor to consider is the second-order wave
loads on the WEC system, which are included only if the WEC’s dynamic response is solved
in the time domain in the SESAM package. Thus, the A1 and A3 approaches could both be
used to include second-order wave loads; this incorporation is achieved by including the steady-
state component of the second-order loads expressed as the mean wave drift force and the
second-order wave loads that act together with oscillatory wind loads to induce the low-
frequency motion of WECs. Finally, a limitation common to the A2 and A3 approaches is the
manner in which they model the interaction between WECs through the fluid. For an array
system with more than one WEC, the hydrodynamic responses of the WECs are influenced by
each WEC in the system through the radiation and diffraction of waves. Among the three
approaches, the Al approach is the only one that can include both radiation- and diffraction-
induced effects. The other two only consider diffraction-induced effects.
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Table 2. Comparison of the three analysis approaches (A1, A2, and A3) provided in the
SESAM package. The paper IDs shown in the last row of the table indicate the paper in which

the specific analysis approach was developed and used. For the complete theoretical
background and mathematical implementation of each analysis approach, the reader is
referred to SINTEF Ocean (2017a, 2017b).

Al A2 A3
Categorisation of the analysis De-coupled De-coupled Coupled
approach”
Analysis of the WEC Time-domain Frequency- Time-domain
analysis domain analysis analysis

Analysis of the mooring lines ~ Static analysis in ~ Quasi-static Dynamic analysis
and power cables (i.e., the every time step analysis in the in the time
slender structures)™ time domain domain
Inclusion of coupling Simplified Simplified Included
between the WEC and
slender structures
Inclusion of fluid-WEC Included Includes only the  Included
interactions contribution from

the first-order

wave loads
Inclusion of fluid-slender Simplified Included Included
structure interactions
Inclusion of WEC-WEC Included Included only in  Included only in
interaction through the fluid the diffraction- the diffraction-

induced induced

interaction interaction
Inclusion of interactions Not included Not included Not included
between slender structures
through the fluid
In which paper the approach ~ Paper V Paper [ Papers I-V

was developed/used

*The distinction between the coupled and de-coupled analysis approaches follows the
definitions by Gao & Moan (2009).

*The distinctions among the static, quasi-static, and dynamic analyses for the moorings and
cables follow the definitions of the model types by Davidson & Ringwood (2017).

The focus of Papers I to IV was the structural response of moorings and cables in a single-unit
WEC system. Without the need to consider the interaction between WECs, either the A2 or the
A3 approach could potentially be used because each enables a more detailed investigation of
moorings and cables. Examples of the use of the A2 approach for WEC applications are scarce,
but examples of using the A3 approach in WEC applications can be found in the literature.
Muliawan et al. (2013) used a coupled A3 approach to assess the effect of the PTO system and
mooring configuration on the energy capture of a two-body floating WEC. Michailides et al.
(2016) and Wan et al. (2015) also adopted the coupled approach and validated a simulation
model for survivability conditions against experimental model tests of combined wave and
wind energy converters. By using the same analysis approach, Gao & Moan (2009) found that
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an individual mooring is more feasible than an integrated mooring configuration in a WEC
array farm due to the significantly larger force responses observed in the latter under survival
conditions. Because the A2 and A3 approaches had not yet been compared in detail with regard
to the mooring fatigue analysis used in WEC applications, one goal of Paper I was to perform
such a comparison and provide a recommendation on how to perform a WEC mooring analysis.
This recommended approach was further extended to include power cables attached to the
WEC:s in the study described in Paper II.

Furthermore, Paper V addressed the fatigue characteristics of moorings and cables in an array
farm configuration. Because of the limitations of the A2 and A3 approaches with regard to their
ability to capture the interaction between WECs through the fluid, the suitability of the de-
coupled approach A1 was also investigated and compared with that of the other two approaches.
Three analysis approaches were therefore adopted and investigated in this thesis, and the A3
approach was selected for studying the fatigue characteristics of mooring lines and power cables
for wave energy applications.

3.2 Stress and fatigue analysis

The goal of the stress and fatigue analysis was to identify the fatigue-critical locations along
the mooring lines and power cables and their overall relative fatigue lives. The stress and fatigue
analysis was performed using in-house code developed using MATLAB (The MathWorks Inc.,
2016), for which the force histories of the mooring lines and power cables were extracted from
the structural responses analysis described in Section 3.1.

It was found by Hall et al. (2014) and suggested by DNV GL (2015) that bending and torsional
stiffnesses are of negligible importance to mooring lines’ tension response for structures such
as barges, spars, tension-leg platforms, and marine renewable devices, regardless of the load
case. Thus, the moorings were constrained to exhibit stiffness in the axial direction only, i.e.,
zero bending and torsional stiffness was assumed. The structural response of each mooring line
was characterised in terms of the axial force; then, the corresponding axial stress was calculated
using the nominal cross-sectional area of the mooring lines.

A power cable is a structure that is flexible in both bending and torsion, due to low bending and
torsional stiffness properties, but maintains a high tensile strength due to a relatively large axial
stiffness. Therefore, the mechanical properties of power cables account for stiffness in three
directions. Prompted by the suggestion by Karlsen (2010) and Karlsen et al. (2009), we defined
the cable stress capacity as the combination of the axial tension and bending curvature.
Accordingly, the stress components of a cable include both axial and bending stresses. For each
cross-section of a cable, we considered the outermost edge to be the most important area for the
stress response, and several points on the periphery were calculated to determine the most
fatigue-critical location along the cross-section.

The accumulated fatigue damage and fatigue lives of mooring lines and power cables can be
calculated following calculation of their stresses. Preliminary calculations of the stress
responses of moorings and cables were carried out in the beginning of this thesis project, and
the results of these calculations showed that the stress levels of these two structures are both
considerably lower than their design yield stress. Hence, a stress-based approach was adopted
in the fatigue analysis. In conjunction with stress history, the rain-flow counting method was
employed to extract the stress cycle for fatigue analysis (Endo & Morrow, 1969) using the
WAFO toolbox (WAFO Group, 2011). Finally, depending on the material composing the
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mooring lines and power cables considered, the accumulated fatigue damage, FD, was
calculated using the Palmgren-Miner cumulative rule and the S-N (stress - number of cycles to
failure) or R-N (relative tension - number of cycles to failure) curve. No fatigue material tests
were conducted. Instead, the fatigue material properties of the mooring lines and power cables
were extracted from DNV GL (2015) and Nasution et al. (2013), respectively. In addition, the
fatigue material properties of moorings and cables were assumed to remain unchanged under
the fouled condition with respect to the original fatigue material properties extracted from the
two cited studies, i.e., no influence of bio-corrosion on the S-N or R-N curves was considered.
For a detailed stepwise description of the procedure used to calculate the fatigue damage of
mooring lines and power cables, the reader is referred to Paper I for catenary mooring chains,
Paper V for polyester mooring lines, and Paper II for power cables.

3.3 Power absorption analysis

The purpose of the power performance analysis was to estimate the theoretically absorbed
power of the WEC from waves. In this thesis, a linear PTO system, represented by a linear
damper acting in the heave direction of the WEC, was assumed for all studied WECs. The
mathematical model of the PTO system is a simplification of that installed in the reference
concept. A similar approach was used by Cho & Kim (2017), Fitzgerald & Bergdahl (2008),
and Vicente et al. (2009). The model of the PTO system as a linear damper estimates the
theoretical energy output and results in minimal modelling complexity; thus, the model was
deemed sufficient for this thesis.

No control of the PTO system was considered, and the PTO system was assumed to act
exclusively in the heave direction. Thus, the PTO system was defined as a constant damping
coefficient relative to the heave DoF of the WEC. The damping coefficient varies for each
studied WEC and was determined based on each WEC’s unique hydrodynamic properties as
the value yielding the optimal PTO, i.e., at the resonance of the WEC in the heave DoF,
following the suggestion by Falnes (2002). Note, however, that because no control of the PTO
system was considered, an underestimation of the power performance can be expected. The
time-averaged power absorption, which corresponds to the mean power consumed by the
mechanical damper of the PTO over a certain period, was used in this thesis to represent the
power performance of the WEC under a specific operational condition. The reader is referred
to Paper III for a detailed description of the procedure for calculating a WEC’s power
performance.

3.4 LCoE analysis

LCoE analyses were performed to demonstrate how the numerically evaluated fatigue damage
of the moorings and cables and power performance of a WEC (i.e., the results from Sections
3.2 and 3.3) together affect the economic assessment of the WEC system. The economics of a
WEC system can be assessed in various ways, such as by using annual energy production (AEP)
per unit displacement, AEP per unit capital expenditure (CapEx), life cycle cost (LCC), or
LCoE (Costello & Pecher, 2017; Carbon Trust & DNV 2005). Among these quantities, the
LCoE, which considers both the AEP and present value of cost, is the one most often
recommended by the governing bodies (IEA & NEA, 2015; IEA-OES, 2015) and hence was
used in this thesis.
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Several approaches exist for defining the LCoE; see examples in Gross et al. (2007), [EA &
NEA (2015), LaBonte et al. (2013), and SI Ocean (2013). The definitions presented in these
references have been used by researchers to develop detailed calculation models tailored to a
particular purpose or a particular WEC design. Selected examples are listed here. Astariz et al.
(2015) presented a calculation model that was used to compare different co-located layouts of
wave and wind farms. Frost et al. (2018) developed a calculation model that allows for the
spatial dependence of the LCoE for wave energy projects to be considered. An LCoE
calculation model was developed by Piscopo et al. (2017) to determine the optimum
configuration of heaving point absorbers at different deployment sites, whereas the LCoE
calculation reported by de Andres et al. (2017) was developed to provide an overview of the
limits for the technical parameters of WECs.

In this thesis, the LCoE calculation model suggested by Castro-Santos et al. (2016a, 2016b)
was followed because their calculation was developed for floating wave energy applications
and because it provides a detailed description of how to assess various cost aspects in a practical
manner. An LCoE analysis was performed in Paper V to assess whether hydrodynamic
interaction needs to be considered in a systems analysis and cost estimation of the full WEC
system and wave farm. Further development is needed for a complete LCoE assessment in the
current methodology; see the discussion in Chapter 7.

3.5 Parameter sensitivity analysis

The analysis procedures described in Sections 3.1 — 3.4 involve several numerical and physical
parameters that affect the simulation results. Herein, the physical parameters are those that have
a direct physical meaning. In contrast, the numerical parameters are used only to assist the
numerical simulation and typically depend on the chosen numerical simulation technique and/or
software (in our case, the DNV GL SESAM package). Due to, for example, uncertainties in the
material and mechanical properties of moorings and cables, the random nature of environmental
loads and factors, and inherent limitations of numerical models and simulation software,
uncertainties arise in these numerical and physical parameters. A parameter sensitivity study
was therefore conducted in this thesis as part of the overall methodology to assess the sensitivity
of these parameters on the WEC’s dynamics and structural fatigue performance.

The parameter sensitivity study consisted of three procedures. First, relevant parameters were
identified; those parameters were normally the ones that showed large uncertainty in the
system’s properties and environmental conditions or the ones that affect the stability and
accuracy of the numerical simulations. Second, several hydrodynamic and structural response
analyses were performed with a systematic variation of selected parameters. Third, the
sensitivity of the varied parameters with respect to the WEC system characteristics was
quantified. In this thesis, the sensitivity of these parameters was evaluated with regard to the
fatigue damage of moorings and cables and the WEC power performance. Table 3 summarises
all parameters investigated in the thesis and in appended Papers I — V.
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Table 3. Summary of the numerical and physical parameters investigated in the thesis; the
corresponding results can be found in the papers indicated in the second column of the table.

Source
(Papers I — V or other references)

Numerical parameters

Mesh size of the mooring lines and power I Yang et al. (2014)
cables

Artificial stiffness of the WEC buoy Yang et al. (2014)

Structural Rayleigh damping of the I Yang et al. (2014)
moorings and cables

Random seed for wave realisation Thesis

Physical parameters

Wave drift force of the WEC buoy Yang et al. (2014)
Pretension force of the mooring lines III Yang et al. (2014)
Length of the mooring lines I

Bending and torsional stiffness of the I
mooring lines

Configuration of the mooring systems I v
Bending stiffness of the power cables II
Length of the power cables II
Mass of the power cables II

Influence from the presence of the bend 11
stiffener

Wave height, wave period, and direction I 1o 1ur 1v v
Current speed and direction nm o 1
Wind speed and direction v

<

Thickness of marine biofouling I
Density of marine biofouling I

Duration of development for marine I
biofouling

Configuration of the WEC array systems v
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4 Experimental analyses

This chapter presents two experimental analyses performed in this thesis: an ocean basin
laboratory experiment and measurements on a full-scale WEC installation. The former was
designed and carried out to validate the numerical simulation model developed and presented
in Papers I — III, whereas results from measurements in the latter experiment were used to assess
the predictive capability of the simulation models for a real case.

4.1 Ocean basin experiment

One research focus in the first half of this thesis project (i.e., Papers I — III) was developing
numerical simulation models for the simulation and assessment of hydrodynamic and structural
responses for floating point-absorbing WEC systems. These simulation models and the
numerical approaches that were used needed to be validated. Therefore, an experiment was
designed and carried out in an ocean basin laboratory at the State Key Laboratory of Ocean
Engineering in the Shanghai Jiao Tong University in Shanghai (China) (SJTU, 2018) with the
objective of providing information to assess the validity of the numerical analyses and the
simulation models. All details of the ocean basin experiments are presented in Paper IV; this
section presents a brief summary of the motivation, description and planning of the
experiments. Note that the contribution of the validation experiment is not limited to the scope
of the current thesis; the experiment also provides knowledge pertaining to other similar types
of floating WECs. Evaluating the structural reliability of wave energy devices, with an
emphasis on the long-term use and survivability of the associated components (such as the
mooring lines and power cables), requires validated numerical models; such models can, for
example, be used to provide confidence in the cost-efficient development of WEC systems,
which is needed to reach large-scale commercialisation.

Guidelines for the experimental tests of WEC systems have been considered by researchers
such as Holmes (2009), ITTC (2014), McCombes et al. (2010), Payne et al. (2009), Pecher
(2017), and Sarmento & Thomas (2008). Although similarities can be found between these
references, the ITTC guideline (2014) was followed because it provides clear guidance on the
design, planning, and implementation of the numerical model validation experiment at both the
system and component levels. One important advantage of ocean basin tests relative to
measurements conducted in field trials is that the ocean basin tests enable detailed investigation
of the response of a WEC system under controlled environmental conditions (sea states and
ocean current), which can be varied systematically. The experimental data from a laboratory
experiment can be used to validate or calibrate a numerical simulation model. This thesis
focused on validation, i.e., no calibration of the simulation model was performed. The results
presented in Section 5.6.1 and in Paper IV are derived from a validation study of the WEC
motions under operational conditions. A validation of the mooring line forces, force responses
of the PTO system and survival conditions was planned within the thesis, but this work has not
yet been completed and is described in the context of planned future work in Chapter 7.

Design of the experimental WEC system

In this sub-section, the design of the experimental WEC system is elaborated, whereas the exact
target design values for each component can be found in Paper IV.
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As addressed in ITTC (2014), the responses and performances of WECs are normally scaled
using Froude similitude, but exceptions occur for some parameters, such as the power output
of the device, viscous damping, and mechanical friction; large-scale test models are
recommended to minimise scaling effects. Therefore, a 1:20 scale model following Froude’s
law was chosen for experiments with sea states corresponding to operational conditions.
Considering the configuration of the prototype WEC and the sea state conditions to be tested,
the ratio of 1:20 was the largest possible scale for the ocean basin. The sea states corresponding
to survival conditions were created using a 1:36 scale model due to limitations in wave
generation at the test facility.

The development of the numerical models in Papers I — III closely followed the WEC concept
developed by the company Waves4Power, which was, at the time, to be installed in Runde,
Norway. The design of the experimental model was therefore chosen to be as similar as possible
to the already developed numerical model while not substantially different from the prototype
system shown in Figure 5. The emphasis of the experimental model design was on the
investigation of the WEC’s motions, the forces in the mooring lines, and the coupling effect
between the WEC and the moorings. The power cable was excluded from the study to maintain
an acceptable level of complexity in the experimental system.

The experimental WEC system consisted of a WEC buoy, a three-leg two-segment taut mooring
system with submerged floaters, and a PTO system designed for this experiment as a heave
plate. The configuration of the experimental WEC system is illustrated in Figure 8, which shows
the complete WEC system built for operational loading conditions. The experimental
configuration for the survival loading conditions was similar, except that a smaller scale model
(1:36) was used and that the PTO system was removed because it was assumed to be inactive
under survival operational conditions at full scale.

Fairlead™

Floater~ —// |
4

WEC buoy

Figure 8. Illustration of the configuration of the WEC system for the ocean basin experiment.

The PTO mechanism of the full-scale prototype WEC is realised by water movement inside the
central hollow tube of the WEC. Although the behaviour of the full-scale PTO system should
ideally be reproduced in the scale model, it is not generally appropriate to geometrically scale
down the PTO system because of the challenge of achieving the expected power performance
in a scaled system; see discussions by Forestier et al. (2007) and Sheng et al. (2014). Therefore,
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the experimental WEC was idealised as a closed buoy, and the PTO system was simulated by
a heave plate following the suggestions of Cheng et al. (2014). Note, however, that future work
to find a better solution for the experimental PTO system is needed so that the PTO responses
from the experimental system can be more similar to the one installed in the full-scale
prototype; see the discussion in Chapter 7.

The hull geometry of the WEC buoy was designed to be the same as that of the scaled-down
prototype WEC. To determine the mass, centre of gravity (CoG), and inertial properties of the
experimental WEC buoy, a numerical mass model was built at the prototype scale. The mass
model modelled the mass contribution at the corresponding location in the WEC, including the
contribution from the hull structure, principal machinery such as generators and hydraulic
systems, water in the cooling tank and ballast tank, and the amount of water that is presumed
to oscillate in the hollow tube for power generation. The first three categories together
correspond to the displacement of the prototype WEC, whereas the last mass category was used
to compensate for the mass due to the simplification of the prototype PTO system. The mass,
CoG, and inertial properties calculated from the mass model were used as the target values for
the experimental model.

The entire PTO system consists of a heave plate, a connection bar, and a helical spring. The
heave plate acts as a damper in the entire WEC system, and its target damping effect at full
scale was chosen in the same manner described in Section 3.3. The damping effect of the
experimental heave plate was estimated by a decay test through a 1-DoF spring-mass-damping
system. The dimensions of the heave plate were determined as those obtained when the
equivalent linear damping estimated from the 1-DoF decay system satisfied the target linear
damping. The heave plate was rigidly connected to the WEC buoy by a steel rod and to the
floor of the ocean basin by a spring. This configuration ensured that the movement of the heave
plate consistently followed the motion of the WEC buoy. The heave plate was placed at as great
a depth as practically achievable to reduce the influence of the wave motion due to the surface
waves. No optimisation was performed with regard to PTO tuning under various frequencies or
to the position of the heave plate. While the design choice of the PTO system adopts a linear
assumption (i.e., an assumption that an ideal linear PTO system is to be used), its inherent
quadratic nature due to the viscous force effect was also numerically modelled through the
Morison model to ensure a correct validation process (see the discussion of the Morison model
in Section 3.1). Additionally, the spring of the PTO system was numerically modelled in the
same manner as the mooring system, whereas the inertial and restoring effects of the heave
plate and connection bar were considered by including the corresponding mass contribution to
the numerical model of the WEC buoy. Thus, the damping effect induced by the experimental
PTO system was faithfully simulated in the numerical model, whereas the dynamic response of
the WEC with the influence from the PTO system was captured experimentally with minimum
experimental model complexity.

The prototype WEC system uses mooring lines made of polyester. These polyester moorings
exhibit nonlinear material behaviour that can be analysed under the frameworks of
viscoelasticity and viscoplasticity. Because a properly scaled material was not available, thin
steel wires were used instead in the experiments, with additional helical springs that mimicked
the mooring segment stiffness at the model scale (relative to the full scale). The target stiffness
of the spring was determined by a linear regression analysis of the axial load-elongation
diagram of the prototype polyester mooring. Every set of one wire and one spring represented
one mooring segment in the prototype WEC, and the total length of each set at full scale was
identical to that of the corresponding mooring segment. The prototype mooring lines were
designed to be buoyant, an assumption that would be violated if the model-scale moorings were
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composed of only steel wires and springs. Thus, the steel wires were covered by plastic tubes
(with a significantly lower density than steel) to achieve the target submerged weight at the
model scale. Due to the use of three components (steel wires, helical springs, and plastic tubes)
to represent the prototype mooring, the geometric similitude of cross-sectional diameters cannot
be attained. This effect was therefore accounted for when building the numerical model of the
experimental mooring system. The wire (with contribution from the plastic tube) and spring
components were defined separately, and the effect of the various cross-sectional diameters was
captured by adopting different added mass and drag coefficients for each component. Finally,
the submerged floater of each mooring leg was designed to have the same mass, CoG, and
geometrical dimension as in the full-scale prototype.

Measured parameters and instrumentation
In total, six parameters of the system were measured during the experiments:

Motion of the WEC buoy in six DoFs.

Forces on the upper and lower side of the heave plate.

Six-DoF motion of the floater on one mooring leg.

Forces at the upper ends of both segments for all three mooring legs.
Acceleration at the three fairleads in the three translational DoFs.
Water surface elevation.

SN bk W=

Among the six quantities, parameters 1 and 2 are of concern for WEC motion and thus power
absorption analysis. Parameters 3 and 4 correspond to the motion and structural responses of
the mooring lines, which are critical for fatigue damage evaluation. Parameter 5 served as a
redundant measurement that can be used to derive the 6-DoF acceleration of the WEC buoy
and the motion at the three fairleads. Finally, parameter 6 was used to ensure that the generation
of waves satisfied the target value according to the test programme. All measurements were
sampled at a frequency of 25 Hz, which ensured reliable and sufficient data collection from the
entire measurement system used in the experiments.

Figure 9 shows an overview of the instrumentation on the WEC system for the abovementioned
measurements. The product information of each instrument and the installation details for the
system can be found in Paper I'V. To ensure that the installation of the instruments did not affect
the motion response of the WEC system, the contribution of the weight from all instruments
was included during the mass calibration of the WEC buoy. Special attention was paid to the
instrumentation to measure the floater’s motion. Only the motion of one floater was measured.
In addition, because the floater was submerged below the water surface and because the motion
measurement can only be taken above the water surface, a long, light rod was attached to the
floater, and measurements were taken from the upper end of the rod; see Figure 9(c). For that
specific floater attached to a long rod, its mass and CoG were calibrated together with the
contribution from the rod. In addition, a sensitivity study was performed prior to the main test
scheme, which indicated that the dynamics of the WEC system were not affected by the
instrumentation. The results of this sensitivity study can be found in Paper I'V.
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Figure 9. Instrument installation in the WEC system: (a) optical motion markers at the upper
deck of the WEC buoy and accelerometers at the fairlead of the three moorings; (b) force
transducers on the upper and lower sides of the heave plate used in the PTO system; (c)
optical motion markers on the upper end of the rod, which attaches to the floater; (d) force
transducers at the fairlead of each mooring leg; and (e) force transducer on the upper end of
the lower mooring segment.
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Test programme

The test programme encompassed tests of the mooring stiffness, decay, and various operational
and survival loading conditions. The first two parameters were tested under calm water
conditions to examine how well the system’s basic properties were represented by the numerical
model. In contrast, the predictive capability of the numerical model for the dynamic responses
of the WEC system was investigated by testing the system under various loading conditions.

Table 4 presents all loading conditions tested during the experiment. Each loading condition
represents a specific wave and ocean current scenario; no wind load was considered. All loading
conditions were divided into two categories: operational and survival conditions. The survival
conditions, cases Currss, SURV, and SURV,, were tested at a model scale of 1:36. All other
cases were regarded as operational conditions and tested at a model scale of 1:20.

Both regular and irregular wave cases were included in the test programme. For a regular wave
case, the WEC system was excited by a regular wave with a constant wave height and wave
period throughout the entire test. The wave periods of regular waves were chosen to be identical
to (Re3 — Re5), near (Re2 and Re6), and far from (Rel and Re7) the resonant period of the
unmoored WEC buoy. Then, the wave heights of regular wave cases were determined such that
they covered the ranges between linear (Rel-Re3 and Re6-Re7), intermediate (Re4), and
nonlinear (Re5) waves. The distinction between linear and nonlinear waves was evaluated by
the ratio of the wave height and wave length following the definition of Chakrabarti (1987b).
The seven regular wave cases were used to investigate the limitation on the domain of validity
of the numerical model with regard to the WEC responses under resonance and to examine the
validity of using Airy wave theory for nonlinear wave loading conditions.

For the irregular wave case, the WEC system was excited by irregular waves with varying wave
height and wave period throughout the time period. Each irregular wave was defined by the
peak wave period (T,,) and significant wave height (Hs) to represent a specific sea state. All

irregular waves followed the JONSWAP spectrum, with the peak enhancement factor (y) set to
2.4. The sea states were chosen from the wave scatter diagram near Runde, where the full-scale
prototype was installed. The OP1 case was defined as the optimum operation condition for the
installed WEC system because this case approximates the WEC resonance period and because
its probability of occurrence is high in Runde. In contrast to OP1, case OP2 was chosen to be
off the resonance period of the unmoored WEC buoy. The WEC system was tested in greater
detail under condition OP1, which included an investigation of the effect of the loading
direction (OP1y), the effect of the wave-current combined loads (OP1.), and the effect of the
PTO system (OP1,).

The combination of wave-current environmental loads can significantly affect the motion
response of the entire WEC system and the force response of a sub-component in such systems;
see discussions by Barltrop et al. (2006), Johanning et al. (2007), Mazarakos & Mavrakos
(2013), and Saruwatari et al. (2013). A similar observation was made in Paper III, which shows
that the loads from the ocean currents are of great importance for the fatigue characteristics of
mooring lines. Therefore, a current with constant velocity and slab profile over the water depth
was tested, where the chosen velocity was established as the design value for the installed full-
scale prototype WEC system.

30



U1 JO Ul paAOWI ST WAISAS O Ld Y3 18yl 1dooxa [ O 10J 1Y) St dwies ) SI ¥ JO JO UONIPUOD 159 oY |,

3 koK

"0 NS Ul UMOYS ST WASAS JHAN Y} JO UONRIUILIO Y} 0) UOLIR[L Ul UONIIIP SUIPRO] AY) JO UONIULAP Y],

"t 031398 (A) 10308} JuswddURYUD ead ay) PIm ‘wnndads gV M SNOS Y} MO[[0] saaem Jen3ain [V (SH) Wy31ay aAem juedijiudis
pue (97) pouad aaem yead ayy Aq paurjap si aaem senSour ue diym ‘(Mg) 1ySiey oaem pue (M) porad aaem ay) Aq pauljap si oAeM Je[nSal v,

0 980°0 v1S°0 S0 6 A 8'€l  IemBau]  °AYNS

0 - - €0 6 £C g€l Iem3ou]  AYUNS

0 980°0 ¥15°0 - - - - — %)

0 SIro v1S°0 - - - - - amp

0 = = §TTo 9 4 L¥1°C 9'6  Iengai] ¢do

0 = = AN §C €Sl §'9 emdoup | 1O

0 SIT°0 vIS0 AN ¢ €Syl §'9  IenJou ’1dO

081 - - AN §'C esy'l ¢'9  Jen3au PIdO

0 - - AN §¢C eSy'l §'9  Ien3au] 1dO

0 = = ¥81°0 6L9°¢ 6¥8'C 0rLCl Te[n3ay Ld

0 = ™ ¥90°0 L] 8v9°1 0LE’L Te[n3oy 9d

0 = = 061°0 108°€ vev'l 0LE9 Te[n3ay SR

0 - - $60°0 006°1 vyl 0LE9 Te[n3oy o

0 - - 8700 0S6°0 vl 0LED Te[n3oy ¢

0 = = ¥€0°0 SLY90 10T°1 0LE'S Te[n3oy ()|

0 = = 10’0 8€T0 CIL0 S81°'¢ Te[n3oy| [2d

[3ap] [s/u] [s/w] [w] [u] Is] Is]
3eds [9pow pue [[ny 18IS [PPOIA Jeds [Ing 18IS [PPOIA Jeds [Inyg 3[eds PO aeds [Iny SIABM
(™1 pue CH) ae[nga.La

IAEM 11(@) U0nAAIP YSI19Y dABM JUBIYIUIIS 10 (4) poriad aaea yead Jo 10  dweu
JUILIND PUB IABAL (1™ 1) £3190194 JUdLIND) (™H) 14319y daeM aB[N3Y (™ 1) porrdad daem aen3dy  aen3oy ase)

"9¢:[ JO 9[E0S [9POU B J& PI)JS3) SUOIIIPUOD [BAIAINS JIB YOIYM “AYNS PUB ‘AWUNS 91n)) sased 10§ 1daoxa ‘(z: [ JO d[eds [apoul & Je
Pa1$9) SUONIpuOd [euoneIado a1 SIS [V "SAN[BA J[BIS-[IPOLW pUER -[[NJ SB PAIuasald ‘SOLIBUIS JUILIND PUB dABM PR)SI) JO Alewwing *p d|qe ],

31



Wave maker N
Current maker ]

S L2 w
N
/<
7
‘300 L3
= -
Wave, current 0 degrees Wave, current 180 degrees

Figure 10. Orientation of the WEC system for loads coming from the direction of 0 degrees
(left) and 180 degrees (right).

The survival loading condition was determined by considering several factors: (1) the wave
scatter diagram near Runde where the full-scale prototype was installed and the generation
capacity of the wave and current makers at the ocean basin and (2) the measurement range of
the instruments for the WEC’s motions and mooring forces. Finally, a 1:36 scale model was
built to test a survival condition consisting of a peak wave period of 13.8 seconds and a
significant wave height of 9 metres at the full scale.

4.2 Full-scale installation

One of the objectives of this thesis was to develop a simulation model for floating point-
absorbing WECs, which can be used to assess the fatigue characteristics of mooring lines and
power cables and to analyse the WEC’s motions for power performance calculation. Section
4.1 presents ocean basin experiments used in a validation study of the simulation model. In this
section, another important asset to the thesis project is presented. An industrial collaboration
with the WEC development company Waves4Power offered an opportunity to compare results
using the developed simulation model with results from full-scale measurements on their WEC
system prototype WaveEL 3.0.

In early 2016, the company Waves4Power installed their concept WaveEL 3.0 at full scale in
Runde for proof of concept with regard to functionality, survivability, and reliability
(Waves4Power, 2018b). The installed WEC operated under a measurement campaign from
June to November 2017. The following sub-sections describe the WaveEL 3.0 installation in
Runde, the parameters that were measured and monitored, and how the numerical simulation
model was adapted to be similar to the full-scale installation.

WaveEL 3.0 installation

The system was installed at approximately 5 degrees east longitude and 62 degrees north
latitude. The location is just outside the island of Runde, and the distance between the installed
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system and the nearest coastline of the island is approximately 0.8 kilometres. Figure 11
presents a photograph of the installation site.

Figure 11. WaveEL 3.0 installation in Runde, Norway. The WEC and two of its mooring legs
are shown to the left, and the hub is shown to the right. The power cable between the two is
submerged.

The system consists of a floating point-absorbing WEC that extracts energy from waves,
primarily from heave motions. The installed capacity of the WEC system is 125 kW. The WEC
has a three-leg taut mooring system. Each mooring leg has two segments joined by one floater,
which is designed to be submerged at all times. The power generated by the WEC is transmitted
to a power-gathering hub through a dynamic low-voltage (<1 kV) power cable. The dynamic
cable is submerged and is designed to operate in a free-hanging state between the WEC buoy
and the hub. At the hub, the power is transformed to a high voltage of 22 kV and then
transmitted to the shore-based power grid via a subsea power cable. The hub itself has a single-
leg taut mooring system; the mooring system is designed to maintain the hub in a stationary
position. All of the mooring legs (three mooring legs for the WEC and one mooring leg for the
hub) are anchored to the seabed by gravity anchors, where the depths of anchors vary between
50 and 80 metres due to the non-uniform seabed. Illustrations and the orientation of the WEC
system installation are presented in Figure 12.

a WEC b - N
iy Hub (b) Floater # e
Wave /
517 Se ‘ / Moor:
Floater M\91- . \ l WEQ\ F @Hub
looring le , .- -
1Seg— s Power Moor: Q Cable
I cable
V Moors\ 90
~Anchor N Difosal 0

Anchor-—s (deg)

Figure 12. Illustration of the WaveEL 3.0 installation in Runde: (a) profile and (b) top views
of the system without the subsea cable. The compass with symbols N (north) and E (east) in
Figure 12(b) indicates the geographic orientation of the installation.
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Table 5. Summary of WaveEL 3.0 measurement and instrumentation data provided by Waves4Power for
this thesis project.

Measured quantity Instrument Measurement Data Measurement Installed

accuracy sampling  duration position on
frequency” the system
Position of the WEC ~ GNSS sensor <3 cm 2 Hz 1319 June  Upper deck of
represented by north,  using a 2017 the WEC buoy
east, and down with JAVAD
respect to the original  receiver and a
installed position Leica antenna
Pitch and roll motions MEMSIC <0.75 deg 2. Hz 13— 19 June  Upper deck of
of the WEC vertical gyro 2017 the WEC buoy
sensor VG350
Position of the hub u-blox GPS 25-50m 1 Hz 2 —19 June Near the top of
represented by north,  sensor 2017 the hub
east, and down with
respect to the original
installed position
Pitch and roll motions MEMSIC <0.75 deg 10 Hz 1 —19 June Near the top of
of the hub vertical gyro 2017 the hub but
sensor VG350 slightly below
the u-blox GPS
sensor
Force in the mooring ~ Dacell <ION 10 or 60 1 June — Near the
lines compression Hz™™ 3 July 2017 fairleads of the
load cell mooring lines

summary of the measurement data provided to the Chalmers University of Technology within

monitor the performance of the system, its characteristics and its responses. Table 5 presents a
this thesis project to compare with results obtained from the numerical simulation model.

Waves4Power instrumented the WEC system with a large number of sensors that measure and

Instrumentation of the WEC

"The frequency refers to the sampling frequency of the provided data rather than to the original measurement

frequency of the sensors.

“The data provided consist of two sampling frequencies, with part of the data provided at a frequency of 10

Hz and the other part provided at a frequency of 60 Hz.
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Transformation of the measurement data from the sensors to time histories, which enabled
comparison with the results from the numerical simulations, was carried out in another project
conducted in parallel to the thesis project; see Lang et al. (2018) for more details. The time
series data for the WEC’s motions in three translational DoFs and the axial force of the
moorings Moor; and Moor; were then used in this thesis project. Due to a lack of a clear
coordinate definition for the vertical gyro sensor, a comparison of the rotational DoFs of the
WEC is left to future work. Unreliable measurement data (a malfunction of the load cell) were
found in the load cell for Moors; therefore, no data were used for that specific mooring leg. The
measurement data from the hub were not used at all due to poor resolution and accuracy of the
results from its sensors.

The environmental conditions in Runde were not recorded during the measurement period. A
methodology that estimated the environmental loads to which the WEC system was subjected
was therefore developed based on the responses measured by the sensors; see Lang et al. (2018)
for details. The identification of the sea states required both a statistical analysis of the
measurement data from the WEC motions and results from numerical simulations using the
simulation model of the WaveEL 3.0 installation developed in this thesis project. After the
evaluation of the measurement data and the results from the numerical simulations, three
stationary sea states were identified; see Table 6. Note that no current or wind loads were
included, as the sea states identified during the measurement period were considered calm sea
conditions. The three stationary sea states presented in Table 6 served as the basic input to the
environmental load modelling in the numerical simulations, and the corresponding
measurement data were used for comparison in this thesis. Due to the lack of direct
measurement of the environmental conditions, a sensitivity study relevant to the uncertain
loading conditions was also performed in this thesis; see Section 5.6.2. A detailed investigation
of the sources of the uncertainties was presented by Lang et al. (2018).

Table 6. Dates, durations, and wave conditions of the stationary sea states identified from the
measurement data.

Date Time span H, [m] T, [s] Dir e [deg]”
16 June 2017 10:00 — 13:00 0.95 10.00 30
18 June 2017 08:00 — 11:00 1.40 6.75 30
19 June 2017 15:00 — 18:00 1.75 7.50 30

*Direction of the wave, whose definition can be found in Figure 12(b).

Simulation model of WaveEL 3.0

A numerical model of the WaveEL 3.0 installation was built following the modelling principles
presented in Papers I — III. The model consisted of a WEC buoy, a three-leg taut mooring
system, a power cable, and a hub located at a spatially fixed point. Although minor motions of
the hub could be observed from the measurement data, it was assumed that the hub could be
considered and modelled as a stationary object. Table 7 presents the main properties that define
the numerical model of the WaveEL 3.0 system. These properties, except for Bprg, were
retrieved from Waves4Power from their installation of WaveEL 3.0. The PTO system was
modelled according to the simplified model presented in Sections 3.1 and 3.3, i.e., the PTO
system was modelled as a linear damper and as a Morison model to account for the drag
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damping effect. Note that Table 7 does not present the full set of parameters required to define
the numerical simulation models. The reader is referred to Papers I, 111, and V for additional
properties, such as the drag and added mass coefficients for the moorings and cables and the

kinematic viscosities of air and water.

Table 7. Main properties of the installed WEC system WaveEL 3.0 considered in the
numerical model.

WEC

Mass, Mygc [metric tonnes] 268.42
Draft, Dyygc [m] 15.265

CoG (x, y, z) [m] (0, 0, -5.248)
CoB (x, y, z) [m] (0, 0,-4.974)
PTO damping in the heave DoF, Bprg [kNs/m] 40.180
Mooring system”

Lengths of two segments of mooring leg 96.0, 76.6
Moori, (LMoorl,Segla LMoorl,Segz) [m]

Lengths of two segments of mooring leg 98.0, 56.5
Moor, (LMoorZ,Segla LMoorZ,Segz) [m]

Lengths of two segments of mooring leg 113.0, 44.0

Moors, (LMoor3,Seg1a LMoor3,Seg2) [1’1’1]
Anchor radii of the three mooring legs,
(rAnchorla rAnchorZ > and rAnchor3) [l’l’l]**
Anchor depths of the three mooring legs,
(hAnchorla hAnchorZ > and hAnchorg) [m]***

Cross-sectional outer diameter, dyoor [M]

Mass of each mooring segment, Moo [kg/m]

Mass of each anchor, Mppchor [Kg]
Axial stiffness, EAy [MN]

127.3,122.49, 132.1
86.6, 66.6, 54.1

0.08
4.9
40000

Represented by the load-elongation
diagram in Figure 13

*The names of the various components in the mooring systems can be found in Figure 12.

*The anchor radius (Tapchor) i defined as the horizontal distance between the geometric centre
of the WEC at its still-water plan and the anchor point of each mooring leg.

**The anchor depth is defined as the vertical distance between the still water surface and the

anchor point of each mooring leg.
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Table 7. (Continued)

Power cable
Horizontal distance between the WEC and the 100
hub, dwgc-gub [m]

Length of the power cable, Lc,p1e [m] 135
Cross-sectional outer diameter, dcapie [M] 0.038
Mass, M¢ap1e [kg/m] 2.3
Axial stiffness, EAc [MN] 4.7
Bending stiffness, El; [Nm?] 5
Torsional stiffness, GK,. [Nm?/rad] 3

Bending stiffener

Density, pg [kg/m?] 1200

Cross-sectional inner diameter, dg,  [m] 0.038

Cross-sectional inner diameter, dg_ , [m] Varying along the entire bending
stiffener; see the illustration in Figure 14

Young’s modulus, Eg [MPa] 14.0

Shear modulus, Gg [MPa] 4.67

Environment

Still water mean level, Z [m] 0

Water depth, hgeapeq [M] 86.6

The seabed was modelled as a horizontal plane due to a limitation of the SESAM package,
which does not allow for inclined planes. The depth of the seabed, and thus the water depth
(hseabed ), Was taken to be the maximum gravity anchor depth of the three mooring legs. The
different mooring lengths (i.e., anchor positions at different water depths) were considered by
assigning each gravity anchor a specific depth. Because the taut mooring system in the full-
scale installation was designed to never come in contact with the seabed, the modelling
approach for the seabed and the mooring configuration was considered acceptable.
Furthermore, the gravity anchors for the mooring system were designed to be spatially fixed.
Therefore, the three anchor points were represented as six-DoF fixed points in the numerical
model.

One issue arose regarding the definition of the axial stiffness of the mooring lines. The moorings
used in the WEC system WaveEL 3.0 were made of polyester, which exhibits nonlinear material
behaviour. In this thesis, only the nonlinear relation between the axial load and elongation was
considered; this relation was used to determine the axial stiffness properties of the moorings.
In the numerical model, the axial stiffness was defined by several points on a load-elongation
diagram as shown in Figure 13; a pointwise linear relation was assumed between every two
neighbouring points in the diagram.
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Figure 13. Axial stiffness of the moorings (EAy;) described in terms of a load-elongation
diagram. The red crosses shown in the diagram represent the exact data points (determined by
a monotonic loading test) used to define the mechanical properties of the mooring lines,
whereas the blue solid line is the curve interpolated by the software describing the strain
characteristics of the modelled mooring material.

The two ends of the power cable were covered by bending stiffeners to protect the cable from
large bending (large curvature) and from contacting the WEC or the hub. The bending stiffeners
were included in the simulation model with the geometry and dimensions presented in Figure
14. The larger cross-section of the bending stiffeners was attached to the WEC and the hub.
Other material properties for the bending stiffeners are presented in Table 7.

D
¥ v

Figure 14. Bending stiffener geometry. The bending stiffener has a hollow core with a cross-
sectional inner diameter of 38 millimetres (units: millimetres). (Courtesy of Waves4Power.)

The sea states presented in Table 6 were simulated using the JONSWAP spectrum, with the
peak enhancement factor set to 2.4, following the practice recommended by DNV GL (2017a).
The duration of each stationary sea state was taken as three hours. In addition, to account for
the potential uncertainty in the identified sea states, parametric analyses were carried out with
regard to Dir,,ye and the realisation of the waves; see the results discussion in Section 5.6.2.
Finally, because no visible biofouling was observed from the on-site inspection of the WaveEL
3.0 installation, all of the structural properties of the WEC buoy, moorings and cables were
modelled as a biofouling-free condition, i.e., the original design properties of each structure
were used to define the numerical model to represent the WaveEL 3.0 installation at Runde.
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5 Example of results and discussion

This chapter presents sample results obtained from the appended Papers I — V and additional
simulations that support the goals of the thesis. The chapter is divided into six sections in which
sample results from numerical simulations and analyses are presented and discussed:
hydrodynamic and structural response of the WEC system (Section 5.1), stress and fatigue
evaluation of the moorings and cables (Section 5.2), analysis of power absorption (Section 5.3),
parameter sensitivity analysis (Section 5.4), and LCoE analysis (Section 5.5). The results from
the experimental and full-scale measurement studies are presented and discussed in Section 5.6.

It should be noted that throughout this thesis, the design of the reference concept configuration
was altered, as were some of the properties of the WEC system’s components. In each of the
appended papers, it is clear which WEC system was modelled and studied. It should, however,
be highlighted that these changes did not affect the choice of numerical method or simulation
procedure or the conclusions of this thesis. In addition, Figure 15 presents a schematic overview
of the studied WEC configurations in appended Papers [ — V, and Table 8§ provides an overview
of the model details, including those of the full-scale installation model of WaveEL 3.0 in
Runde. As an introduction to the forthcoming sub-sections, the reader should pay attention to
the following issues:

e  The Waves4Power WEC concept WaveEL was used in the majority of the appended
papers, except in Paper I, in which a simple cylinder was used. Note, however, that the
detailed geometry and mass distribution of the WaveEL concept vary among all the
appended papers as development of this WEC continued during the thesis work. The
numerical model of the WEC buoy for the full-scale installation is the same as that for
the one modelled in Paper V.

e  An ideal linear PTO system was used throughout the thesis. However, the exact
numerical model of the PTO system varied among the papers. In Paper I, the PTO
system was represented solely as a linear damper. In Paper IV, the PTO system was
represented by a linear damper, a Morison model, and an FE model to mimic the entire
experimental setup. Finally, the PTO system in Papers II, III, and V and that of the
WaveEL 3.0 installation was represented by a linear damper and a Morison model.

e  Catenary spread mooring systems were studied in Papers I — III, whereas a taut
mooring system similar to the WaveEL 3.0 installation in Runde was used in Papers
IV and V.

e In Paper V and in the simulation model of WaveEL 3.0 (Section 4.2), the mooring
lines were made of polyester material, which exhibits nonlinear load elongation, unlike
the steel used in the mooring chains.

e  Papers [ - IV focused on a single WEC system. In Paper V, array configurations were
studied using the simulation models and knowledge gained from Papers I - IV.

e  The power cable was included in the simulation models in Papers II and III and in the
full-scale installation simulation model of WaveEL 3.0. The end of the cable connected
to the WEC included a model of a bending stiffener, and this end followed the motions
of the WEC. The other end was connected to the hub, which was modelled as a
spatially fixed structure. Furthermore, this end featured a bending stiffener model at
the cable-hub connection point.

e Different environmental loads and factors were considered in the appended papers.
However, all the irregular waves considered in this thesis followed the JONSWAP
spectrum. Except for the wave loadings simulated for the ocean basin experiment and
for the full-scale Runde installation, all other wave loadings were simulated with a
peak enhancement parameter, y, of 3.3. This value was suggested by DNV GL (2017a)
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as the average value for the JONSWAP spectrum. The peak enhancement factors for
the ocean basin experiment and for the full-scale Runde installation were both set to
2.4. The velocity of the ocean current was consistently modelled to be time-invariant
but could vary as a function of depth. The wind loads were modelled following the
NPD spectrum. A detailed investigation of the influence of biofouling was presented
in Paper III, and the influence of wind loads was considered only in Paper V.

| WEC WEC

Regular wave Regular wave Hub

’ Irregular wave WEC Hub Irregular wave WEC Hub

0“ = e m@@ @D@y = —5:::{:;:7_::::;

Current Taut mooring

= Y f S \Alire
— Connection bar ' system || Wire

Figure 15. Case study systems in the appended papers: (a) Paper I, (b) Paper 11, (c) Paper I1I,
(d) Paper IV, and (e) Paper V.
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5.1 Hydrodynamic and structural response analysis

Section 3.1 presents three simulation approaches that were used and compared in this thesis.
The key differences among the three approaches are summarised below, whereas Table 2
provides a detailed comparison.

e Al — De-coupled analysis approach

Analysis of the WEC: time-domain analysis

Analysis of the mooring line and power cable: static analysis in every time step
e A2 — De-coupled analysis approach

Analysis of the WEC: frequency-domain analysis

Analysis of the mooring line and power cable: quasi-static analysis in the time domain
e A3 - Coupled analysis approach

Analysis of the WEC: time-domain analysis

Analysis of the mooring line and power cable: dynamic analysis in the time domain

Approaches A2 (de-coupled) and A3 (coupled) were compared in Paper I using a cylindrical
WEC with a catenary mooring chain system, whereas approaches Al (de-coupled) and A3
(coupled) were compared in Paper V using the WaveEL buoy with a taut mooring system. The
reason for the comparisons in the different papers is provided in Section 3.1.

To gain an overall understanding of the similarities and differences between the three analysis
approaches, the three approaches are compared in this section. Section 5.1.1 compares the
simulated WEC motion of single-unit WEC configurations, while Section 5.1.2 compares the
simulated motion and force responses of moorings. A comparison of the simulated multiple
WECs in an array is presented in Section 5.1.3.

5.1.1 Comparison of simulated WEC motion of single-unit WEC configurations

Figure 16 shows the motion of a WEC under a regular wave loading condition. The simulations
were carried out under a regular wave condition with a regular wave height, H,,, of 2 metres
and a wave period, Ty, of 7 seconds without ocean current or wind loads. Two WEC system:s,
one from Paper I and the other from Paper V, were simulated for comparison.
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Figure 16. (a) Surge, (b) heave, and (¢) pitch motions of the WEC under regular wave
conditions consisting of Hy, = 2m, and T, = 7.5 s.

Because the A2 (de-coupled) approach simulates the motion of the WEC using its first-order
response amplitude operator (RAO) from the frequency-domain analysis, it does not account
for the phase shift or any effect originating from the second-order force. The discrepancy in the
phase shift can already be observed in Figure 16 under a regular wave loading condition. The
steady-state component of the second-order force leads to mean wave drift, which can also be
observed under a regular wave load condition. As shown in Figure 16(a), the mean values of
the surge motion simulated by the A2 approach are close to zero. Conversely, both the A1 and
A3 approaches capture the mean wave drift effect, resulting in a non-zero mean in the surge
motion. Under the same loading condition, it was found that the WEC buoy discussed in Paper
V often exhibits a larger mean wave drift than that discussed in Paper I. This observation was
attributed to the fact that the WEC buoy in Paper V has a larger projected area normal to the
wave loads.

Sample results obtained under irregular wave conditions align with the trend observed under
the regular wave conditions with regard to the mean wave drift; see sample results in Figure 17.
In Figure 17, the second-order wave forces in the horizontal direction of the three different
WEC buoys were compared. As shown in Figure 17(b), the second-order wave force was
generally larger for the WEC buoy from Paper V than that from Paper 1. Furthermore, if one
keeps the same mooring system as that used in Paper V and replaces the WEC buoy from Paper
V (with a shorter tube) with the one from Paper IV (with a longer tube), a larger second-order
wave force on the one from Paper IV is generally observed. A larger second-order wave force
in the horizontal direction of the WEC buoy leads to a larger motion in the surge direction both
in terms of the maximum and mean values; see Figure 17(c).
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Figure 17. (a) First-order and (b) second-order wave forces in the horizontal direction of three
WEC buoys under an irregular loading condition consisting of Hg = 2.5m, T, = 7.5 s, and
y = 3.3. Diry,,ve Were defined as heading into the surge direction of the WEC buoy. The
resulting WEC surge motions are presented in sub-figure (c). Sub-figure (d) shows the heave
motion of the WEC over the same period.

Additionally, the second-order wave force may excite a large resonant response in the
horizontal direction due to the slowly varying wave loads; see sample results in Figure 18. The
WEC system simulated in Figure 18 is taken from Paper V, and the simulation was performed
using three analysis approaches. As shown in Figure 18(a), in addition to the primary motions
responding at the wave frequency, superimposed motions with a lower frequency were
observed for the WEC motion simulated by the A1 and A3 approaches. The response spectrum
of the surge motions shows that the peak value in the surge response spectrum occurs at the
surge resonant frequency of the WEC system. This phenomenon is, however, not captured when
using the A2 analysis approach. Hence, when using the A2 approach, an underestimation in the
horizontal motion response of the WEC is expected, and this limitation is expected to be more
crucial for the WEC buoy with a large projected area, as used in Papers IV and V.
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Figure 18. Comparison of the simulated surge motion of the WEC buoy from Paper V using
three analysis approaches. Sub-figure (a) shows the time histories of the surge motion for a
duration of 300 seconds, whereas the response spectrum from the three-hour simulation
results is presented in sub-figure (b). An irregular loading condition was simulated, consisting
of Ho =0.5m, T, = 4.5s,y = 3.3, and Diry,,ye = 0 deg.

The three analysis approaches also varied with respect to the simulated heave motion of the
WEC,; see Figure 16 (b). Under a regular wave load condition, the WEC motion in the heave
direction followed the encountered wave period. However, the heave response amplitude of the
WEC calculated by the A3 (coupled) approach was smaller than the amplitudes calculated by
the A1 and A2 (de-coupled) approaches. This discrepancy occurred because the A3 approach
implicitly includes all the restoring, inertial, and damping effects of the mooring system. A
similar observation was made for the heave motion of the WEC under irregular wave loading
conditions; see one example in Figure 19. In fact, due to the absence of the dynamic effect from
the mooring systems, it was also found during post-processing that for a large wave height, the
WECs had unrealistically large vertical motions when the simulations were carried out using
the de-coupled analysis approach Al or A2.

3 | I I | I
E — !
28 —— WEC system from Paper | (A1)
S Bl | A2)
o Dol (
FE | [~ (A3)
9 0 —— WEC system from Paper V (A1) ;
& Z1{—— (A2) / SO ]
= N (A3)| A |
m E O ! | i S

0 0.3 0.6 0.9 1:2 15 1.8

Angular frequency, w [rad/s]
Figure 19. Response spectrum of the heave motion of the WEC buoy simulated by three

analysis approaches. The duration of one simulation was three hours, with an irregular
loading condition defined by H; = 2.5 m, T, = 4.5 s, and y = 3.3.
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As shown in Figure 16(b) and Figure 19, the discrepancy in the simulated heave motion between
the three analysis approaches was found to be more evident in the WEC system from Paper I
than in that from Paper V. The finding may be due to the different mooring configurations used
in these two systems. As discussed by Harris et al. (2004), the catenary mooring system (such
as that used in Paper I) presents a restraining stiffness in the vertical direction and thus affects
the heave motion of a WEC, whereas the taut mooring system with floaters (used in Paper V)
is purposely designed to minimise such an influence from the mooring system. Therefore, when
a de-coupled analysis is used, the extent by which the heave motion of the WEC is
overestimated is expected to be more noticeable for the WEC system from Paper I.

To conclude, the A2 approach is not able to account for the influence of second-order wave
loads and phase shifts due to the exclusive use of the first-order RAO derived from the
frequency-domain analysis for the WEC buoy. The limitation of the A2 approach is remedied
by the Al approach because the latter simulates responses of the WEC in the time domain.
However, the Al approach still exhibits issues with regard to the overestimated WEC motion
due to the absence of a dynamic coupling effect from the mooring systems. Hence, from the
standpoint of the WEC motion, the coupled analysis approach A3 is recommended in the
numerical simulation.

5.1.2 Comparison of simulated motion and force responses of mooring lines

This section compares different analysis approaches with regard to the simulated motion and
force responses of mooring lines. Note, however, that because of their similar slender geometric
characteristics relative to the floating WEC, the conclusions drawn in this section for the
moorings are regarded as also applicable to the power cables.

As discussed in Section 3.1, one shortcoming of the Al (de-coupled) approach is that the
response of moorings (as well as power cables) is solved using a static analysis in every time
step. Because the WEC buoy was modelled as a rigid body and the fairleads of moorings were
modelled as slave nodes to the WEC buoy, how large an effect this static analysis procedure
has on the simulated fairleads’ motions can be observed directly from the results presented in
the previous section. The Al approach in SESAM is not able to provide the motion response
results along the entire length of mooring structures; hence, no further comparison was made
with regard to the simulated motion of the moorings using the A1 approach.

Figure 20(a) presents the time histories of the simulated force response in a mooring line using
the Al and A3 approaches. The results show a large difference in the axial force response,
where A1 does not capture the dynamic of the mooring lines’ response. Furthermore, a mooring
line fatigue analysis requires a histogram of the force ranges, which is presented in Figure 20(b).
It was found that the force ranges are largely underestimated by the A1 approach because of
the absence of the inertial loads due to the mooring system and the absence of the hydrodynamic
loads acting on the mooring lines. The Al approach was therefore deemed unsuitable to
simulate the structural responses of the moorings and power cables.
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Figure 20. Comparison of results from simulations using the A1 (de-coupled) and A3
(coupled) analysis approaches: (a) the force response of a mooring line and (b) the force range
histogram of the mooring line in Figure 20(a). A numerical model of the full-scale WaveEL
3.0 WEC installation was used. The duration of one simulation was three hours, with an
irregular loading condition defined by H; = 1.5 m, T, = 5.5 s, and y = 3.3. The ocean

current velocity was set to V., = 0.514 m/s, and the wind load was V;,q = 9 m/s. All load
directions coincided at Dirj,,q = 90 deg; see Figure 12.

In contrast, the A2 (de-coupled) and A3 (coupled) approaches are able to consider the
hydrodynamic loading effect on mooring structures and to provide simulation results along the
entire length of moorings. Thus, the two approaches could both potentially be used to study the
structural response of moorings. Figure 21 presents sample results from Paper I for three points
on the mooring leg that faces the encountered wave first: the fairlead point (Ps), the touchdown
point (P;), and the midpoint (Pn) between the fairlead and the touchdown points. The
simulations were carried out under a regular wave condition with a regular wave height, H,,,, of
2 metres and a regular wave period, T,,, of 7 seconds without ocean current or wind loads.

The motion responses of the three points on the mooring line are regular and follow the
encountered wave period. For the motion responses in Figures 21(a) to (c), the maximum
position z of point Pr determined by the A3 approach is somewhat lower than that determined
by the A2 approach, and the trough to crest motions in the fairlead and midpoint points are
smaller than those determined by the A3 approach. These results are attributed to the following:
(1) the weight of the mooring lines pulling down the WEC and (2) the seabed friction and
restoring force from the mooring line, both of which dynamically change the mean position of
the WEC buoy and consequently the motion response of the mooring lines. These two effects
can only be accounted for in the A3 approach. Figure 21(d) illustrates how the axial force
responses in the same positions are affected.

47



(a) Fairlead point, Pf (b) Midpoint point, Pm (¢)  Touchdown point, Pt

30t S—— -49
Y ‘ -49.2

A
©
~

-49.6
49.8 f\I-

Position, z [m]
Position, z [m]
Position, z [m]

60 70 80 90 60 70 80 90 60 70 80 90

Axial force, NA [kN]

Time, t [s]

Figure 21. Harmonic motion in the vertical direction (sub-figures (a), (b), and (¢)) and axial
force (sub-figure (d)) responses of a catenary mooring chain simulated by the de-coupled (A2)
and coupled (A3) analysis approaches. Three positions along a mooring leg are presented: the
fairlead point (Pr), the midpoint (Pn), and the touchdown point (P;). A regular wave condition

was simulated, consisting of H, = 2m, and Ty, = 7 s.

As discussed in Section 5.1.1, the A2 approach is not able to account for the second-order load
effect or to capture low-frequency motion, and the approach may overestimate the vertical
motion of a WEC under a large wave height condition. The combined effect of these limitations
on the simulated mooring force under an irregular loading condition is presented in Figure 22.
In this comparison, the WEC system from Paper I was simulated using the A2 and A3
approaches. Only the irregular wave load was considered in the simulation, and the duration of
the simulation was set to three hours. The results were extracted from the fairlead point of the
mooring line facing the encountered wave first.
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Figure 22. Comparison of results from simulations using the A2 (de-coupled) and A3
(coupled) analysis approaches: (a) time histories of the force response of a mooring line, (b)
the response spectrum of the force response after subtracting the mean value, and (c) the force
range histogram of the mooring line in Figure 22(a). The WEC system from Paper I was used
for the simulation. An irregular wave loading condition was simulated, consisting of Hy = 2.5
m, T, = 5.5 s, and y = 3.3. The wave load propagated in the direction from the anchor to the
fairlead point of mooring leg 3, Moors.

Figure 22(a) shows that the two approaches yield similar estimates for the mean value of the
axial force: 37 kN and 40 kN for the A2 and A3 approaches, respectively. However, the A2
approach significantly overestimates the trough to crest force range, which is one of the key
parameters for determining structural fatigue damage. The overestimated force range can also
be observed in the response spectrum of the force responses; see Figure 22 (b). Note that in
Figure 22(b), the response spectrum of the force response was calculated after the mean value
of the force response was subtracted. A comparison of the histograms of the force range also
shows that more force cycles and larger force ranges were calculated through the A2 approach.

The comparisons of the three analysis approaches with regard to the simulated mooring forces
were found to be valid regardless of the mooring configuration. Because the Al approach
largely underestimates the force range, whereas the A2 approach could overestimate the force
range specifically under a large wave height, the coupled analysis approach A3 is required and
recommended in the numerical simulations and analyses of the hydrodynamic and structural
responses of the mooring lines and power cables for floating point-absorbing WEC systems.
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5.1.3 Comparison of the analysis approaches for WEC array configurations

From a single-unit WEC analysis perspective, the A3 simulation approach is recommended.
However, one important feature of the A1 approach is that it can account for all hydrodynamic
interaction effects between WECs if an array of WECs defines the simulation model. In
contrast, the A3 approach is limited to accounting for the diffraction-induced interaction effect
between the WECs. The two approaches were therefore compared in Paper V, which focused
on WEC interaction effects, in a sensitivity study using a two-WEC simulation model. The two-
WEC model was defined by two identical single-unit WEC systems similar to the reference
WEC system (see Paper V for details). There was no mechanical coupling between the two
WEQCs, i.e., they did not share anchors or mooring lines.

Sample results demonstrating the significant heave motion of the two WECs in the two-WEC
model simulated by the A1 and A3 approaches are shown in Figure 23. In this example, the
separation distance between the two WECs was set to 250 metres. The numbers in parentheses
represent the heave motion ratio WEC1/WEC,. WEC; is located on the upwind side when the
load direction is Diny,q = 0 deg. The two analysis approaches yield nearly the same results for
the three simulated conditions, and the same trend was observed for all two-WEC cases
presented in Paper V. Because there is no mechanical coupling between the two WECs, the
only interactions between the two WECs are hydrodynamic interaction, as reflected in the
differences between the two WECs with respect to their heave motions. Although the A3
approach considers only part of the hydrodynamic interaction effect, this limitation is found to
be negligible based on the sensitivity study. As a final conclusion, the coupled A3 approach is
the recommended and preferred option for numerical simulations and investigations based on
the current thesis work and its objectives.

1(1.000)

0 1.7 1.8 1.9 2
Significant heave motion of WEC, Hm 5 [m]
.

Figure 23. Motion responses of the WECs determined using the A1 (de-coupled) and A3
(coupled) analysis approaches. The values are presented in terms of the significant heave
motions, namely, 4,/m,, or the mean of the highest third of the crest to trough motion
response in heave. The numbers in parentheses represent the significant heave motion ratio

WEC1/WEC:. The simulations were carried out under an irregular load condition, with Hy =
1.5m,T, =555,y = 3.3, Vourr = 0.514 m/s, Viying = 9 m/s, and Dirj,g, as stated in the

figure.
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5.2 Stress and fatigue damage evaluation of the moorings and

cables

After obtaining the structural responses of moorings and cables from the time-domain
simulations (see Section 5.1), the stress histories of these structures could be calculated. Figure
24 presents an example of the stress responses corresponding to different stress terms at various
points along a power cable. In this example, the mass of the power cable was varied as an
independent variable to examine how different design parameters affect the cable’s stress
responses. All other design parameters were held fixed at the initial cable design values;
detailed model definitions can be found in Paper II.
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Figure 24. Maximum (a) axial stress gy, (b) bending stress o,,¢, (¢) bending stress g, and (d)
total stress o responses for different cable masses, Mcap1e- A loading condition consisting of
H, =35m,T, =7.5s, and I/, = 1.0 m/s was simulated. The loading direction, Dir,,q,
was defined as propagating from the cable near the WEC side (S¢ap1e = 0 m) to the hub side

(Scable = 70 m). (Note that the results were extracted from Figure 12 of Paper II.)

For different cable masses, either the contribution of the axial stress to the total stress of each
cable was minor (M ,p1e = 2.00 kg/m), meaning that bending stress was the major source of
the total stress, or the axial stress showed a pronounced contribution (M ap1e = 2.75 kg/m)
when the line coordinate s.,pe Was (approximately) in the interval 5 < s < 65. For a
given stress history, the fatigue damage of the cable can be estimated using the stress-based

51



approach presented in Section 3.2. The accumulated fatigue damage values of the cables
simulated in Figure 24 are presented in Figure 25. A comparison with Figure 24(d), which
indicates the critical area for the total stress response, shows that the most important areas for
fatigue damage are expected to be located at the two ends of the cable. However, the exact trend
for the fatigue damage along a power cable is found to be slightly different from the trend
observed for the maximum total stress response. In other words, to fully understand the fatigue
characteristics of a structure, an evaluation solely of the stress response is not sufficient;
calculation of the fatigue damage itself is also required.

% 10710 : . ; : T T 3
= s 1 , : = !
Sy B | | D —.... Mg apie = 200 kg/m |
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Figure 25. Accumulated fatigue damage over 10 minutes of a stable response for different
cable masses. The three cables and loading condition simulated for this figure are the same as
those simulated for Figure 24. (Note that the results were extracted from Figure 13(a) of Paper

IL.)

5.2.1 Fatigue characteristic evaluation for moorings and cables

Three types of slender structures were investigated in this thesis: spread mooring lines, taut
mooring lines, and free-hanging power cables. The reader is referred to the appended Papers |
—III and V for details.

Throughout this work, the importance of analysing the stress responses along the lengths of the
slender structures was highlighted. The stress histories were used to calculate the accumulated
fatigue damage along the lengths of the structures for each specific environmental condition;
see Figure 26 for an example and Paper III and Section 4.2 for the definition and setup of the
WEC system and its components. This methodology demonstrated that one loading direction
may result in a fatigue-critical location in one position of the system, while that location will
be in a different position for another loading direction or environmental condition. This finding
demonstrates the importance of analysing the actual environmental loads and loading directions
the WEC system is subject to prior to simulation; otherwise, the assessment results and
conclusions may be inaccurate.
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Figure 26. Example of the three-hour accumulated fatigue damage, FD, of (a) a spread
mooring line, (b) a two-segment taut mooring line, and (c) a power cable. An irregular
loading condition was simulated, consisting of H; = 3.5 m, T, = 7.5s,y = 3.3, Vyrr

0.514 m/s, and Vyyinq = 9 m/s. Din,.q Was defined differently for each result and such that

definition and setup of the WEC system and its components.

the slender structure was in the upwind position. See Paper III and Section 4.2 for the

Different fatigue characteristics were observed for the three structures. For the spread mooring
lines in Figure 26(a), the fatigue damage is the largest at the fairlead point of the mooring line,
i.e., at Syoor = 0, and the accumulated fatigue damage decreases as the distance from the
fairleads increases. For the taut mooring lines with two segments separated by a floater (see
Figure 26 (b)) the accumulated fatigue damage is different. The two segments exhibit large
differences in their accumulated fatigue damage. The sample case shows that the lower segment
is more critical than the upper, but this is not the general trend. If a variation in the
environmental load directions and conditions is included according to the scatter diagram from
Runde, the largest accumulation of fatigue damage will occur in the fairlead point of the most
stretched mooring segment; see Paper V.
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An example of the fatigue characteristics of the power cable is presented in Figure 26(c). Both
ends of the power cable were connected/covered by a bending stiffener. Despite the inclusion
of the bending stiffeners, the most fatigue-critical locations were still at the connections
between the bending stiffener and the cable. For all the WEC system configurations studied in
this thesis, the fatigue-critical location of the cable was near the WEC under most of the
moderate loading conditions, and the location gradually shifted closer to the hub as the loading
conditions became harsher. Note that the hub was modelled as a spatially fixed structure, an
assumption that requires further study to ensure that it is realistic and applicable.

Because the most fatigue-critical locations in and among the mooring legs and power cable
depend on the simulated environmental load conditions and incident load directions, an
important outcome of the fatigue assessment procedure presented in the appended papers is that
a thorough and systematic numerical simulation of WEC systems is recommended. It is
recommended that the results be presented as fatigue scatter diagrams (see Figure 27 for an
example from Paper II) for the most fatigue-critical location or for several locations for
comparison.
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Figure 27. Example of a fatigue scatter diagram: maximum accumulated fatigue damage
along the cable over 10 minutes for different wave heights, Hg, and wave periods, T,. The
results were extracted from Figure 14 of Paper II, in which detailed definitions of the
numerical model and the colour scheme of the figure can be found. For all the wave
conditions that were not simulated, the corresponding cells are marked with black dots.

5.3 Power absorption analysis

Figure 28 shows sample results obtained from a numerical simulation reported in Paper III in
which the heave motion response of the WEC for a duration of ten minutes is presented together
with the applied wave loading conditions and the calculated power absorption. The example is
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based on a numerical simulation in which the model of the four-leg spread mooring
configuration in Paper III was used, and the wave loading is represented by an irregular sea
state with H; = 3.5m, T, =7.5s, andy = 3.3 and an ocean current load V¢ = 0.514 m/s.
Both the wave and current loads coincided with Dirjy,q = 0 deg. Figure 28(b) shows that the
heave motion of the WEC is generally elevated by the waves for large wave loads. A phase
shift between the wave load and the heave motion response can also be observed, as well as
smaller heave motions relative to the wave elevation for the smaller waves. These two effects
occur due to the coupling effect (see Section 5.1.1) between the WEC and the mooring system,
which gives rise to an additional load that suppresses the heave motion response of the WEC.
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Figure 28. Results from Paper III: time history of wave elevation and WEC heave motion: (a)
600 seconds and (b) 150 seconds, a magnification of (a). (c) Absorbed power calculated from
the time history presented in (a).

The instantaneous absorbed power and time-averaged absorbed power of the WEC were
calculated using the WEC’s heave motion as shown in Figure 28(a). The instantaneous absorbed
power was calculated based on the heave motion velocity of the WEC, see Equations (1) and
(2) in Paper III, which is considered to have a direct correlation with the heave motion of the
WEC. The time-averaged absorbed power was calculated as the average power absorption over
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a certain period. In the figure, the full time series was used, reaching a steady state after a few
minutes. The value of the time-averaged power absorption has an upper bound that depends on
the energy content of the waves in a specific sea state and on the power absorption efficiency
of the WEC. The latter is determined by the hydrodynamic properties of each WEC. In this
thesis, the time-averaged power absorption was used to represent the WEC’s power
performance in every simulated sea state.

In the WEC numerical simulation model developed in this thesis, a linear damper model of the
PTO system was used, and the time-averaged absorbed power reflected the system’s power
performance; see similar studies by Cho & Kim (2017), Fitzgerald & Bergdahl (2008), and
Vicente et al. (2009). This measure was deemed sufficient for the purpose of this thesis, but
there are at least two issues that must be improved and investigated in further work. First, the
numerical model does not account for any power curtailment of the WEC generator; hence, the
time-averaged power is calculated by integrating the entire instantaneous power curve. In
reality, curtailment is included to avoid sudden, large fluctuations in the electrical current,
which can damage the electrical system of the WEC (Tokat, 2018). If a power curtailment is
included in the numerical model, the time-averaged power will be reduced. Second, the control
strategy of the PTO system was not modelled. Such a system is important because it aims to
optimise the power performance of the WEC’s PTO system for every incident wave profile
(Hals et al., 2010; Korde et al., 2016; Sidenmark et al., 2015). Thus, the power performance
results presented in this thesis are not realistic values and are also lower than those of WaveEL
3.0 in Runde. Nevertheless, the results can be used to assess and compare the power
performance in the LCoE analysis with respect to e.g., the fatigue lives of the moorings and the
power cables for different operational conditions.

5.3.1 Variation in WEC design

The WEC in the reference concept has different geometries and mass properties in the appended
papers because of design changes made throughout during the thesis project. The properties of
the PTO systems were determined using the procedure presented in Section 3.3. In the
following, a comparison of the power performance between the two Waves4Power WECs in
Papers IV and V is presented. The difference in geometry between the WECs is in the length
of the tube, while the moorings were the same for the WECs.

The resonant heave period is 6.4 seconds for the WEC in Paper IV (the longer tube) versus 5.0
seconds for the WEC in Paper V (the shorter tube). These two wave periods were used to define
the T, of the incoming waves for an irregular wave load, and each T, was simulated with three

values of Hg, together with additional ones to examine the performance of the WEC systems
offset from the resonant periods. An ocean current load of I, = 0.514 m/s and a wind load
of Viwing = 9 m/s were also included; all loads were heading in the same direction Dirjg,q = 0
deg. Both WEC models featured a mooring system design resembling that of the WaveEL 3.0
full-scale installation, and each numerical simulation was run for 3 hours. The results of the
simulations are presented in Figure 29.
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Figure 29. Comparison of the WEC designs from Paper IV (long tube design) and Paper V
(short tube design): (a) calculated time-averaged power absorption, (b) calculated capture
width ratio, and (c) calculated fatigue damage of Moori. See the text for details on the ocean
current and wind loads.

The results in Figure 29(a) show that both WECs exhibit their highest time-averaged power
absorptions under their respective resonant conditions. The WEC model in Paper IV appears to
show better general performance because its values (blue points) are larger for all of cases
except for the resonant condition of the WEC in Paper V. In addition, Ambli et al. (1982)
introduced the capture width ratio, a measure for estimating the effectiveness of a WEC system
in absorbing the energy in waves. The capture width ratios for the two WECs are presented in
Figure 29(b), confirming that the WEC model with the longer tube reported in Paper IV is the
better alternative of the two with regard to the power absorption. The results also show that, for
each Ty, the capture width ratio decreased as the wave height increased. There are likely two
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reasons for this behaviour: an effect due to the viscous damping on the WEC, and the coupling
effect between the WEC buoy and its attached moorings and power cable.

The accumulated fatigue damage in the mooring lines of the WECs was calculated. Figure 29(c)
presents the results for the mooring leg Moor;, which accumulated the most fatigue damage in
both cases; the values were calculated for the fairlead point, which was identified as the fatigue-
critical position. Through a comparison of the results in Figure 29(a), a clear and logical
relationship between the time-averaged absorbed power and the accumulated fatigue damage
was found: the higher the power absorption (i.e., large heave motions) is, the larger the fatigue
damage in the mooring lines becomes. The same trend was found in the other mooring legs and
in the power cable. These results confirm the importance of designing the WEC and its
components together as an integrated system via coupled numerical simulation to avoid
compromising the structural reliability of the components.

5.4 Parameter sensitivity analysis

Throughout the work presented in the appended Papers I — V, a large number of parameters
were investigated with regard to their effect on the fatigue characteristics of the mooring lines
and power cables and the power performance of the WEC. In this section, some of the
parameters found to have the highest uncertainty or that yielded the largest effect in the
determination of the long-term structural service lives are elaborated: the sea state conditions
(Section 5.4.1), the incident load direction (Section 5.4.2), and marine biofouling (Section
5.4.3).

5.4.1 Sea state conditions

Due to the changing nature of ocean environments, the investigation of the fatigue life of the
moorings and cables, as well as the power performance of the WEC, must account for variations
in the wave loads at the expected site for the WEC’s installation. As presented by Pecher (2017),
the overall power performance of WECs can be estimated by power matrices. As a counterpart
to the power matrices, fatigue matrices (i.e., fatigue scatter diagram as presented in Figure 27)
for the mooring lines and power cables were introduced in this thesis. Figures 30 and 31 present
examples of power and fatigue matrices for which the simulation model in Paper V was used.
The environmental conditions were set to the prevailing conditions at Runde determined from
the scatter diagram. Each environmental condition was simulated for three hours and consisted
of wave, wind, and ocean current loads; biofouling was not included. The wave load was
defined by T, and H and followed the JONSWAP spectrum with y set to 3.3. When Hg was
lower than 1.5 metres, V., Was set to 0 m/s. Otherwise, the current velocity was set to 0.514
m/s. Viying Was set to a constant 9 m/s. The choice of V. and V,,;nq Was based on the weather
observations presented in Eugster (2010) and Yr (2017). The wave, wind, and current loads
were directed along an angle of 90 degrees, i.e., Ditjy,q = 90 deg.
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Figure 30. Power matrix of the WEC installed at Runde, Norway. Each cell represents the
time-averaged absorbed power of the WEC, P, estimated from a three-hour simulation. The
cells surrounded by a red line are in the valid range for linear wave theory. The wave
conditions in the invalid and transitional ranges for the application of linear wave theory are
indicated by light-blue dotted and dark-blue dashed lines, respectively. All cells with a black
dot were excluded from the simulations because their probabilities of occurrence are zero
according to the wave scatter diagram acquired at the Runde test site. The cells marked with a
red cross are beyond the operational mode for power absorption for the WaveEL concept and
hence were excluded from the numerical simulation. Other details regarding the definition of
the loading conditions can be found in the text in Section 5.4.1.

The cells marked by a black dot have no probability of occurrence according to the wave scatter
diagram acquired at the Runde test site. Due to the linear wave theory used in the SESAM
package, all possible wave conditions were divided into three categories: the cells surrounded
by a red line (shown with a value or filled with white colour) are in the valid range for linear
wave theory, the cells surrounded by a dark-blue dashed line (shown with a value or filled with
light grey colour) lie in the intermediate range between linear wave theory and other nonlinear
wave theories, and the cells surrounded by a light-blue dotted line (shown with a value or filled
with dark grey colour) require higher-order nonlinear theories in the simulations. A discussion
on the categorisation of the wave conditions is provided in Section 4.1.

The WEC WaveEL 3.0 is considered to be in the operational mode when H; is less than 8
metres and in survival mode for a larger Hg. The survival-mode conditions are marked with a
red cross in the matrices, and the simulation model was not used to simulate these sea state
conditions. Although some sea states required higher-order nonlinear theories in the
simulations, all operational-mode conditions, i.e., all contoured cells with values, were
simulated because they were of major interest in this thesis. The simulation model for the sea
states requiring nonlinear theory was used to indicate the potential levels of the fatigue damage
and absorbed power.
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Figure 31. Fatigue matrices for (a) mooring leg 3, Moors, at its fairlead point and (b) the
connection point between the bending stiffener and the power cable near the WEC. The value
shown in each cell represents the three-hour accumulated fatigue damage, FD. Definitions of
the different symbols and border lines in the figure can be found in the caption of Figure 30.

The results in Figure 30 show that for the same magnitude of the significant wave height, the
largest absorbed power occurs near the resonant wave period of the WEC buoy (in this case, a
wave period of 5.0 seconds). For the same value of a wave period, the absorbed power does not
increase linearly with the energy contained in a given wave height. The reason is the coupling
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effect between the WEC and the moorings and cables. It was also observed that the coupling
effect is more profound near the resonant wave period of the WEC; hence, the relation between
the energy contained in a wave and the absorbed wave power is not linear. The results
demonstrate the importance of using the coupled analysis approach A3 together with the actual
environmental conditions for a realistic estimation of the energy performance of a WEC system.
The methodology and results can also be used to improve and optimise the power performance
of the WEC system, demonstrating the sensitivity of its power performance to different sea state
conditions.

The fatigue matrices for mooring leg 3 and the power cable represent the accumulated fatigue
damages in the most important locations; see Figure 31. The procedure presented in Section 5.2
was used. For mooring legs 1 to 3 and the power cable, the accumulated fatigue damage along
their lengths were calculated for each sea state condition in the matrix. An assessment of the
results showed that for the environmental conditions presented earlier in this section, the most
fatigue-critical point in the mooring system was consistently the fairlead point of mooring leg
3 (Moors at sy00r = 0 metres), and for the cable, it was at the top end near the bending stiffener
on the WEC side (S¢apie = 3.185 metres).

The results in Figure 31 show that the power cable has a long fatigue life based on the low
values of the accumulated fatigue damage; cf., Paper II where this issue is discussed. The results
for the mooring line, however, show that the current simulation model and its mechanical
properties of the mooring lines indicate that Hg values greater than 5.5 metres are critical. This
issue must be investigated in detail in future work; see the discussion in Chapter 7.

The results in Figures 30 and 31 demonstrate the importance of performing both power
performance and fatigue analyses of WEC systems for a large number of environmental
conditions. The response of the WEC system is sensitive to the environmental loads to which
it is subjected. The region in the power performance matrix where the power performance is
the best is also the region in the fatigue matrix where large accumulations of fatigue damage
occur both in the moorings and in the power cable. Thus, designers of WEC systems must carry
out an economic analysis that balances the benefits — the energy performance of the WEC — and
the costs — such as the fatigue damage of the mooring systems and power cables — of the WEC
systems. The power matrix (Figure 30), together with the fatigue matrix (Figure 31), contributes
to an understanding of the system’s overall characteristics in terms of profitability and
reliability. These issues are further addressed through an LCoE analysis, which is presented in
Section 5.5.

5.4.2 Incident load direction

Section 5.4.1 presents simulation results obtained when sea state conditions were varied to
assess how the power performance and accumulated fatigue damage of the mooring system and
the power cable were affected. In these simulations, the incident load direction was the same
for all of the simulated cases. Thus, the matrices are valid only for the incident load direction
used to generate their values.

In reality, the incident load direction is not constant but varies. Additionally, the wave, ocean
current and wind loads are not unidirectional (i.e., Dityave = Ditying = DiTeurr = DiNgad)s
which further complicates the analysis of the responses of the WEC system. It is challenging to
define real load scenarios, and often, design load cases are used instead, which can be
considered (1) the most representative load direction case for WEC installation or (ii) the most
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severe load direction case from a fatigue life perspective of the moorings and the power cable.
If case (ii) is employed, the accumulated fatigue damage of the moorings and power cable will
be large and the fatigue lives short; see Figure 31, which presents such a case. The case will
thus represent the worst-case scenario of the moorings and power cable. Consequently, the
parameter sensitivity analysis plays an important role in clarifying the WEC system’s response
characteristics to both (i) and (ii). The appended Papers I —III present comprehensive parameter
sensitivity analyses with regard to the influence of the incident load direction and the mutual
directionality between primarily wave and ocean current loads and their magnitudes.

The characteristics of the directionality of the loads acting on WaveEL 3.0 in Runde were not
available. Hence, a sensitivity study was carried out with respect to the influence of the wave
and wind load directions (assumed here to coincide, i.e., Diryaye = Ditying) and the ocean
current load direction on the power performance and accumulated fatigue damage in the most
fatigue-critical points of the mooring system and the power cable. The numerical simulation
was performed for the environmental load case Hg = 1.5 m, T, =5.5 s, y = 3.3, Vypr =
0.514 m/s, and Vyying = 9 m/s. Dityyave, DiTiying> and DiTeyprrent Were varied according to the
values presented in Figure 32. A reference incident load direction case was set to 90 degrees,
which is the same case used to generate the results in Figures 30 and 31. This case is indicated
by the dark-blue square in Figure 32 and was used to normalise the values in all other cells.

The results presented in Figure 32 show that the power performance of the WEC system is not
highly sensitive to the loads’ directions. The largest difference between the simulated cases is
approximately 7%. However, the loads’ directions have a strong effect on the accumulated
fatigue damage of the mooring line and the power cable. The 90-degree load direction is the
most severe load direction for mooring leg Moors; however, the accumulated fatigue damage
could be reduced by a factor of 105 for a few load directions. The results for the power cable
demonstrate the importance of having a good understanding of the directionality of all three
types of loads. Depending on the load direction differences among the waves, wind and ocean
current, the accumulated fatigue damage can be either higher or lower relative to the reference
case. This discrepancy was studied in detail in, among other papers, Paper II.
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Figure 32. Sensitivity study of incident load direction on the (a) power performance and the

three-hour accumulated fatigue damage of (b) Moors and (c) the power cable. The numerical

simulation was performed for the environmental load case Hy = 1.5 m, T, = 5.5 s,y = 3.3,
Veurr = 0.514 m/s, and V,,,4 = 9 m/s. The loading directions, Dityyaye, Diliing, and
Dircyrrent, Were varied according to the values presented in the figure. All values are

normalised with respect to the reference case, which is indicated by a blue border around the
corresponding cell in each sub-figure. The absolute values for the reference case can be found
in Figures 30 and 31.

In the design of WEC array systems, it is not as straightforward to analyse the influence of
loads’ directionality as it is for single-unit WEC systems, especially if their designs are complex
with shared mechanical couplings between the mooring lines, because of the interaction effects
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that occur between the WECs. An example of a 10-WEC array configuration was presented and
studied in Paper V; see a schematic layout in Figure 15(e). The WEC array consists of ten
WECs with a shared mooring design in which a floater can be shared between two WECs or an
anchor can be shared between two mooring legs; the reader is referred to Paper V for a detailed
description. A sensitivity study of the incident wave load direction was carried out for this array
configuration. Figure 33 presents the accumulated fatigue damage in the most fatigue-critical
mooring line of each sub-unit WEC for the four incident load directions; see Paper V for details.

[deg]
[ | s |

10" 102 10" 10" 10?® 10 107 106

3-hour accumulated fatigue damage of the mooring system, FDMoor [-]

Figure 33. Calculated accumulated fatigue damage, F Dyoor, for the 10-WEC array system.
The simulation was performed at H, = 1.5 m, T, = 5.5 s,y = 3.3, Vv = 0.514 m/s, and

Vwinda = 9 m/s. Dirjy,q Was varied according to the definition presented in the figure. The
FDyoor Value for each WEC for the different incident load directions (Dirjy,4) and the
maximum value of FDy,,, for each Din,q are shown. The results were generated from
simulations in which hydrodynamic interaction effects were included, whereas the simulation
results obtained for the same load conditions without considering hydrodynamic interaction
effects are presented in Figure 15(b) of Paper V.

The design of this array configuration has a symmetry line with regard to two incident load
directions, Dirjy,q of 150 degrees and 330 degrees. The results for these two loading directions
are also found to be symmetric, as expected. The deviation from symmetry in some results is
due to the non-symmetric grouping of some sub-unit mooring lines; see Paper V for details.

Because the 10-WEC array system adopts a circular and symmetrical pattern, the orientation of
the array system is ideally less sensitive to the uncertainty in the loading direction. However,
due to a change in Dirj,,q, the ratio of the maximum to minimum fatigue damage among all
the mooring lines is still on the order of two for the four Din,,4 presented in Figure 33. Another
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interesting observation can be made with respect to the discrepancy in the fatigue damage
accumulation between the sub-units. For each Dirj,,4, Some moorings are consistently oriented
in the direction most vulnerable to the incoming loads, while others are located in a more
sheltered area. If one compares the fatigue damage between the most and the least fatigue-
critical mooring lines, a difference of up to a factor of 10° can be found.

Several conclusions can be drawn based on the results presented in Figures 32 and 33. First, the
large variation in the estimated fatigue damage of the moorings and cables highlights the
uncertainty in the system’s fatigue life estimation if the loading direction at the expected
operational site is unknown. Second, together with the results in Figures 30 and 31, a concern
was raised with regard to the design principle of the mooring system. For the case study system
examined in this thesis, all the mooring legs were designed to achieve the same strength criteria.
If such a system is to be deployed in an area with one dominant loading direction, it is likely
that a few components could be extremely critical with respect to the fatigue, whereas the others
are designed with unnecessarily large safety margins. In this scenario, establishing an efficient
maintenance plan for the mooring components will become challenging. However, if the
mooring lines in the system are to be designed differently, a thorough geotechnical study and
analysis of the environmental load conditions of the deployment site are essential to a reliable
design of the components.

5.4.3 Marine biofouling

As discussed by Langhamer (2012) and Tiron et al. (2015), given their expected long service
life, WEC systems will inevitably act as artificial reefs, and the resulting population of bio-
inhabitants or marine growth could impede their power production or cause an expected
decrease in the durability of the systems. Thus, an investigation of biofouling was performed,
forming the main focus of Paper II1.

A precise quantitative estimate of marine biofouling on a WEC system requires detailed in situ
measurements of the flow properties and biological activity. However, such information is
typically lacking during the initial design phase and will only become available once the device
has actually been deployed for a certain period. The uncertainty in fouling development poses
a challenge when marine biofouling must be considered to estimate the overall performance of
WEC systems.

The numerical population-dynamic model developed by Tiron et al. (2012) predicts biofouling
development in terms of the areal density (expressed in kg/m?). Using the methodology
presented in the thesis, however, the mass density (expressed in kg/m?®) is needed to accurately
simulate the dynamic response of the mooring lines or power cables. Therefore, a parameter
sensitivity study was presented in Paper III, which exemplifies a possible solution for
accounting for the uncertainty due to the mass density of marine biofouling.

According to a literature survey of publicly available sources, mass densities of marine
biofouling can range from 900 to 2200 kg/m?® (Carswell, 2015; Fevdg, 2012; Westgate &
DelJong, 2005). This wide range is attributed to various factors, such as the difference in the
considered operational site, the geometrical characterisations of offshore structures, and the
effectiveness of the anti-fouling coating, all of which are uncertain for a system that is yet to be
deployed on site. Hence, by collecting available information from the literature, a sensitivity
study that investigated the influence of the mass density of marine biofouling on the estimated
fatigue damage and power performance was performed. In this thesis, the areal density of
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biofouling was defined as the control variable, whereas the mass density was chosen as the
independent variable. Therefore, the dependent variables that will also affect the dynamics of
the WEC system include the thickness and induced drag of marine biofouling. The results of
this sensitivity study are presented in Figure 34.
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Figure 34. Correlation diagram of the power performance and fatigue life of moorings with
respect to the mass density of marine biofouling. The areal density of marine biofouling was
defined as the control variable for all data points presented in the figure, i.e., the layer
thickness of biofouling was adjusted between cases. The simulated sea state condition
consisted of Hy = 2.0 m, T, = 5.5 s, ¥y = 3.3, Vyrr = 0.514 m/s, V,ying = 0 m/s, and
Dingaq = 180 deg, and the numerical model was defined as presented in Paper I1I. All values
are normalised with respect to the reference case, in which the mass density is assumed to be
1325 kg/m? (a value suggested in NORSOK (2007)).

Given the same areal density of marine biofouling, a lower mass density corresponds to a larger
thickness of the fouling layer and, hence, larger additional drag forces induced by the marine
growth. As shown in Figure 34, as the mass density of the biofouling decreased, a decrease in
the mean power absorption and an increase in the fatigue damage were observed. The results
from this sensitivity study suggest that, from a mooring design perspective, if detailed
information about marine biofouling at the installation site is not available, one may assume a
low mass density of marine biofouling, which yields a larger safety margin for structural design
compared than that afforded by assuming a large mass density.

As discussed by Titah-Benbouzid & Benbouzid (2015), anti-fouling systems are normally
designed with one particular area for the prevention of a certain type of fouling. In addition,
due to the variation in the fouling composition, different marine species exhibit different layer
thicknesses and drag effects. The results in Figure 34 can therefore also be used to indicate a
strategy for fouling prevention: the prevention of biofouling should prioritise the biofouling
type that leads to a large accumulated thickness and a large drag.
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As discussed by Tiron et al. (2012), biofouling is a gradual process, and one should consider its
long-term influence on a system. Therefore, the effect of the duration of fouling development
was further investigated in Paper III; see Figure 35 for the results. The values are normalised
with respect to the biofouling-free condition, i.e., at year zero. The change in the absorbed
power and the fatigue damage are most significant during the first year, contributing to 40% of
the total changes observed after ten years. Over ten years of fouling development, both the
power performance and the fatigue damage to the mooring reach a stable state.
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Figure 35. The effect of biofouling on the power absorption and fatigue damage of the WEC
system after various time durations. The simulated sea state condition consists of Hg = 2.0 m,
T, =555,y = 3.3, Vourr = 0.514 m/s, Viying = 0 m/s, and Dirjoaq = 180 deg, and the
numerical model was defined as presented in Paper III. All values are normalised with respect
to the biofouling-free conditions.

Using the results presented in Figure 35, together with the power and fatigue matrices in, for
example, Figures 30 and 31, a long-term estimate of the structural fatigue life and power
performance can be carried out. The estimation procedure was elaborated and discussed in
Paper 111, whereas the most important conclusions drawn from the investigation with regard to
the biofouling effect are as follows:

e  The modelled biofouling on the cables and moorings is found to result in a maximum
17% reduction in the WEC’s mean power absorption.

e  The presence of biofouling can significantly reduce the fatigue life of the moorings by
up to 76% among all the simulated cases in Paper III.

e Ifvarious sea state conditions and variation effects from fouling development are taken
into consideration, the presence of biofouling can lead to a 10% reduction in the
absorbed power and a 20% decrease in the fatigue life of the moorings that accumulate
the most fatigue damage.
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e  The fatigue life of the power cable is also reduced due to biofouling. However, due to
the long fatigue life calculated for the power cable, the influence of biofouling on the
cable’s fatigue is considered to be negligible.

5.5 LCoE analysis

LCoE analysis was used to evaluate the profitability and feasibility of the WaveEL 3.0 WEC
system. Irrespective of the investigation of the system with regard to its fatigue and power
performance, as presented in the thesis, an initial LCoE calculation of the WaveEL 3.0 reference
concept could be carried out based on its basic design target. These design targets, among
others, were specified as follows: (1) the design target life of the WaveEL 3.0 system should
be 25 years, (2) the installed power of a WEC is assumed to be 125 kW, (3) the mooring lines
should be designed to be replaced twice over the 25-year design target life, and (4) the power
cable should be designed such that it does not require replacement. Based on these design
targets, together with other fixed cost terms, e.g., manufacturing, installation, and exploitation,
the initial LCoE of the reference concept was calculated as 2.28 EUR/kWh. Details on the cost
terms used in the initial calculation are presented in Paper V and by Ringsberg et al. (2018).

The purpose of this section is to present and discuss how the numerically evaluated fatigue
damage of the moorings and cable and power performance of the WEC will together affect the
LCoE assessment. Two aspects are considered in this section: the inclusion of the numerically
calculated power performance and fatigue damage (Section 5.5.1) and the effect of
hydrodynamic interactions in an array system (Section 5.5.2).

5.5.1 Effect of the inclusion of the fatigue damage and power performance

In Paper V, the LCoE of the single-unit reference concept WaveEL 3.0 was compared with that
of two other WEC systems: a 2-WEC system and a 10-WEC array system. Adopting the same
design targets described above, assuming that all other costs are calculated according to the
configuration and to the number of components used in each respective system, the LCoE
values will be as presented in the first row of Table 9. Note that the calculations were performed
for either one WEC or an array with an exact number of sub-unit WECs in each configuration;
see Paper V for details.

Using the methodology presented in this thesis, the LCoE of the different systems can be
recalculated based on the power matrix and fatigue matrices estimated from numerical
simulations (as in the examples presented in Figures 30 and 31). To demonstrate this procedure,
a simple estimation is presented in the following, which involved the following assumptions:

e  Short-term measurement data extracted from the full-scale installation in Runde
showed that the loads are generally heading towards directions between 0 and 30
degrees. Hence, an incident load direction (waves, wind, and ocean current) of 15
degrees was used to calculate the power and fatigue matrices of the WaveEL 3.0
system.
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Table 9. LCoE calculation for four WEC systems based on design targets specified in the text
(unit: EUR/kWh).

WaveEL 2-WEC 2-WEC 10-WEC
3.0 system, 250-m system, 600-m array
system separation separation system
distance distance

Initial calculation 2.28 1.50 1.55 1.10

Recalculation with (i) a 2.47 1.88 1.93 -

consideration of the mooring

fatigue, and (ii) an assumption

of an installed power of 125

kW for each WEC

Recalculation with (i) a 12.96 9.88 10.11 -

consideration of the mooring
fatigue, and (ii) power
performance of each WEC
based on the power matrix
calculated from simulations

e The LCoE calculation for the two-WEC system disregarded the hydrodynamic
interaction effect on the power performance and the fatigue damage, i.e., all the WECs
were assumed to have the same power performance and mooring fatigue life as the
corresponding values from the reference WaveEL 3.0 system.

e  The AEP of the WECs in different systems was calculated using two different values.
In the first calculation, the AEP of the WECs in different systems was calculated by
assuming an installed power of 125 kW for each individual WEC, i.e., the design target
from the reference concept. The calculation was chosen to isolate the change in the
LCoE exclusively from the fatigue damage of the mooring lines and power cables. In
the second calculation, the AEP of the WEC was calculated using the power matrix
acquired from the numerical simulations together with the wave scatter diagram
obtained at the Runde test site (which can be found in Paper II). For both calculations,
two additional factors, NMavailabiliy a0d NTransmission » Were considered and
respectively set to 0.95 and 0.2; see the detailed definitions of the two factors in Paper
V. The AEP was therefore calculated to be 2.1 X 105 kWh/year in the first calculation
and 4 x 10* kWh/year in the second calculation.

e  The annually accumulated fatigue damages of the three mooring lines Moori, Moor>,
and Moor; were calculated to be 1.0 x 1013, 2.2x107*, and 29 x107°,
respectively. Because the annual fatigue damage of Moor; was estimated to be greater
than one, this specific mooring leg could potentially fail within one year. This
estimated large fatigue damage is attributed to the fact that a constant and
unidirectional Din,,q Was used in the current calculation; see the discussion in Section
5.4.2. Nonetheless, the estimated annual fatigue damage of the three mooring legs will
result in fatigue lives of 1.0 X 10713, 4.5 x 103, and 3.4 X 10° years, respectively.

e  Following a similar calculation principle for the mooring lines, the annual fatigue
damage of the power able is estimated to be 3.7 X 10710, resulting in a fatigue life of
2.7 x 10° years.
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e  The factor directly connected to the fatigue damage estimation is the expected number
of component replacements throughout the target service life of the system. For
operational reasons, it was assumed that component replacement will be performed at
most once per year. Therefore, according to the estimates gathered from the numerical
simulations, only Moor; must be replaced annually, and no replacement is required for
the other moorings and the power cable.

Finally, the LCoE of the systems can be recalculated based on the newly calculated frequency
of component replacement and the AEP of the WEC; the corresponding results are presented
in the second and third rows of Table 9. When only the fatigue damage was considered in the
calculation, an 8% increase in the LCoE was found for the reference WaveEL 3.0 system, and
a 25% increase on average was found for the 2-WEC system. No calculation was made for the
10-WEC system. Due to the large variation in the moorings’ fatigue observed for this system
(cf., Figure 33), it was determined that the updated LCoE calculation of this system based on
all other assumptions would be too uncertain to provide a reliable estimate. Additionally, if the
AEP of the WEC is also calculated using the power matrix, the LCoE values for all the
configurations are further increased by a factor of 5.

Note that all the results presented in the table should be read with caution because the estimates
encompass a large uncertainty in terms of both the numerical simulations (discussed in Sections
5.1-5.4) and the cost terms included in the LCoE analysis (see Paper V and Ringsberg et al.
(2018)). Nonetheless, these results indicate that the estimation of the LCoE could potentially
be underestimated if one disregards a detailed estimate of the components’ fatigue lives as well
as the WEC’s power performance.

5.5.2 Effect of the hydrodynamic interaction between WECSs in array
configurations

The primary objective of Paper V was to quantify how the power performance and fatigue lives
of the moorings are affected by the interaction effect between the WECs in a wave farm. As a
secondary objective, Paper V presents LCoE calculations that quantify the magnitude of the
contribution that the interaction effects may make to the LCoE value per installed WEC unit.
A sample result for the latter objective is presented and discussed in this section, and the reader
is referred to Paper V for further details.

In the LCoE calculation, two primary factors are directly associated with the influence from the
hydrodynamic interaction effects: the power performance and the expected replacement of
moorings due to the change in the accumulated fatigue damage. The change in the accumulated
fatigue is quantified by the factor I, which is the ratio of the mooring’s fatigue damage with
the interaction effect to that without the interaction effect. Similarly, the change in the power
performance due to the interaction effect is quantified by the factor Ip. The calculated LCoE
including the interaction effect is hereafter referred to as LCoEumteract, Whereas the value
calculated without the interaction effect is referred to as LCoEmnisal.

Figure 36 presents the results obtained from the LCoE calculations for the 10-WEC array
system. Because the LCoE value is directly affected by Ip and I, a large number of LCoE
calculations were carried out. The x-axis range corresponds to the lower and upper values of I,
and the y-axis range corresponds to the lower and upper values of Ip estimated from the six
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loading cases studied in Paper V. The fraction LCOEnterac/ LCOEmisiat was thus calculated for a
large number of combinations and plotted as contours — a value of less than one is favourable.
The hydrodynamic interaction between the WECs shows a strong effect on the LCoE of the 10-
WEC system; the LCoE of the system can be reduced by at most a factor of 2 or increased by
a factor of 7. The results presented in Figure 36 highlight the need to investigate the effect of
the interaction between the WECs for a realistic economic estimation when the WECs are to be
deployed in a large array farm.
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Figure 36. Results from LCoE calculations of the 10-WEC array system showing the changes
in LCoEmeract/ LCOEmitia owing to hydrodynamic interaction effects that affect Iz and Ip. The
absolute value of LCoEmitia used in the current figure is 1.10 EUR/kWh. I; and Ip are referred
to as the interaction ratios with regard to accumulated fatigue damage and power
performance, respectively. Ig or Ip values greater than one respectively indicate that the
accumulated fatigue damage or the power performance is increased due to the hydrodynamic
interaction effect between WECs.

5.6 Experimental analysis

The section presents sample results from two experimental analyses carried out in this thesis.
Section 5.6.1 compares a WEC motion validation study of the simulation procedure with
experiments carried out in a laboratory ocean basin. The study is presented in detail in Paper
IV. Section 5.6.2 presents results from full-scale measurements and comparisons with results
from numerical simulations of the WaveEL 3.0 WEC installed in Runde, Norway. These results
have not been presented or published in the papers appended to this thesis.

5.6.1 Laboratory ocean basin experiments

The detailed design of the experimental WEC model and all of its components and properties
are presented in Paper IV. The test programme included several combinations of sea states
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(regular and irregular) and ocean current loads, divided into operational and survival conditions.
Decay and mooring stiffness tests were also carried out. A 1:20 scale model was used in the
operational conditions cases, while a 1:36 scale model was used for the survival conditions
cases. Although both operational and survival conditions were tested in the laboratory ocean
basin, the operational conditions were the focus of this thesis; see Paper IV for details.

Floating point-absorbing WEC systems should allow for large flexibility to move in the heave
and surge directions (Falnes & Hals, 2012; Gao & Moan, 2009). Fitzgerald & Bergdahl (2007)
and Paper I showed that the pitch motion is also important to consider, especially in
comparisons between numerical simulation models and experiments. Hence, these three
motions were compared between the numerical simulation model and the physical models used
in the experiments. Figure 37 presents the results of WEC motion under regular and irregular
wave cases, which have been reproduced from Figures 7 and 8 of Paper IV.

The motions of the WEC in the regular wave cases are presented in the form of response
amplitude operators (RAOs); see Figures 37(a), 37(b), and 37(c) for the surge, heave, and pitch
motions of the WEC, respectively. For each set of results, the data points from short to long
wave periods and from low to high RAOs correspond to the regular wave cases Rel to Re7, cf.,
Table 4. There is good agreement between the simulations and the experiments with respect to
both the heave and surge motions of the WEC when the incoming wave period is far from the
resonance period of the WEC, which for the physical model was 1.424 seconds; see cases Rel,
Re2, Re6, and Re7. Note that the Re2 case was an exception that could not be understood based
on the assessment of the experimental and numerical results. For the other cases in which good
agreement was obtained, the ratios of the RAOs calculated from the numerical simulations and
the RAOs estimated from the experiments were on average 0.97 and 1.05 in the surge and heave
directions, respectively.

The results from the simulations and experiments deviate with respect to both surge and heave
for the cases with a wave period close to resonance (namely, cases Re3, Re4, and Re5). The
simulation model underestimates (by a factor of 0.76) the surge motion in the low wave height
condition (Re3), while it overestimates the surge motion (by a factor of 2.11) in the high wave
height condition (ReS5). This result aligns with another observation made during a horizontal
stiffness test; the test showed that the simulated mooring stiffness was smaller in the high-load
region but larger in the low-load region; see Paper IV for details.

The taut-moored system used in the study is highly complex and includes many parts and
connection points in the physical model. It was a challenge to represent the system in the
simulation model as it introduced a large model uncertainty. For instance, different small steel
rings were used to link floaters, wires, and springs in the experimental model, but they were
represented in the numerical model as node-to-node connections due to the lack of a detailed
description of these couplings in the physical model. In addition, the mooring steel wires were
covered by a plastic tube. The software used did not allow for inhomogeneous cross-section
modelling of the mooring lines; hence, the steel wire and the plastic tube were modelled as one
slender structure with the mechanical properties of the two combined. The abovementioned
issues contribute to the model uncertainty, which affects the discrepancy in the prediction of
the WEC’s surge motion compared with the measured surge motions using the physical model.
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Figure 37. Results (from Paper V) from experiments and numerical simulations of the
WEC’s motion under regular wave cases ((a) — (c)) and irregular wave cases ((d) — (f)). Three
directions of WEC motion are plotted, including ((a) and (d)) surge, ((b) and (e)) heave, and
((c) and (f)) pitch motions. For each set of results presented in (a) — (c), the data points from
short to long wave periods and from low to high RAOs correspond to the regular wave cases
Rel — Re7. For WEC motion under irregular wave conditions (results in (d) — (f)), the results
for significant motions (namely, H,,,, or, mean of the highest third of the motion response)
are plotted.

For heave motion under resonance, larger responses were consistently predicted by the
simulation, where the ratio of the estimated response amplitude between the simulations and
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experiments was on average 2.7 (Re3, Re4, and Re5). During the experiments, overtopping of
the WEC (i.e., green water) was observed in all three cases (as well as in all the tested irregular
wave cases); see Figure 38 for an example. It is known that overtopping on WECs can
contribute to additional damping. The simulation model and software used can neither simulate
the phenomenon nor consider its influence on the WEC’s response. The observed overtopping
phenomenon serves as one explanation for the overestimation in the heave motion in the
resonant regular wave cases.

Figure 38. Example of observed overtopping of the WEC buoy; the photograph was obtained
for the test case OP1: (left) the WEC buoy is completely submerged; (right) the WEC buoy
leaves the submerged condition. The figure is reproduced from Figure 12 of Paper IV.

The comparison between the experiments and the simulations with respect to the pitch motion
is also less satisfactory. The cause of the discrepancies in the pitch and heave (specifically under
the resonance) is likely attributed to the uncertainty from a complex PTO installation and the
modelling approach used in the numerical simulation. During the experiment, the damping
effect of the heave plate was measured by a decay test through a 1-DoF spring-mass-damping
system under a still-water condition. No estimation or tuning was made with regard to the PTO
damping under various frequencies or to the position of the heave plate. Therefore, the
frequency and position dependence of the heave plate damping was disregarded in the
numerical model. In addition, for the current model implementation of the PTO system, except
for the spring that was directly defined by its mechanical properties in the numerical model, the
connection bar and heave plate were represented by the Morison model, which introduced only
the viscous damping effect on the motion of the WEC buoy. The inertial and restoring effects
of the connection bar and heave plate were considered in a different manner and included in the
mass and inertia of the WEC buoy. The results shown in Figures 37(b) and 37(c) suggest that a
more detailed modelling of the PTO system may be needed in future work; see discussion in
Chapter 7.
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Irregular waves were included in the test programme to investigate the integrated hydrodynamic
characteristics of the entire WEC system. Comparisons of the experimental and simulation
results for significant surge, heave, and pitch motions of the WEC for all the irregular wave
cases are presented in Figures 37(d), 37(e), and 37(f), respectively, whereas a comparison in
terms of the standard deviation and response spectra is presented in detail in Paper IV.

A comparison of surge motion in case Curr confirmed that the use of the current load coefficient
together with the mean drift approximated by the numerical model is capable of modelling the
current load effect on the WEC buoy. As suggested by DNV GL (2017a), the current load
coefficient should ideally be determined by a dedicated tank test with a WEC buoy, while the
numerical model for the experiment adopts an empirical formula, as suggested by Moberg
(1988). The results show that the ratio of the estimated significant motions in surge between
the simulation and experiment is 0.7, which is comparable to results published by others, such
as Gao & Moan (2009) and Moberg (1988). Hence, the observed discrepancy in the estimated
surge motion due to the current load between the experiment and simulation results was deemed
acceptable.

As expected, the differences between the results obtained from the experiments and the
simulations were found to be more evident when the irregular wave cases were closer to the
resonance frequency (i.e., all the OP1-related cases). For these cases, the average ratios of the
estimated significant motion between the simulation and experiment were 1.64, 1.85, and 1.38
in the surge, heave, and pitch of the WEC, respectively. The overestimations from the numerical
simulations are believed to be due to a combination of the factors addressed above: the
underestimated mooring stiffness in the high-load region, the damping effect due to
overtopping, the simplified numerical model of the PTO system, and the use of a current load
coefficient from an empirical formula. In general, the results suggest that a better numerical
model for the PTO system must be implemented to fully capture all the damping effects present
in the physical model of the WEC system.

A comparison between the experiments and the numerical simulation shows reasonable
agreement for case OP2, with relative differences in the observed motion responses of 8%,
35%, and 5% for the surge, heave, and pitch directions, respectively. Together with the results
presented for the regular wave cases, the numerical model was demonstrated to be useful for
predicting the dynamic motion response of the WEC system under off-resonant wave
conditions.

5.6.2 Full-scale measurement

This section compares results from numerical simulations and measurements made on the full-
scale WEC installation WaveEL 3.0 over three days, June 16, 18 and 19, 2017. The section
aims to present and discuss the predictability of the numerical simulation model; thus, the
section focuses on presenting results. A full description of how the measurement data were
post-processed and how the sea states and environmental loads to which the WEC was subjected
over the three days were identified were presented by Lang et al. (2018); see Table 6 for a
description of the environmental loads used in the numerical simulations. In the following, a
comparison of the three translational motions of the WEC is presented, followed by a
comparison of the mooring forces. Note that in this thesis, because the WEC buoy used in the
full-scale installation was different from the prototype WEC used to design the ocean basin
experiment, no further comparison was made between the results from the model-scale and full-
scale measurements.
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Figure 39 presents a spectral analysis of the WEC’s motion in the heave direction based on the
measurement data and the results from the numerical simulations. The figure shows reasonably
good agreement in terms of the overall trend and the peak values of the spectra. However, the
measurements show broader band spectra compared with the simulations. Two peaks not found
in the simulation results were observed in the measurement data. The reason for this
discrepancy is derived from how the environmental conditions used in the numerical simulation
model were retrieved. Lang et al. (2018) indicated that the environmental conditions during the
measurement campaign carried out on June 16, 18 and 19 were not monitored. A method was
developed to identify which environmental conditions (i.e., stationary sea states with a duration
of 3 hours) gave rise to the WEC’s motions. This information was thereafter used in numerical
simulations in which the sea state was assumed to be stationary for 3 hours and followed the
JONSWAP spectrum with a peak enhancement factor of 2.4. The results in Figure 39 indicate
that these assumptions may have been violated, as in reality, it is likely that the sea states in
Runde were not stationary during the 3-hour periods on which the measurement data were
based. Additionally, the wave spectrum used in the simulation model could have been
represented by another model because the WEC installation is rather close to an island.
Nevertheless, despite these assumptions, which contributed to the model uncertainty, the
comparison of the spectral responses was considered acceptable given the objectives of this
thesis.
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Figure 39. Response spectra for the heave motion of the WEC from the full-scale
measurements (blue lines) and the numerical simulations (red lines).

The WEC’s motions in the heave, surge, and pitch directions are presented in Figure 40 as the
significant motions. The incident wave load direction during the measurements was not
recorded very accurately, but it was estimated at the test site to vary between 0 and 60 degrees;
this finding was also confirmed in the post-processing of the recorded measurements. Because
the horizontal motion of a WEC is known to be greatly influenced by the incident wave
direction (Diryaye ), see the discussion by Yang et al. (2014), the numerical simulations were
carried out for three incident wave directions to assess the sensitivity to the WEC motion
responses under the current environmental loading conditions.
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Figure 40. Comparison of results from measurements and numerical simulations: the
significant motions for (a) surge, (b) sway, and (c) heave. Three incident wave loading
directions in the numerical simulations are included (Diry,,ye = 0, 30, and 60 deg).

The agreement in the heave motion responses between the measurements and simulations is
good. Dir,,,ve has a negligible influence on the heave response. Irrespective of Ditiyaye, the
ratios of the estimated significant heave motion between the simulations and the measurements
were consistently 1.01, 0.92, and 0.95 on June 16, 18, and 19, respectively. The sea state on
June 18 was closer to the WEC’s resonance period, whereas the sea states on the other two days
were further away from the resonance of the WEC. This finding could explain why the
discrepancy in the heave motion was observed to be the largest on June 18.

Conversely, Dir,,ve has a stronger influence on the surge and sway motions; see Figures 40(a)
and 40(b). An analysis of the measurement data showed that the 30-degree wave loading
direction was the most frequent wave loading direction during the measurement campaign.
Hence, the discussion of the surge and sway results will focus on this simulation case. The
three-day averaged ratio of the estimated significant motion between the simulations and the
measurements were 0.89 and 1.18 for the surge and sway, respectively. For the significant
motion in the surge direction, the largest discrepancy was observed on June 16, when the
simulated surge motion was 0.82 times greater than the measured motion. The largest
discrepancy in the sway was observed on June 19, when the simulated sway motion was 1.26
times greater than the measured motion. In comparing the magnitude of these differences with
what was observed in the ocean basin experiments in Paper IV, and considering the uncertainty
in the environmental loading conditions of the full-scale measurement, the differences between
the measurements and simulations observed in Figure 40 are within the range that could have
been expected prior to the comparison.

Another important and contributing factor to the discrepancy in the horizontal motions (i.e.,
surge and sway) originates from wave directional spreading. In the numerical model, the wave
load in a simulation had a pre-defined incident direction for which directional spreading was
not accounted. It is known that ocean waves have multidirectional components that are very
difficult to measure/estimate if the measurement is carried out at a single point, as was the case
in Runde (McAllister et al., 2017). Figure 41 compares the WEC’s horizontal motions
determined from the measurements and the numerical simulations. Because of the larger motion
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area in the measurement part of the figure, the results in the figure confirm that wave directional
spreading should have been considered in the numerical model.
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Figure 41. The WEC’s motions in the horizontal plane determined from (a) measurements
and (b) numerical simulations. The results are presented using data from the measurements
performed on June 19, 2017. The numerical simulation was carried out using Dityy3ye = 30
deg. The origin of each figure defines the mean position of the WEC, calculated from its full
data. The colour scheme shows the probability of occurrence of the WEC present in that
specific area from each of the three-hour data.

The mooring line forces are compared in Figure 42. The mooring line forces were measured by
load cells at the fairlead points of the WEC; hence, the mooring line forces obtained from the
numerical model were presented in the same locations. The results for mooring line Moors were
excluded from the comparison. During data processing, a malfunction in the mooring’s load
cell was found. In addition, the sea states during the measurement campaign were calm, and the
measurement accuracy of the load cells was rather low. Therefore, only the mean values of the
mooring line forces during the identified 3-hour stationary sea states are presented because
other statistical properties will not be useful or reliable in the comparison under these

circumstances.
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Figure 42. Mean force responses in (a) Moor; and (b) Moor; measured for the full-scale
installation and determined by numerical simulation.

The results show that the numerical model overestimates the mooring forces relative to the
results from the measurements. For the Dir,,,. = 30 deg simulation case, for example, the
simulations show approximately 11% and 8% higher forces in Moor; and Moor», respectively.
This discrepancy between the measurements and numerical simulations must be considered
acceptable, considering all of the uncertainties that exist, some of which were discussed
previously in this sub-section. An additional uncertainty that must be studied is that associated
with the material data of the mooring lines, i.e., the influence of the material properties of the
WaveEL 3.0 polyester mooring lines under dry and soaked conditions.

The discrepancy in the motion and force responses between the measurement and simulation
can also be attributed to the realisation of ocean waves in the numerical simulation. Due to the
lack of exact measurement data from ocean waves, the wave loads used in the numerical
simulation were sampled by the software using pseudo-random numbers (SINTEF Ocean,
2017a, 2017b). Although the statistical properties of different wave realisations are identical,
the actual individual wave components for a particular wave time series can vary, which will
further influence the motion and force responses predicted by the numerical simulation. Figure
43 shows one example of a comparison between the measurement data and the numerical
simulation results from different wave realisations. As shown in Figure 43, one can find
maximum differences of 13%, 33%, and 9% between the simulated motion responses and the
measured surge, sway, and heave motions of the WEC on June 18, 2017. In contrast, due to the
differences in the wave realisations, the minimum differences between the simulated responses
and measurements were 0.3%, 16%, and 6% for the surge, sway, and heave motions of the
WEC on the same date. The comparison for the mooring force was found to be less affected by
the variation of the wave realisations. The maximum differences were found to be 10.7% and
6.9% for Moor; and Moor,, respectively, whereas the minimum differences were found to be
10.5% and 6.5% for Moor; and Moor», respectively.
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Figure 43. Comparison of the estimated (a) surge, (b) sway, and (c) heave motions of the
WEC and (d) the mean force of Moor; using different random seeds of wave realisation. The
numerical simulation was carried out for the sea states on June 18, 2017, with Dir,ve = 30
deg. All the results are normalised by the corresponding value from the measurement on the

same date. The results obtained for Case 4 in the figure are the same results presented in
Figures 40 and 42.

To conclude, the numerical simulation model of the WaveEL 3.0 WEC system installed in
Runde shows some differences relative to the real and physical WEC system. These differences
include, among others, a simplified PTO system model, a hub modelled as a stationary fixed
point, and wave loading conditions that were not yet modelled in this thesis by considering
wave spreading or the exact wave spectrum at the measurement site. Despite all the differences,
the average ratios of the estimated significant motion between the simulation using Dity,aye =
30 deg and the measurements were 0.89, 1.18, and 0.96 for the surge, sway, and heave motions
of the WEC, respectively. For the mooring forces, with reference to the Diry,,ye = 30 deg
simulation case, the simulations showed approximately 10% higher mean forces compared with
the measured forces. A validation study of the simulation model regarding its ability to predict
mooring line forces versus the laboratory ocean basin experiments is planned for future work.
However, regarding the rather good agreement with the measured mooring line forces, the
numerical simulation model’s prediction ability can be considered good at least for rather calm
sea states. It will be important to compare the numerical model’s prediction ability against
measurements obtained under more severe sea states in which the hydrodynamics and coupling
effects are more pronounced, which may require additional revisions of the numerical model.
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6 Conclusions

The main objective of the work presented in the 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 overall performance of the WEC system, such as its power
performance.

An analysis procedure was developed in the thesis project, and this thesis presents how the
different parts of that procedure were developed and partly verifies and validates the method.
The procedure enables the detailed fatigue life assessment of the mooring lines and power
cables used in floating point-absorbing WEC systems. With the support of the analysis
procedure, the thesis contributes to the understanding of how numerical and experimental
analysis methods can be applied to simulate and assess the fatigue characteristics of mooring
lines and power cables in a WEC system as well as the system’s power performance, both of
which are essential to realistic economic and feasibility assessments of a system. The novelty
of this work lies in the systems perspective adopted, the large number of parameter sensitivity
studies performed, and the numerical simulations and experimental analyses conducted at the
model scale and at full scale, while studying the fatigue of the sub-components in a WEC
system. The aim was not only to study the fatigue characteristics of the mooring and cable
components but also to provide an analysis method for high-level assessments of the overall
performance of the WEC system. The overall analysis methods can therefore be used to provide
confidence in the cost-efficient development of wave energy applications, which is needed to
reach large-scale commercialisation.

Numerical analysis procedure

Comparison of different simulation procedures were presented primarily in Papers I and V.
Two de-coupled analysis approaches were compared with a coupled analysis approach. With
regard to the main objective of this thesis, the conclusion was to recommend the coupled
analysis approach because it best captured the hydrodynamic interactions between WECs in an
array system; more importantly, it captured the couplings between the WEC and the mooring
lines and power cable connected to it. These coupling effects and the hydrodynamic interactions
were found to be of great importance in performing realistic and reliable simulations of the
dynamic motions and force responses of the WEC system and, hence, in yielding a reliable
estimate of the fatigue service life of the system’s moorings and cables.

The power cable was consistently estimated to have a long fatigue life under all simulated
conditions throughout this thesis project. The methodology employed is based on a first-
principles design level and consequently does not include all the intrinsic mechanics that lead
to the fatigue degradation of the cable (such as wear and fretting). Therefore, the fatigue life
predicted using the methodology may be considered an upper bound. However, the investigated
power cable underwent extensive fatigue rotating testing in a laboratory. Based on the test
results, the power cable was able to survive more than 10° rotating bending cycles and several
run-outs for large curvatures (compared with a traditional offshore cable at a scale of 103
fatigue cycle as the reference). Hence, although a more detailed local model of the power cable
must be developed to truly capture its failure mechanics, the current simulated results of the
power cable with regard to its fatigue are considered acceptable.
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Parametric and sensitivity studies

A fatigue wave-height/wave-period matrix was designed as a visualisation tool to reflect the
influence of environmental loads on the fatigue damage accumulation in the mooring lines and
the power cable. The simulation results showed that the fatigue lives of the mooring lines and
power cable were largely influenced by the environmental loads and their compositions.
Parameter sensitivity studies were carried out and showed how the mutual directionality of
wave, wind and ocean current loads affects the fatigue lives of the moorings and cables. For
example, large accumulation of fatigue damage in the moorings and the cable occurs at high
wave heights and near the resonant wave period of the WEC, which also represent the target
operational window over which the WEC exhibits its best power performance. The presence of
ocean current loads strongly enhances the accumulation of fatigue damage; thus, such must
always be considered in the design of WEC systems, preferably by using values and profiles
based on measurements at the planned site of operation. The fatigue lives of the moorings and
cables are sensitive to the incoming loading directions. For the mooring designs studied in this
thesis, the shortest fatigue lives were consistently calculated when these components were
located in the upwind position of the WEC system.

Various design parameters for the mooring lines and the power cable were investigated
throughout this thesis. As reported in Papers I and III, the sufficient margin in the moorings’
line length with a suitable stiffness provided by the entire mooring system was found to be
important in ensuring a long fatigue service life for the moorings without compromising the
power performance of the WEC. The use of the shared mooring configuration in a WEC array
was found to be useful and reduced the LCoE of the WECs in a large deployment; see Paper V.
However, a large variation in the accumulated fatigue damage between mooring segments could
potentially pose an additional challenge in maintaining the entire shared mooring system.

Paper II showed that the fatigue damage of the power cable is governed by its curvature
responses, i.e., a larger curvature response often results in a larger fatigue damage of the cable.
The curvature response of the cable can be decreased by increasing the cable mass, the bending
stiffness, or the cable length. However, all of these approaches have certain side effects that
should be studied before any specific approach is adopted. The simulation results showed that
a thorough study of the system’s dynamic responses in the initial phase of a WEC design project
is paramount to the reliable design of mooring lines and power cables.

Impact of biofouling

Parameter sensitivity analyses showed that marine biofouling significantly reduces the power
performance of the WEC and the fatigue life of the mooring lines. If the WEC system is
assumed to operate for 25 years, the presence of biofouling can lead to a 10% reduction in
absorbed power and a 20% decrease in the fatigue life of the mooring line that accumulates the
most fatigue damage throughout the entire mooring system. It was concluded that marine
biofouling should be considered during the early design phase of a WEC system from the
perspectives of power performance and fatigue life, as it also plays an important role in the
planning of the maintenance schedule of the WEC system.
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Validation study of WEC motions

The numerical simulation model was validated against a laboratory ocean basin experiment.
The experimental WEC system consisted of a WEC buoy, a unique three-leg two-segment
mooring system with submerged floaters, and a PTO system designed for the experiment as a
heave plate. The validation study focused on the motion responses of the WEC buoy in surge,
heave, and pitch. For all the tested regular and irregular wave cases, the simulation results
showed good agreement with the experiments when the wave frequency was far from the
WEC’s resonance; the ratios of the estimated motion responses between the simulation and
experiment were on average 1.15 and 1.11 in surge and heave, respectively. The comparison
with respect to the pitch motion was less satisfactory; the numerical model overestimated the
motion response of the WEC under the resonant condition. The discrepancy in the latter two
aspects suggest that the damping effect captured in the numerical simulation was not sufficient.
A better damping model for the PTO system must be developed to capture the damping effect
under various sea state conditions.

Numerical model and simulations of a full-scale WEC system installation

A numerical simulation model was built to simulate the full-scale WEC system WaveEL 3.0
installed in Runde, Norway. The results of numerical simulations and measurements from a
measurement campaign were compared. The results agreed well; the average estimated surge,
sway, and heave motion responses from the simulations were 0.89, 1.18, and 0.96 times those
of the measurements, respectively. In terms of the mooring forces, the simulations showed
approximately 10% higher mean forces compared with the measured forces. Overall, the
agreement between the measurements and numerical simulations of the environmental
conditions for the three days included in the measurement campaign was good. The numerical
simulation model’s prediction ability can be considered good at least for rather calm sea states.
It will be important to compare the numerical model’s prediction ability against measurements
obtained under more severe sea states, in which the hydrodynamics and coupling effects are
more pronounced, and this may require additional revisions of the numerical model.

Hydrodynamic interaction effects and LCoE calculations

Two 2-WEC models (with separation distances of 250 metres and 600 metres) and one 10-
WEC array system were studied in Paper V with the objective of quantifying the influence of
the hydrodynamic interaction between WECs with regard to the power performance of the
WECs and fatigue damage of the mooring lines, among other factors. The hydrodynamic
interaction had a minor influence on the power performance, with the induced difference not
exceeding 5% among all the studied configurations and environmental conditions. Fatigue
analyses of the mooring lines showed a strong influence of the hydrodynamic interaction: the
results ranged from a 100% increase to a 60% decrease in the accumulated fatigue damage
depending on the WEC configuration and the load case studied. A comparison of the 2-WEC
models and the 10-WEC system showed that the hydrodynamic interaction produces a much
stronger effect on the latter configuration. Based on the results presented in Paper V, it was
concluded that the close proximity between the WECs and the mechanical coupling between
the WECs and moorings were the sources for the stronger effect of the hydrodynamic
interaction on the 10-WEC system.
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The LCoE calculation of the 10-WEC array system yielded LCoE values ranging from a
reduction of 40% to an increase of 60% relative to the simulations that did not consider the
hydrodynamic interaction effects. It was therefore concluded that the hydrodynamic interaction
must be considered in a system analysis of a full WEC system and wave farm.
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7 Future work

The purpose of this PhD research as a whole was to develop a complete numerical analysis
procedure for the mooring lines and power cables used in floating WEC systems, which will
hopefully contribute to the long-term advancement of wave energy technology. The work
presented in this thesis was conducted in accordance with the research framework presented in
Figure 3. With an emphasis on improving the structural integrity and service 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 our long-
term goals. We aim to reach those goal by providing a solution for ensuring long service lives
of the mooring lines and power cables used in WEC systems.

Validation of forces from the ocean basin test

The ocean basin experimental data have, to date, been used to validate numerical simulations
of the WECs’ motions under operational conditions. The validation of the mooring line forces,
force responses of the PTO system, and survival conditions was planned in the course of this
thesis but has not been completed at the time of writing. In addition, nonlinear hydrodynamic
phenomena, such as overtopping and vortex-induced motion, were visually observed during the
experiment. An additional investigation is also needed to focus on the cases in which the
nonlinear wave load plays an important role. Hence, an obvious next step is to complete the
planned validation task. The accomplishment of the validation work will thus ensure the overall
validity of the proposed methodology for hydrodynamic and structural response analyses of
WEC systems.

Development of the methodology for the survival conditions

As presented in Section 5.4.1, the mooring lines can accumulate relatively large fatigue damage
under harsh environmental conditions. Many of these conditions require nonlinear wave theory
for numerical simulations and are not suited for simulation by the method adopted in this thesis
due to the use of Airy wave theory. Hence, the development of a methodology for severe and
survival loading conditions is in order to accurately assess the structural integrity and service
life of mooring lines and power cables under all possible loading scenarios.

Reliability analysis of WEC systems

The current thesis work mainly focused on the sensitivity of components’ fatigue damage
accumulation with regard to various design parameters and environmental conditions. Further
development is needed to quantify the uncertainty in different parameters and hence enable the
reliability analysis of the overall WEC system. The knowledge gained from the reliability
analysis may be used to guide product development and the operation and maintenance
planning of WEC systems.

85



Investigation of true nonlinear mooring material behaviour

Several types and materials have been proposed for WEC moorings to cope with the dynamic
characteristic of WEC systems; see examples in Seaflex (2018) and Thies et al. (2014). In the
current thesis, we mainly studied linear elastic mooring materials, namely, steel. Although
nonlinear moorings made out of polyester rope were also studied, the only nonlinear property
included in the numerical model was a nonlinear and discretised relation between the load and
elongation based on a monotonic stress test. As demonstrated by the test results presented by
Falkenberg et al. (2018), polyester rope has viscoelastic stiffness and stretch characteristics.
The tension versus stretch response of the fibre rope is nonlinear and load-path-dependent, and
the length varies with the rate and duration of loading (due to elongation and contraction). This
issue was recently addressed by Weller et al. (2018), who developed a time-domain analytical
model to capture the time-dependent load and material response relationship that exists in
various synthetic ropes, including those made of polyester. To increase the accuracy of the
predicted motion and structural response of the WEC system, we would like to incorporate such
a model into the current methodology. The incorporation of such a model will also ensure the
usability of our developed simulation procedure and can assist the design of mooring solutions
with a long service life.

Integration of the analysis method for the local analysis of a power cable

The results of Papers II and III highlight the importance of developing a local model to capture
the intrinsic failure mechanism of the power cable. The local model was developed in a parallel
research project conducted at Chalmers University of Technology. A comparison between the
model used in the current thesis and the developed local model is depicted in Figure 44.
However, the developed method has not yet been integrated into the overall methodology
presented in the current thesis, and it is not yet known how the local model analysis will
influence the fatigue assessment of the power cables. Hence, an obvious extension of the
research is to integrate the local model analysis into the current analysis methodology.

(a) (b) (c)

Figure 44. Cable models with different levels of complexity: (a) simple model used in the
thesis and (b) intermediate and (c) complex models developed in a parallel research project at
Chalmers University of Technology. (Courtesy of MSc. Arjoms Kuznecovs.)
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Numerical model of the WaveEL concept

The numerical model of the WaveEL concept is subject to several simplifications and can be
improved in the future. The WEC buoy from the original concept has a central hollow tube, and
the tube contains a piston. The piston slides along the tube, and power absorption relies on the
relative heave motion between the buoy and the water enclosed in the tube. As discussed by
Falcao et al. (2012), the flow motion of the enclosed water in the tube might be important to
consider to accurately estimate the hydrodynamics induced by the piston-type PTO mechanism.
In addition, a study of a hydraulic PTO system similar to that used in the WaveEL concept
(Henderson, 2006) showed that a numeral model of the hydraulic PTO, which allows for a
simulation of its nonlinear PTO behaviour in the time domain, is necessary to maximise the
power performance and improve the survivability of the PTO system. Finally, the power-
collecting hub was modelled as a fixed point, consistent with the initial design assumption.
However, due to the observed potential fatigue-critical response of the cable near the hub side,
this assumption should also be further examined by explicitly modelling the hub as part of the
WEC system.

Assessment of additional WEC concepts

The methodology presented in the current thesis is generally applicable to all oscillating WEC
systems that require mooring lines and power cables but was applied to only one point-
absorbing WEC system designed by the Swedish company Waves4Power. In future work, it
would be valuable to extend the application of the proposed methodology to different WEC
concepts. The purpose is to demonstrate the usability of the methodology and thereby support
different wave energy companies in their concept developments.

Implementation of a complete LCoE assessment

The LCoE assessment performed in this thesis is limited to the cost terms related to electricity
generation but not to transmission. The sources of the latter costs include, for example, subsea
cables from the hub to the shore or transformers in the grid or on shore. Castro-Santos et al.
(20164, 2016b) showed that these cost terms could represent a significant portion of the LCoE.
Hence, a more complete calculation must be performed to accurately predict the LCoE of the
entire wave array farm. In addition, as reviewed by Dalton et al. (2015), the viability and impact
of a wave energy project or a wave energy technology should not be assessed from an economic
perspective alone; other assessments from social and environmental perspectives are needed to
support decision making for private investment or for public development. Throughout the
course of this thesis project, such discussion was initiated in Ringsberg et al. (2018) and two of
the master’s theses co-supervised by the author of this thesis (Jansson & Orgard, 2017; Vance
2018) and should also be developed further in the future. The complete economic assessment,
together with the fatigue assessment tool presented in this thesis, can then be used to assist
companies in product development and operation and maintenance planning.
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