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Abstract

Ocean waves provide a sustainable, power-dense, predictable and widely available source of
energy that could provide about 10 % of worlds energy needs. While research into wave
energy has been undertaken for decades, a significant increase in related activities has been
seen in the recent years, with more than 150 concepts currently being developed worldwide.
Wave energy conversion concepts can be of many kinds, as the energy in the waves can be
absorbed in many different ways. However, each concept is expected to require a thorough
development process, involving different phases and prototypes.

Guidelines for the development of wave energy converters recommend the use of different
prototypes, having different sizes, which have to perform tank tests or sea trials. This
implicates the need of different testing environment, which shifts from being controllable to
uncontrollable with the development stages, and results thereby in a need for specific test
objectives and procedures for each development stage.

This PhD thesis has looked into the different development stages and more specifically in the
performance assessment of wave energy converters based on tank testing and sea trials. The
objective was to enhance or complement existing standards and guidelines by making them
more transparent, equitable and robust, in order to make power production estimation of full-
scale commercial devices more accurate, more comparable between the different
development stages and more coherent in between different concepts.






Dansk resumé

Havets bglger udgegr en baeredygtig, magtfuld, forudsigelig og bredt tilgeengelig energikilde,
der kunne dakke cirka 10 % af verdens energibehov. Selvom forskning inden for bglge energi,
er blevet udfgrt | artier, er der inden for de senere ar sket en signifikant stigning i udviklingen
af aktiviteterne inden for omradet, hvor mere end 150 koncepter lige nu udvikles verden over.
Balgekraftvaerks koncepter kan vaere meget forskellige, da energien i bglgen, kan absorberes
pa mange mader, og konverteres i forskellige medier. Dog forventes hvert koncept at besta af
en grundig udviklingsproces, heraf med forskellige faser og prototyper.

Retningslinjerne for udviklingen af bglgekraftveerker, anbefaler en brug af flere prototyper i
forskellige stgrrelser, hvilke skal testes i tanke og havet. Dette implicerer behovet for
forskellige testmiljger, da de igennem de forskellige udviklingsstadier skifter fra at veere kunne
styres til at veere ukontrollabel, hvilket dermed resulterer i et behov for specifikke test-mal og
procedurer for hver enkelt udviklingsfase.

Denne PhD-afhandling har undersggt de forskellige udviklingsstadier, og mere specifikt i
praksis ved en vurderingen af bglgekaftvaerkernes ydeevne, baseret pa tests i tanke og havet.
Formalet med afhandlingen var at forbedre eller supplere eksisterende standarder og
retningslinjer for at ggre dem mere transparente, retfaerdige og robuste, med henblik pa at
gore vurderingen af de kommercielle fuld-skala enheder mere praecise, og sammenlignelige de
forskellige udviklingsstadier imellem, samt at ggre de forskellige koncepter mere
sammenhangende.
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Nomenclature

Symbolslz

AEP

Annual energy production

Contrib Contribution to the available wave power

cl Confidence interval

d diameter

f Wave frequency

h water depth

H, Significant wave height

Hpmo Significant wave height estimated from the spectrum (m), 4Vm,
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Lyo Wave length based on the peak wave period and for deep water
mg Variance of the wave spectra or ‘zeroeth’ moment of the wave spectra
m, Spectral moment of the n™ order (n=0,1,2, ...)

P.qiabe Available power at a specific power conversion stage

Pnecn  Available mechanical power at a specific power conversion stage
Prob  Probability of occurrence

P,oe Wave power or wave power level

s Sample standard deviation

St Spectral density at frequency component f

Sp,0 Wave steepness based on the peak wave period and for deep water
T Wave period

T. Mean wave energy period

Tp Peak wave period

T, Mean zero down crossing wave period

width sctive active width of the device

[MWh/year]

(-]

[m]
[Hz]
[m]
[m]
[m]
[m]
[m]
[m’]
[m*s™]
[kw]

(kW]

[kW/m]

[m?®/Hz]
[-]
[s]
[s]
[s]
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'The terminology is chosen in accordance with the IEC terminology on Marine Energy [57].



Y

Non-dimensional performance (or ND performance)

Peak enhancement factor or peakedness parameter

Abbreviations:

AAU

ANN

CoE

LCoE

PTO

RSSE

TRL

WEC

SS

WERG

Aalborg University

Artificial neural network

Cost of energy

Levelized cost of energy
Power take off

Residual sum of square error
Technological Readiness Level
Wave energy converter

Sea state

Wave Energy Research Group
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Preface

This research project has been executed within the European FP7 Wavetrain2 project. The
Wavetrain2 project aimed at enhancing European-wide networking in the field of ocean wave
energy by creating interaction between 13 formal partners and 17 entities and especially at
developing qualified professionals within the various research activity fields of a typical life-
cycle of a wave energy development project [1]. The overall work plan of the Wavetrain2
project, which covered the various research activity fields, was divided into 9 work packages.
Aalborg University and thereby the corresponding Wavetrain2 fellow (the author) was
responsible for work package 8 regarding “Tank testing”, and had a secondary role in the
research activity regarding “resource and power prediction”.

The Department of Civil Engineering at Aalborg University (AAU) has a Wave Energy Research
Group (WERG) that focuses on various research and development topics within the field of
wave energy utilization [2]. One of their particular fields of expertise is tank testing as they
have been involved in numerous projects since the mid 90’s, such as the Danish Wave Energy
Program and the development of various well-known devices such as Wave Dragon and Wave
Star [3-5]. Throughout the period of this project, various projects have been carried out by
WERG in cooperation with external companies, in which the corresponding Wavetrain2 fellow
(the author) was involved.

The thesis was performed in this greater research context, which provided the author with a
vast amount of resources. It resulted in various projects with industrial companies on the
performance assessment and development of WECs based on tank testing and sea trials,
involvements in European Projects, such as EquiMar, a secondment at a partner institution,
the Wave Energy Centre (Portugal), and the dissemination of gained expertise and results in
recognized journals and conferences.
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1. Introduction

1.1 Rationale

A worldwide transition has started in the way electrical power is being generated for
economic, environmental, geopolitical and resource considerations. The challenge is to move
from a current fossil fuel based power generation to an efficient, cost effective and
sustainable energy production. The solar, wind and bio-fuel industries are mainly leading in
this aspect but other technologies are maturing and could join the sustainable energy mix
soon, including wave energy.

Ocean waves are generated by the drag of the wind to the sea surface which originates
from the differential heating of the earth. It is a relatively low energy density process of only a
few mW m™ where the energy flux of the sun is approximately 100 W m™ [6]. The size of the
waves is determined by the duration of when the wind blows, the distance it covers and its
speed. The long periodic components of these wind generated waves travel in groups called
‘wave trains’ over large distances with almost no losses. This makes ocean waves a
sustainable, power-dense, (relatively) predictable and widely available source of energy. The
West Atlantic coast of Europe has an average wave power level (P,..) ranging from 25 kW/m
in the southernmost part up to 75 kW/m off the coast of Ireland and Scotland. This results in
an average deep-water net resource (excluding areas where P,,.. < 5kW/m) of approximately
286 GW for Europe and an annual world economically exploitable resource of 3 TW, which
corresponds to a potential worldwide, wave energy economical contribution to the electricity
market of approximately 10 % [7-9].
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Figure 1: Annual average wave power level in kW/m [10].



Converting the energy from ocean waves into useable energy forms is not a new concept
as the first related patent was filed in 1799 by Girard and Son and the first operating system,
an oscillating water column (OWC), supplied a house with 1 kW in 1910 [11][12]. However, the
first serious studies into wave energy took place after the oil crisis in the 1970s and early
1980s, where it started being considered as a possible source of power supply [13]. Since then,
the development of wave energy has gone through a cyclic process of phases of enthusiasm,
disappointment and reconsideration. Although budgets have been cut and increased at
various occasions, the research and development has persisted, resulting in a constant gain in
experience and improved performance, which has brought commercial exploitation of wave
energy closer than ever before [11].

Key:
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6. New design looks very promising
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Time 7

Figure 2: lllustration of the possible estimation of the predicted electricity costs, which closely follows
the cyclic process of phases of enthusiasm, disappointment and reconsideration that goes together with
the development of a wave energy converters [14].

The basic working principle of wave energy concepts have gone in all directions with no
significant convergence that has been identified yet. Many concepts have been tank tested,
but only few managed to undertake sea trials. This is the result from the various types of
difficulties involved in making wave energy converters (WEC) cost-effective, of which the most
important being:

e The wave power level in extreme wave conditions is several magnitudes higher than in
operating conditions. WECs therefore require efficient (survival) mechanisms in order
to reduce considerably the resulting structural loads induced by severe wave
conditions; otherwise the structural design will be excessive for the requirements
during operational conditions.

e WECs are exposed to waves that find their energy oscillating in periods of typically 5 —
15 seconds and in wave heights ranging from 0 up to 10+ m, which can come from
various directions. On the other hand, the energy that they have to deliver is expected
to be relatively constant and has to follow strict regulations. If no special measures are



taken, then the maximum instantaneous absorbed energy can result in being many
times larger than the corresponding average energy absorption, which would require
large dimensioning of the equipment and power take off system. This can be limited in
various ways, for example by sharing parts of the installation between different WECs
or having energy buffers such as water reservoirs for overtopping devices.

e The development path of wave energy converters is long (several of years) and has to
evolve through certain phases, each requiring a different model of the device in a
different size. This often leads to a time-consuming and expensive process, especially
for larger and more complex devices, favouring small devices in terms of cost of
development.

e However, many costs related to the installation, construction maintenance and energy
transport from a WEC are relatively independent of the WEC size, such as installation
of electrical cables and mooring lines, use of towing and maintenance boats and
equipment and project management. Therefore, larger devices producing substantial
amounts of energy (> 1 MW) have more potential to be economically viable than
smaller devices when considering “industrial scale” installations.

e Contrary to wind turbines, which can keep on increasing their individual power
production with the advances in their technology by enlarging their swept area, only
few WEC concepts have the possibility to expand considerably their energy production
of one single device from the moment they have reached the commercial stage. This is
because most WECs have an optimal size, which is aimed at from the beginning of
their development, and which does not give much freedom to the further product
development and options to decrease their cost of energy (CoE).

The wave energy industry is a very promising source of sustainable energy that could
contribute significantly to the energy mix and needs of many countries. However, it is still in a
relatively immature phase and it would strongly benefit from different protocols and
procedures to validate and guide its development [15], [16]. This document and the work that
has been carried out in this project aims at complementing existing procedures and protocols
in order to make them more practical and efficient, while making results more comparable
from a performance evaluation point of view.

1.2 Objectives and scope of work

This PhD thesis focuses on the performance assessment and the estimation of the energy
production of WECs, based on tank testing and sea trials. Therefore, current practices and
methodologies have been applied, which were assessed in order to possibly be improved
and/or complemented with more detailed specifications.

In general, there has been an evolution over the years in the description of performance
assessment and tank testing guidelines and protocols, but there has not been a similar
increase in the amount of related publications regarding the performance of WECs [16]. There
is a significant lack in well-described and transparent publically-available documents in which
these methodologies have been applied [15].



The objective has thereby been to be involved in the performance assessment and power
production estimation of various WEC concepts at different development stages. The
experience gained should provide a good global appreciation of the whole WEC development
process and thereby enable the expansion and/or improvement of existing methodologies and
possibly to improve the comparability of the performance between difference devices. This
could, to a certain extent, be done with contributions to the broader marine energy
community by sharing gained knowledge and results in the form of publications and
collaboration.

1.3 Thesis outline

In Figure 3, an overview is given of the WEC concepts investigated during this research
project and they are organised relative to the type of investigation. The desktop studies refer
to investigations that assess a concept on a broader and technical level in order to present a
general appreciation and summarize the identified relevant information regarding the
concept. Other investigations have been based on tank testing or on sea trials; all aimed at
analysing the power performance of the concept and at estimating the energy production of
their full-scale and commercially ready versions.

Desktop study
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Figure 3: Overview of the WEC concepts investigated during this research project, ordered by
investigation type.



This has led to various documents presenting the performance analysis and estimation of
the power production of WECs; more specifically published documents of WECs such as
Langlee, WEPTOS, Wave Dragon and the Pico OWC, a publically available report of WavePiston
and two confidential reports evaluating the concepts of DexaWave and SubC Partner [17-25].

Other related documents, regarding tank testing and performance analysis based on sea
trials, have also emerged from these investigations. Three tank testing reports have been
produced within the Wavetrain2 consortium, focusing on the state-of-the-art, tools and
methods improvements and the case studies of Wave Dragon and Oyster WEC [26]. Within
EquiMar, which was a European project that aimed at creating “high level” protocols for the
equitable evaluation of marine energy converters, a methodology for equitable performance
assessment and presentation of marine energy converters was developed [27]. This
methodology was further enhanced and can be found in appended Paper A, B and D [28], [29].






2. Background

2.1 Thesis in context with current literature

Various documents have been published, by different research entities in several countries,
regarding the development of WECs and the performance analysis of WECs based on tank
testing and sea trials. However, it has been shown that there is a need of having (even) more
developed standards in ocean energy as they are expected to contribute positively to the
development of the industry [16], [30].
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Figure 4: Overview of guidelines and protocols regarding the development of WECs.

A broad, and reasonably coherent and clear description is given of the different
development stages through which WECs are suggested to go; the main representative
documents in this regard are [15], [31-34]. They propose a 5-stage development path that
begins with basic tank testing and finishes with a multi-device array at commercial scale. The
aim of each stage strongly depends on the model and environment in which it is being tested
and also on the experience and knowledge level of the project. In general, the staged
development process aims at reducing risks and at gaining confidence in the technology, by
giving some defined goals and the possibility to assess the economic viability of the project at
each stage. An overview of these development stages is given in section 2.3.

The topic of tank testing has also been covered in various publications of which the main
ones are [31], [33], [35-40]. These documents cover all the different aspects involved; from
testing equipment to data acquisition and processing, to analysis of the hydrodynamic
behaviour of the tank test models. While they are very complete in many matters, they can
lack some descriptions and specifications in others. In the scope of this document and
research project, a complementary vision and a set of useful tools for actual performance



analysis for tank testing of WECs are given. The focus has been on the selection and definition
of the wave conditions to be used for lab testing and the procedure and related calculations
required to estimate the energy production of a device.

Relative to the data analysis and presentation of the performance of WECs based on sea
trials, the existing documents present methodologies focusing more on commercially ready or
well-functioning devices rather than on WECs that are still being developed. Some of these
related documents are [33], [41-47]. A methodology has been developed and applied to two
case studies, and it focuses on an equitable tool to perform a performance analysis and
presentation of a WEC based on sea trials. More precisely, the methodology can be applied to
the performance data from any WEC at any scale and stage of development, as long as it is
tested in real sea conditions.

2.2 Types of wave energy converters

Due to the wide diversity in ways energy can be absorbed from the waves, a multitude of
concepts and applications exists for each of them. Currently, around 150 wave energy
developers are listed on the European Marine Energy Centre (EMEC) website [48]. These many
concepts can be classified or catalogued on various different ways [49], e.g.:

e Traditionally these are attenuators, terminators, point absorbers and overtopping
devices; however from a fundamental physics perspective they can be separated in
two main categories: overtopping and inertial mass devices.

e Relative to their location of implementation: offshore, near-shore or onshore.

e Relative to their operating principle or force that creates the motion of the
hydrodynamic sub-system: Buoyancy force, wave force, pressure differential.

e Type or medium of the power take off system: e.g. air turbine, water turbine,
pressurized hydraulics, mechanical, linear generators.

One of the most representative ways is the classification proposed by Falcdo [50], which
groups the devices into three main categories: Oscillating water columns, overtopping devices
and wave-activated bodies. Wave-activated bodies can be divided further into four
subcategories: heaving buoys, pitch/surge devices, surge/heave/pitch devices and yaw/heave
devices [51]. The exact terms of these sub-categories have been slightly updated, as these are
found to represent them better, and are given in the following figure.
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Figure 5: Different types of wave energy technologies [50], [51].

The oscillating water column (OWC) takes advantage of the bidirectional airflow through a
turbine created by the oscillating motion of the water level in the chamber, which is induced
by the oscillating motion of the incoming waves. They have the particularity that the wave
motion is converted into airflow and thereby require an air turbine. This is probably the most
widely researched working principle in wave energy, and a few full-sized OWC prototypes
have been built and deployed in coastal waters worldwide. The majority were constructed
onshore or integrated into breakwater (e.g. Pico OWC, Limpet, Mutriku), while others were
floating but relatively near shore structures (e.g. Mighty whale, Oceanlinx, OE Buoy).

Wave-activated bodies absorb the energy from the waves by having one or several large
components or bodies in oscillation with the waves. Their PTO system can be placed between
the moving bodies or between the moving body and a fixed or floating reference frame. The
type and/or direction of movement of the bodies can differ depending on the concept, which
are represented by four subdivisions. Heaving buoys correspond to WECs where the main
body (-ies) translate (essentially) vertically (e.g. WaveBob or Seabased). They are also
frequently referred to as point absorbers. The pitch/surge devices are normally composed of
(a) bottom or top hinged flap(s) that rotate around a horizontal axis, however this vertical flap
could also just translate horizontally. They can be connected to the seabed (e.g. Wave roller
and Oyster) or to a floating reference frame (e.g. Langlee or Wavepiston in case of surging).
The surge/heave/pitch devices aim at taking advantage of the kinetic and potential energy in
the waves by combining different degrees of freedom. Some good examples are Salter’s Duck
and Searev. The yaw/heave devices are normally composed of various bodies, which articulate
with the waves relative to each other, such as Pelamis, McCabe Wave Pump and DexaWave.



The PTO system can be of various kinds for wave-activated bodies as they strongly depend on
the technology, but most frequently they are equipped with a linear generator, a hydraulic or
mechanical PTO system.

Overtopping devices can be floating or fixed structures and collect water in a reservoir
located above the mean water level, by the interaction of waves on an inclined slope. The
water then flows back to the ocean through a water turbine. Examples are the Tapchan, SSG
and Wave Dragon.

A few other basic concepts of wave energy converters exist, however they are not very
numerous at sharing the same principle and none of them currently appear to have the
potential to become so.

2.3 Development phases of a WEC to commercialisation

2.3.1 Overview

From invention to commercialization, the development of a WEC has to go through several
phases. This normally includes several models of different sizes (scaling ratios) that will be
used and assessed at different places and under different conditions. The “best practice”
development path of a WEC consists of five main development phases. Each phase goes along
with new challenges and objectives, as the size and amount of resources that is involved
increase along with the phases. The main idea is that in each phase some specific aspects of
the device are investigated in order to collect some specific information, which enables the
continuation of the development and the investigation of the potential of the concept.
Experience has proven that following this pathway mitigates technical and financial risk or as
said by Holmes & Nielsen (2010): “Following a development plan is not a guarantee for
success, but not following one is probably a pathway to disappointment, lost time and wasted
resources” [33]. In general, the cost and time related to each phase tend to increase with the
development phases, while the number of options and unknowns decrease.

Besides the approach of development phases, which are closely linked to the types of
models that are used in the development of WEC, a more globally applied programme can be
used, such as the Technical Readiness Level (TRL). This development programme consists of
nine levels that enable the assessment of the maturity of the technology through its
development. This development programme can easily be combined with the 5-phased
development process [52].

Through the various development phases of a WEC, different models are used at different
sizes that should be comparable in order to gain experience and make information
transferrable. Therefore, scale models should ensure similarity between models in the Froude
scaling numbers as inertia/gravity forces are dominant [36].

The various development phases and their particularities are summarized in Table 1 and
explained in detail in the following sections.



Table 1: Details of the 5 development phases for wave energy converters [31-33].

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Proof of concept Design and feasibility Functional model Demonstration Economics
) 1.Confirmation of 4.Sub-systems 5.Sub-assembly bench 7. Solo, sheltered, grid 9. Multi-device
Technical .
) operation assessment tests emulator array (3 - 5)
Refdmfss 2.Performance 6. Full system sea 8. Solo, exposed grid
eve 3.Device optimisation
Scale 1:20-1:100 1:10-1:50 1:3-1:10 1:.1-1:2 Array (1:1)
Location laboratory Laboratory Benign site Open seas Open seas
Time 1-6 3-12 6-24 624 12-60
[months]
;“%izt] 1-50 50— 250 1000 — 2500 10000 - 20000 25000 — 75000
Idealized setup Final design Full fabrication First fully operational device  First multi-device
Model Load-adaptable PTO Mooring layout True PTO and
Standard mooring Simulated PTO Electrical generator
Perf
Concept validation er .orma‘mce Real sea performance Operation and procedures Array interaction
estimation
Electrical li i
Performance estimation Parametric study Wave-to-wire model ectrica :uu:pllt/y and grid Production line
. . Detailed numerical .
Design variables . Control strategy Overall performance Economics
L. calculation
Objectives

PTO & mooring
characteristics
Loads & movements
estimations

Estimates on cost

Feasibility study

PTO design
Sea keeping

Mooring forces

Survival & sea keeping

Marine environment

Control strategy

Survival

Service schedules

Components life



2.3.2 Phase 1: Proof of concept

The preliminary Phase 1 tests are intended to verify and prove the working principle of the
model. The reduced-scale (lab) model, normally having a scaling ratio between 1:20 to 1:100,
is not necessarily an identical copy of the intended shape of the full-scale device but it at least
includes the basic working principle. Therefore, it is also called the validation model. It is often
configured in a way that allows easy and quick modifications on the structure or other aspects
of the model.
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Figure 6: lllustration of a concept validation model (Phase 1):Drawing of the test setup and picture of
the respective lab model of the WavePiston (1:30 scale) model [17].

The corresponding lab tests are normally executed in three steps in order to answer the
main initial requirements. These three sub-phases are:

e Concept verification: monochromatic waves are normally used to verify the
mathematical model, to check the general hydrodynamic behaviour of the model and
to feel the range of usage of the power take-off (PTO) system.

e Performance estimation: after identifying the range of the loading of the PTO system,
the performance of the model is investigated and thereby optimized for different sea
states, with irregular waves having a defined wave spectrum. These sea states, usually
5 — 10, characterise a certain location of interest. At Aalborg University and generally
in Denmark, the five standardized sea states describing the Danish seas are used as



reference, which is useful as the results of different devices are then comparable. If
required, they can be complemented or substituted by sea states characterizing
another location [37].

e General characteristics identification and optimisation: depending on the working
principle and configuration of the model, various characteristics such as the response
amplitude operators (RAO) for relevant degrees of freedom or mooring forces can be
evaluated, but also alterations to the model can be made in order to see their effect
on the performance. This provides valuable information for the further development
and design of the next model.

2.3.3 Phase 2: Design and feasibility study

The Phase 2 tank tests are usually done on an improved model, based on the results of
Phase 1 and (possibly) also on structural or hydrodynamic numerical investigations. This
improved model should lead to the final design of the real sea going device. The Phase 2 tests
are meant to validate the Phase 1 tests and fine-tune some parameters, but not to make any
drastic modifications to the device, so the results given at the end of this phase lead to the
final design. The tests are performed with 2D irregular waves, but they can be initiated with
regular 2D and be finalised with 3D waves. There might be a limit to down-scaling some of the
components of the device, such as an integrated PTO system, therefore a bigger model is
often used than for the proof of concept. Scaling ratios between 1:10 and 1:50 are common.
This round of tests will follow a relatively similar procedure as in Phase 1, except that these
tests should be more accurate as the model should be more representative of the final design
of the device. A more explicit analysis should be done on the PTO system, as this one should
be more realistic and flexible. Also, other tests on design and wave condition alterations
should be performed in order to reduce the list of variables. In most cases, additional sensors
will be installed in order to monitor more parameters.

Figure 7: lllustration of a Phase 2 WEC model, the WEPTOS WEC during tank testing [19].



2.3.4 Phase 3: Functional prototype

The prototype for this development phase typically has a scaling ratio between 1:3 and
1:10 and will normally be installed in a benign site having non-controllable real sea waves. The
physical design of this prototype should be similar to the one in Phase 2, except for some
minor modifications, and it should contain the same type and layout of PTO system intended
for use in the full-scale device. The manufacturing, deployment, commissioning and actual
operation will give a very good approach to the full-scale equivalent and therefore be highly
valuable. A grid connection and use of power electronics are also strongly recommended as it
might be part of the control strategy, and the quality of the electricity supply is an important
parameter in the wave-to-wire model. At the end of this development phase, a good
estimation should be possible of the overall cost of the full-scale device, the wave-to-wire
performance model and of the control of the system. Moreover, valuable experience should
have been gained in the required equipment and the main complications related to the
construction and commissioning of the full-scale device.

Figure 8: lllustration of a Phase 3 WEC prototype, the Wave Dragon scale 1:4.5 being tested in the
benign site of Nissum Bredning [22].

2.3.5 Phase 4: Demonstration

The last development phase of the individual device prior to commercialisation includes a
fully functional prototype of the device installed in open seas. This model might be composed
of just a section of the complete device in order to reduce costs, and it should be built in half
to full-scale (1:2 — 1:1). The main objective should be to demonstrate that a fully operational
unit can be operated safely and with confidence. Therefore, a grid connection and electricity
sales must be part of this phase.



Figure 9: lllustration of a Phase 4 WEC device, the full-scale operational wave energy plant Pico OWC in
storm conditions [23].

2.3.6 Phase 5: Economics

After the successful development of the device, it is time to demonstrate the economic
viability and the operation of a large project of full scale and possibly with several WECs. This
relatively small array of WEC devices will be composed of the individual devices that have
been technically proven and thereby should bring a relatively low technical risk. The devices
should also have been proven able to produce the expected levels of energy at the end of the
previous stage. Therefore, the focus will be more set on finding investments and promoting
and selling WECs, as the economic predictions of the device should be able to present the
economic feasibility of large arrays, possibly in the range of 50 — 100 MW, with current market
conditions. Negotiations with governmental bodies on the environmental impact and
legislation will become primordial, especially for the first devices that will reach this stage as
WEC will have to win their space in the ocean.

Figure 10: lllustration of Phase 5, array of two Pelamis P2 WECs undergoing trials at EMEC [53].
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3. Ocean waves

3.1 Wave characteristics

Ocean waves can be characterized through a vast number of wave parameters, but
summarized quite accurately by a small number of basic statistics [54], [55]. Irregular waves
are often described by a spectrum (S;) that indicates the amount of wave energy at different
wave frequencies (f). Several spectral characteristics and wave parameters can be directly
calculated from this time series representation by the use of spectral moment, m,. The area
under the spectral energy function is the total energy of the wave spectrum and is often
defined by the parameter m,. Higher spectral moments are calculated using Eq. (1); n may
take any integer value (positive and negative).
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The most important wave parameters are

e The standard deviation of the sea level is given by the significant wave weight (H;),
which corresponds to the average of the highest one-third of through-to-crest wave
heights, or the significant wave height estimated from the spectral moments (H,,)
[56], [57].

Hy = Hyo = 4Jmy (2)

e The energy period (T.) or mean wave period with respect to the spectral distribution
of energy, here denoted by T.;, is defined by
Te=T_10= mm__ol )
Instead of T,, the peak wave period T, and the zero-up crossing period T, is most commonly
used as characterising parameters of the wave period. The peak wave period T, indicates the
predominant wave period, without taking the rest of the wave spectrum into account, while T,
represents the average energy period of the whole wave spectrum. The main advantage of T,
is that it can be used directly to calculate the average wave power level, while T, requires a
coefficient to match it to T, which requires knowledge of the spectrum. However, as
representative wave parameter to which the performance can be presented or assessed, T,
might be more adequate, e.g. for a resonant based WEC.

The ratios between different parameters that describe the wave period depend on the
spectrum. For a JONSWAP spectrum with a peak enhancement factor y = 3.3 the ratios T,,/T, =
1.286 (and a ratio of T./T,=1.15 can be assumed), while for a Pierson-Moskowitz spectrum (y =
1) the ratios T,/T, = 1.40 [58], [59].



Typical Atlantic oceanic values of T, and H, range roughly between 5 and 15 s and 0 and 10
m. Based on these parameters, the omnidirectional wave power (in kW m™) can be calculated
[60], with the wave number based on the energy period k, and taking the water depth h into
account, by

2
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Oceanic wave conditions can be composed of various wave fronts, e.g. waves from a locally
generated wind sea and swell originated from a distant weather system, coming from
different directions. In order to adequately describe the wave conditions, other parameters
should be included such as the overall spectral shape in both frequency (spectral bandwidth)
and direction (directional spreading) [54] [61], but it might even be complemented with
information regarding the wind, tidal currents or other environmental parameters. The details
required of the wave climate go together with the advances of the development of a device.
Basic information such as the scatter diagram, representing the joint probability of the
significant wave height and period, can be sufficient for basic tank testing. However, specific
details of the frequency and directional spectrum and possibly other parameters will be more
important for making accurate predictions of the annual energy production (AEP) at a certain
location of interest or verification of sea trial results [62].

The wave power content in a wave train decreases in shallow water as a result of several
mechanisms. In intermediate and shallow waters, the waves are influenced by the sea bed,
creating turbulence by breaking waves and friction by the seabed and marine growth while
the waves start to align with the shoreline due to refraction, which can possibly extend (or
reduce) the length of the wave front.

3.2 Waves climates

Different locations are characterized by different wave climates, even at similar wave
power levels, meaning that the main wave parameter (Hs and T,) will range between different
limits and present different combinational trends. The relationship between H; and T, (for
western European locations) with the wave power level has even been shown to be
geographically dependent as it can reasonably well be divided into four geographical zones
[63]. Besides being location dependant, the range of H; and T, and their relationship is also
strongly influenced by the water depth and surrounding bathymetry.

The relational trend between H, and T, together with the variability can be represented by
the best linear fit between the calculated average T,, weighted against the probability of
occurrence, for defined increments of H,. This approach has previously been used in [64] and
explained and analysed more thoroughly in Appendix A. This approach presents the wave
climate by a linear regression line, following Eq. (5), and a measure of the variability between
H; and T, given in terms of “residual sum of square error” (RSSE, Eq. (20) on page 63).



H5=aTe+b (5)

The relational trend between H; and T, can possibly also be represented by a
transcendental function as, described in Eq. (6). However, some additional study would be
required in order to conclude which representation is the most accurate.

Hs=aT,’ (6)

The relational (linear) trend and variability between H; and T, for different wave climates
are presented together and with constant wave steepness (Sp;) curves, based on deep water
approximation, in the following Figure 11 . However, they are represented separately and with
more details in Figure 12.
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4EmEC =1 EMEC
— - =Wavehub

BIMEP

Sp,0=0.01

Waveh.ub+
2
‘ 0
3 5 7 9 11 13 15
Te [s]
Location a b Average RSS
Hanstholm 1.18 -4.86 1.41
Danish North Sea 1.08 -4.76 0.63
EMEC 1.20 -6.99 1.57
Wavehub 1.05 -6.83 1.56
BIMEP 0.99 -7.90 5.29

Figure 11: Presentation of the linear trend between H and T, for different wave climates together with
the wave steepness (S, that is based on deep water approximation), and a table with their inclination,
offset and variability between H; and T..
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Figure 12: Representation of the wave conditions at four different Western European locations, given in terms of probability of occurrence and wave energy contribution, together

12r

10}

12

10

Danish North Sea - 16 kW/m - 39 m water depth

Wavehub - 17 kW/m - 50-60 m water depth

Probability of occurence Wave Energy Contribution - Probability of occurence i Wave Energy Contribution
12¢ r -
“=  Contour Prob 2 / == Contour Prob
— — Linear fit / / — — linear fit Hs-based
B  Hs-based WS / Hs = 1.08 Te - 4.76 @ Hs-based WS
4P RSSE 10F  Average RSSE = 0.627/ 0T | -ughe ase 10
< / / ./
a 8t / 8} Hs=105Te-683 /
Average RSSE = 156/
_ . / = ;
: - < 6 < of
1 B 1 2E
4} > 4t
2t 2t
1 1 1 N 0 l . 1 1 1 3 0 1 1 1 J 0 L J
5 10 15 20 5 10 15 20 5 10 15 20 15 20
Te[s] Te[s] Te[s] Te[s]
EMEC (Billia Croo) - 29 kW/m - 50 m water depth BIMEP - 21 kW/m - 50-90 m water depth
Scatter Diagram 5 Wave Energy Contribution Probability of occurence Wave Energy Contribution
o 1 o 12 2 12
— == Contour Contrib / = Contour Prob
Hs=1.2Te '6;991 57 J — — linear fit Hs-based ? — — linear fit Hs-based £ /
Average RSS = 1. % - B Hs-based WS il B Hs-based WS / % /
bad B> RSS 4P RSSE / V4
0 /
= s 8 Hs =0.991Te 7.9 //
Average RSSE =5.29 /
E E E /
. © ® ‘@ 6
A xL T
4
4 4
4
2 2
4
i ; 0 e ; ; 5 0 -
15 20 5 10 15 20 0

Te[s]

Te[s]

with a representation of the relational trend and variability between H; and T,.




The curves in Figure 11 show the different relational trend between H, and T, for different
locations. Most linear regression lines have approximately the same inclinations, however
some are characterised with higher wave periods for given wave heights, which results in their
curves being located more to the right of the figure. The more they are located to the right
means the less steep the waves are at the respective locations, which can be seen from the
lines with constant wave steepness (S, = C"). Depending on the working principle of a device,
it might favour more or less steep waves. However, in most cases, the wave steepness has a
significant influence on the performance and most devices tend to perform better in steeper
waves, which correspond to the curves located on the left.

The variability relative to the relational trend between H; and T, is given in the table at the
bottom of Figure 11. As can be seen on Figure 12, the variability is also significantly different
for the various locations. Here again, depending on the working principle of the device the
rate of variability could have a significant influence on the performance and possibly on the
design of the device. However, information regarding the directional spreading and frequency
spectrum, design wave height and period, and the distance to shore can also be of great
importance to the selection of the optimal location to operate a WEC or vice-versa to the
selection of the optimal WEC to operate at a location.

In Figure 13 an example is given of the influence of wave climates on the annual (absorbed)
energy production (AEP) of the WEPTOS WEC, of which the respective lab model is presented
in Figure 7. The AEP is estimated for different scaling ratios relative to the lab model, based on
the methodology described in paragraph 4.5.2 and the maximum energy absorption was
limited in order to have a load factor of 0.44. The influence of the wave climate on the AEP is
significant as the WEPTOS WEC, at a scaling ratio of 35:1, is estimated to produce
approximately 1.84 times more energy at the Danish North Sea than in BIMEP, while the
corresponding wave power level is lower (16 compared to 21 kW/m).
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Figure 13: Estimations of the annual (absorbed) energy production of the WEPTOS WEC for different
scaling ratios and locations, while limiting the maximum absorbed power in order to have a load factor
of 0.44 [65]. (These performance findings cannot be applied to all other devices)



3.3 Sea states

A description of the wave conditions at a certain location may be required in a more
condensed way than given by a scatter diagram, e.g. it would be too time-consuming to
optimise and assess the performance of a device for all the bins of the scatter diagram during
tank tests. It can therefore be favourable to reduce the amount of tested wave conditions, in
order to gain time and be able to be more focused and assess more variables. In practice, this
can be done by grouping various bins of a scatter diagram into a limited amount of zones, also
referred to as “sea states” (SS). The Danish part of the North Sea (Point 3) is for example
commonly represented by five sea states, which represent the wave conditions in which WECs
would operate, and three sea states describing the design wave heights [3][32]. These
operational wave conditions are used during tank tests in order to estimate the annual energy
production (AEP), while the extreme wave conditions serve to assess the maximum loads and
possibly other parameters of the device. The tank tests based on the sea states should be
complemented with an analysis of directional spreading and frequency spectrum. Other
examples in which sea states have been used for the estimation of the AEP can be found in
[66][67][68].

The selection of sea states for the estimation of the AEP of a WEC has to be done carefully.
The large variability in wave conditions between different locations (as illustrated in Figure 12)
can make the use of sea states less effective. It could result in a loss in accuracy relative to the
use of the complete scatter diagram for the estimation of the AEP, however this should be
limited if they are selected carefully. As no corresponding methodology or common practice
has been put forward up to date to define sea states, the following recommendations are
suggested:

e The amount of sea states should be limited (less than 10 preferably) and should be
selected in order to cover the wave energy contribution diagram as well as possible.

e The wave energy contribution of each sea state should be between 5 and 25 % of the
total, while having a probability of occurrence of at least 0.5 % of the time,
corresponding to 44 hours annually.

e |t is suggested to have the same size of zones (identical intervals of H, and T,) for
different sea states, as this can give a sense of the accuracy of the sea states.

e As the optimal size of a WEC in terms of AEP (usually) increases proportionally with
the wave power level of a site, it can be reasonable to have larger sizes (larger
intervals of H; and T,) of sea states when describing more wave energetic locations.

e For the estimation of the AEP, there is no real need for including the extremely small
wave conditions, even if they frequently occur, or the extremely large wave conditions
, Which usually rarely occur, as they will not contribute significantly to the AEP [68].
This is due to their low wave energy contribution, as they are characterised by a low
probability of occurrence or low wave power level, and a WEC has a significant
reduction in performance at wave conditions distant from the prevailing wave
conditions, as its size and performance is normally not optimized for them [67].



Scatter diagram

Hs\ Tz 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5
0.25 0.0066 0.0056 0.0030 0.0023 0.0011 0.0007 0.0003  0.00005
1 0.0453 0.1650 0.0906 0.0347 0.0131 0.0047 0.0019 0.00069 0.0001 0.00004 0.00007 0.00005
2 0.0018 0.0368 0.1604 0.0650 0.0229 0.0099 0.0032 0.00121 0.00009 0.00005 0.00005
3 0.0003 0.0187 0.1084 0.0335 0.0071 0.0033 0.00171 0.0004 0.00007 0.00002
4 0 0.01021 | 0.05565 0.01163 | 0.00209 0.00052 0.00034 0.00021 0.00005
5 0.00002 | 0.00729 0.02391 | 0.00301 0.00069 | 0.00031 0.00014 0.00005 0.00005
6 0.00012 0.00603 | 0.00691 0.00052 | 0.00007
7 0.00002 0.00009 0.00026 | 0.00352 0.00152 | 0.00016 0.00005
8 0.00062 0.00288 | 0.00017
9 0.00086 0.00073 0.00002
10 0.00002 0.00043 0.00016
11 0.00011 0.00014
12 0.00004
Wave Energy Contribution
Hs\ Tz 3.5 45 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5
0.25 | 0.00003 0.00003 0.00002 0.00002 0.00001 0.00001
1 0.0032 | 0.015 0.010 | 0.0046 0.0020 | 0.00082  0.00036 0.00015 0.00002 0.00001 0.00002 0.00001
2 0.0005 | 0.014 | 0072 | 0034 0014 | 0.0068 0.0025 0.0010 0.00008  0.00005 0.00006
3 0.00021 [ 0.019 | 0129 | 0046  0.011 0.0057 0.0033 0.0008  0.0002 0.00005
4 0 0.022 0.14 0.032 0.0065 0.0018 0.0013  0.00086 0.00022
5 0.00007 | 0.028 0.10 0.015 0.0037 0.0018  0.0009 0.0003  0.0004
6 0.0007 | 0.038 0.048 0.0040 0.0006
7 0.0001  0.0007  0.0022 0.033 0.016 0.0018  0.0006
8 0.0077 0.039 0.0026
9 0.015 0.014  0.0004
10 0.010 0.004
11 0.003 0.004
12 0.001
EMEC - Billia Croo .

Sea Hs Tz Te Contrib Prob Pwave Pwave*Prob

State [m] [s] [s] [] [] (kW/m] [kW/m]

1 1.52 5.2 6.4 0.11 0.45 7.2 3.24

2 1.72 6.8 8.3 0.06 0.14 11.9 1.61

3 3.09 6.4 7.8 0.17 0.14 36.3 4.97

4 3.66 7.7 9.4 0.23 0.11 61.4 6.61

5 5.18 8.3 10.1 0.17 0.04 133.4 4.97

6 5.69 9.6 11.7 0.07 0.01 186 2.06

7 7.43 10.1 12.3 0.10 0.01 332 2.83

sum 0.90 0.89 26.3

Figure 14: Example of a possible sea states selection for Billia Croo at EMEC, which are represented on
the scatter diagram (top figure) and on the wave contribution diagram (middle) and summarized in the

table.

The sea state selection in Figure 14 contains seven sea states with the same parameter
intervals of 2 m and 2 s for the respective H; and T, axis. They represent 90 % of the wave
energy resource and 89 % of the probability of occurrence, or in other words 7,801 out of the
8,770 annual amount of hours and an average wave power level of 26.3 kW/m instead of the
29.3 kW/m, which can be derived from the scatter diagram. These values could be increased
by adding more sea states, however (as previously mentioned) the largest loss in Prob and
Contrib is in the smallest (below 0.5 m H,) and largest (above 8.5 m H,). These wave conditions
do not contain a significant wave energy contribution (smallest wave conditions) or have very
low probabilities of occurrence (largest wave conditions). Moreover, in these extremely small



and large wave conditions, a WEC will probably perform poorly as it is not optimized for these
wave conditions. Therefore, the inclusion of more sea states will not influence the estimation
of the AEP considerably.

The wave energy contribution of every bin of the scatter diagram to the overall wave
energy resource can be calculated by:

— (Pwave) bin - Prob bin (7)
Zﬁin:1 ((Pwave) bin - Prob bin)

Contriby;,

The characterizing H; and T, values of every sea state are the average of the environmental
parameters of the various bins included in a sea state weighted by their corresponding
probability of occurrence. Herewith, the corresponding wave power (P,q.), Which should take
the water depth into account, can be calculated (Eq. (4)). The corresponding equations to
calculate the characterizing H; and T, for each sea state are:

(8)
b Yhine1 Hspp - Probpin

N

and

T _ Zgin=1 Tebin . Prob bin (9)
°ss Ybin=1 Probpin

While, the probability of occurrence (Probss) and the wave energy contribution (Contribss)
of a sea state correspond to the sums of the respective values of the bins that each of them
include.

3.4 Wave propagation based on Artificial Neural Networks

Being able to define the propagation of ocean waves can be very useful, e.g. to estimate
the wave resource at a certain location or to make short-term predictions on incoming waves
based on measurements made at another location, and can be done in various ways. The most
adequate tool will depend strongly on the availability of information and complexity of the
location. Some numerical models, e.g. SWAN or DHI Mike 21, can estimate near-shore wave
propagation, but they require extensive knowledge about, for example, the local bathymetry,
the water level and water currents. Herewith, they are capable of giving some good
predictions but they still remain limited in applicability and robustness.

Another possible approach, which corresponds to a “black box” approach and requires
almost no knowledge relative to the local environment, can be based on Artificial Neural
Networks (ANN). In order to establish this model, measurements from the various output
parameters at the location of interest and the input parameters at the initial reference
location are required. The measured parameters at the reference location can be continuous



or averaged over large periods of time and should contain the most influential and relevant
environmental and device related parameters, e.g. H,, T,, wave direction, wind direction and
speed, water depth and currents, but also damping of the PTO system or others. While, the
output parameters at the location of interest can be multiple and of different kinds as they
can include environmental as well as device related parameters, such as H; and T,, but also
loads on the structure or even energy production. Based on both sets of data, the ANN model
creates a transformation function, which can be applied to any similar data. This means that
the ANN model can be applied to any similar sets of data as long as it has been established
with data acquired in similar environmental conditions.

One of the main advantages of ANN is that it can potentially be more accurate than the
numerical SWAN model, which has been analysed and showed in the appended Paper [69]. It
can also be used in locations where the bathymetry is unknown or where the general
environment is complex, e.g. in the middle of an island groups. ANN has the capability to
predict average wave conditions over large time steps. e.g. 30 min, but also wave by wave
predictions based on the distant measurement [70]. Therefore, it forms an outstanding tool
for the prediction of overtopping or wave loads and for the optimization of the control of
WECs. In order to further improve their accuracy, different ANN models could possibly be
made for limited ranges of environmental or device related parameters of influence, which
would make them more specific and thereby more accurate.
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4. Performance assessment of WECS based on tank testing

4.1 Overview

Experimental tank testing is a key aspect in the early development stage of WECs. This
accessible and controlled environment enables intensive research on the design, performance
and behaviour of the device, by allowing modifications to the model, PTO system and wave
conditions, at a fraction of the cost of sea trials. Further, sea trials may not include extreme or
specific conditions with low probability of occurrence. This document especially focuses on the
performance assessment of WECs and less on other valuable information that has to be
assessed during tank testing, such as its hydrodynamic behaviour and loads in operational and
extreme wave conditions. However, these topics are still addressed in some of the appended
papers.

Tank testing requires the modelling of wave conditions as well as of the WEC. The wave
conditions used during the tank tests can represent the wave conditions at a specific location
or they can be selected explicitly to create a general overview of the performance of the
device, which could be used for the estimation of the performance of the device at various
locations and possibly at different scaling ratios. The model and the selected wave conditions
have to be scaled following a defined scaling ratio and scaling law. The scaling ratio needs to
be the same for the model as for the wave conditions and they should follow Froude’s scaling
law, which ensures similarity in between model and prototype for conditions dominated by
inertia or gravity forces, which is generally the case for primary conversions in WEC [71].
Unfortunately, not all the parts in the power conversion chain, from wave-to-wire, of a WEC
can be scaled accurately, such as losses in components and possibly the power take off (PTO)
system. Therefore, often only the first energy conversion step (from wave-to-absorbed power
by the device) is measured on the model. The following power conversion steps can then be
added in order to estimate the annual energy production (AEP) of a full-scale production unit.

Although experimental tank testing occurs in an artificial environment, it can still give a
good representation of the performance and behaviour of a full-scale device in real-sea
environment. The Phase 1 assessment should give performance estimations at approximately
20 % accuracy, while the Phase 2 tests should be more detailed and have an error margin
around 5 % [3]. The significant increase in accuracy between the results of Phase 2 and Phase
1 tests mainly results from the better resolutions of the waves (more sea states) and various
improvements of the model, such as the enhanced representativeness of the design of the
model and the improved PTO controllability.



4.2 Selection of the wave conditions

Depending on the stage of development of the device, there can be different needs in the
required details regarding the wave conditions of the location where the device is intended for
installation. The use of sea states, which are a limited amount (5 - 10) of wave conditions
describing the wave climate at a location of interest (described in paragraph 3.3), is adequate
for various investigations, such as:

e To perform a proof of concept or in order to obtain a coarse but still representative
performance analysis of a device for a given location.

e To perform parametric studies on more detailed wave parameters, such as directional
spreading and frequency spectrums, or on device related characteristics, such as
design specifications and basic control strategies. In other words, they are very
practical for investigating the effect of variables on the performance and
hydrodynamic behaviour of the device, as they can be analysed methodologically in a
limited amount of wave conditions.

e To validate numerical models on a few specific and relevant wave conditions.

However, there is a need for a more elaborated description of the wave conditions when

e A more accurate estimation of the energy production of the device is required for a
specific location where the device is intended to be implemented and for which a
detailed description of the wave conditions exists.

e A power matrix (performance relative to H; and T,) has to be made for a certain
location.

e A broad screening and overview of the performance and behaviour of the device
needs to be given, which could be used to evaluate the performance and describe the
optimal scale of the device at different locations.

The use of an elaborated list of to-be-tested wave conditions will provide a better
representation of the performance of the device, but will be much more time-consuming and
should thereby only be performed for an advanced lab model (Phase 2).

4.3 Description of the performance

For experimental tank testing, it is suggested to measure the absorbed power (P psorpeq) bY
the device as early as possible in the power conversion chain (from wave-to-wire), in order to
give the best representation of the primary working principle of the device. The following
power conversion stages should not be incorporated in the performance measurement, as
they physically could be subject to modifications and their losses and topology might be
difficult to scale. This Puusomeq DY the model can be of many different kinds, e.g. mechanical,
pneumatic or hydraulic, as it depends on the working principle of the device (as has been
presented in section 2.2).



Based on P.s.meq and the available wave energy to the device (P,ave), the non-dimensional
performance (n or sometimes also referred to as efficiency) can be calculated. The fact that it
is non-dimensional presents the advantage that the same value can be used for different
scales of the device, which only affects the corresponding wave parameters. The available
wave power to the device corresponds to the average wave energy content per meter of wave
front multiplied by the characteristic or active width of the device (width ,uv.), Which
corresponds to the width of all the components of the device that are actively involved in the
primary conversion stage from wave to absorbed energy.

Pabsorbed (10)
Byave - Widthgctive

n:

Depending on the tested wave conditions, a performance curve (2-dimensional) or surface
(3-dimensional) can be created, which represents n relative to one or two wave parameters
and are illustrated in Figure 15. The performance curve or surface could present n relative to
its most influential wave parameter (T, or H;), which should be determined during the tank
tests, or relative to corresponding non-dimensional values, e.g. T, could be made non-
dimensional by dividing its corresponding wavelength in deep water (L, o) by the diameter of
the main wave absorbing body (d), while H; could directly be divided by d to obtain a
dimensionless parameter [72]. Note that the most influential parameter can in this case easily
be derived from the performance surface, as n increases significantly with decreasing T,, while
it remains relative constant for different values of H;.

Lp,0/d [-]
20

0
0.6 T o I O
—e— Performance curve Bgt
0.5 (from tests) 05
—&—Non-dimensional =T |
A
performance curve & 4| : f‘“’w gl
04 5 | %”Wr}'ﬂf’r}'
£ ’
o3 5 03 y
_o. £ Tt
. T Vit iy
- 2 - ,Mp,ff T
= A 02 W’“%M’;”lﬂ
0.2 = - il %”
I;,,:" fﬂ fff
01 iy
0.1 v
0
0 1 2

Tp [s]
Figure 15: lllustration of a performance curve and surface that can be obtained through tank testing.
Note that the peak wave period (T,) is used as reference in Figure 15, instead of T.. As the

wave frequency spectrum for all tests was known and user-defined (JONSWAP) it was found to
be more relevant. During sea trials, the wave frequency spectrum cannot be assumed to be



constant, as it can have any shape even be multi-peaked, and thereby it could be more
representative to present the performance relative to T.,.

4.4 Testing procedure for performance analysis

As tank testing is relatively time-consuming, it is important to have a well-defined test
procedure. To begin with, a general appreciation of the hydrodynamic behaviour of the device
should be made. This can in practice be done in regular waves and without any PTO loading,
by making various short tests (0.5 -2 min each) where the wave height is maintained constant
and the wave periods are each time incremented. This should be repeated for constant wave
periods and increasing wave heights, and it could for example be used to identify the
resonance frequency of the structure or of the wave activated body and show the range of
effect of the wave conditions. A similar approach could possibly be used to investigate the
influence of different configurations, for example if the device has an adaptable geometry,
weight or floating level.

valt
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Figure 16: Illustration of the possible hydrodynamic response of a wave-activated body (in this case the
pitch motion) in regular waves of constant wave height but increasing wave period produced in batches.

After the hydrodynamic behaviour, the sensitivity and range of the PTO loading have to be
assessed. In this case, the load should be increased again in batches (0.5 -2 min each) for a
couple of the tested wave conditions. In practice, this can be done by incrementing the load
between each batch by 10 % of its full range and repeated for the smallest, one or two
medium and the largest sea states. Although these tests are not crucial, they often lead to a
significant gain in time. Note that in order T, to maintain the same wave energy content in
between regular and irregular waves, the significant wave height (H,,) from the irregular
waves has to be divided by V2 to obtain the wave height for the regular waves, while
maintaining the same wave period (T = T.). However, in the case that the response or
performance of the device is mostly dependent on the wave period, it might be beneficial to
match the wave period in regular waves with T,, as this is the dominant wave period in
irregular waves.



The actual performance assessment is based on long-crested irregular waves, having a
specific wave spectral shape (e.g. JONSWAP spectrum with y = 3.3). Each test has to last for 20
— 30 minutes, which should correspond to approximately 1,000 waves, and in each wave
condition the PTO load needs to be optimised for optimal energy production (as presented in
Figure 17). Ideally, an exact reproduction of the waves should be performed in between those
tests. Depending on the complexity and possibilities of tuning the PTO loading, this step will
require generally between 3 to 5 tests for each sea state. However, if the device contains
various design variables, then they need to be investigated as well in some of the sea states. It
is therefore suggested to perform the load optimisation, possibly for different setups, in a
precise order; for instance, first for a medium sea state, then a small sea state and finally a
large sea state, in order to create a general overview as quickly as possible. The optimal
performance and setup will thereby be easier to assess in the remaining sea states, as there
will already be a good indication of the range of the parameters.
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Figure 17: lllustration of the effect of the PTO loading on the non-dimensional performance (n), given
for three different cases.

After having obtained the best performance of the device in all the sea states, the influence
of some other wave parameters can be investigated and the influence of some extraordinary
components or modifications on the performance and hydrodynamic behaviour can be
assessed. Regarding the wave conditions, the sensitivity of the performance to the wave
frequency spectrum, wave direction and wave directional spreading (3D waves) should be
investigated. This should be done with various values for them, probably focusing on the most
wave energy contributing sea states. The load optimisation should also be done and their
result should be compared to the reference long-crested irregular waves. The same goes for
the tests analysing the influence of some extraordinary components or modifications on the
performance and hydrodynamic behaviour.



4.5 Performance estimation and presentation

4.5.1 Performance estimation based on sea states (performance curve)

Based on the performance of the device obtained in irregular waves and after optimization
of the PTO load in the tested sea states, the annual energy production (AEP) of the device can
be estimated. Table 2 illustrates how the performance of a device, based on tank testing with
sea states, is calculated and can be presented. The upper part summarizes the wave
characteristics and corresponding performance results for the full-scale model based on n
obtained through tank tests. The bottom part presents the resulting values that give an overall
overview of the performance. Definitions of the different terms are given after the table. An
estimation of the actual generated electrical power (P...) can also be added if the efficiency of
the PTO system (ner0) of the full-scale device is known. This value can (normally) not be
deducted from the tank tests as the rest of the conversion chain after the energy absorption,
from wave-to-wire, will normally not be included in the model or not be representative of its
full-scale version in terms of efficiency.

Table 2: Illustration of the performance results and the AEP estimation based on tank testing with sea
states.

Sea Hs Te Pwave Prob Contrib n Pabsorbed Prob *Pabsorbed Nero Ps/ec

State [m] [s] [kW/m] [ [-] [-] [kw] [kw] 1 [kw]
1 1 4.8 2.4 0.468 0.07 0.32 92 43 0.88 81
§ 2 2 6 11.8 0.226 0.16 0.37 524 118 0.9 472
% 3 3 7.2 31.7 0.108 0.21 0.25 951 103 0.92 875
a 4 4 8.4 65.8 0.051 0.21 0.14 1105 56 0.9 995
5 5 9.6 117.6 0.024 0.17 0.08 1129 27 0.88 993
Sum 0.88 0.82 348
— Weighted average 16.3 0.19 348 0.89 310
§ Maximum Pypsormed [KW] 1129 1005
AEP [MWh/year] 3048 2713
Load factor [-] 0.31

The non-dimensional performance of the device for each sea state (nss), as described in
section 4.3 and by Eq. (10), is the ratio between the absorbed power by the device and the
wave power available to the device for the wave conditions corresponding to the respective
sea state.

The average absorbed power by the device or Pu..meq fOr a sea state can be calculated with
the nss and P, for the wave conditions corresponding to a sea state:

(Pabsorbed)SS =Tss - (Pwave)SS . Widthactive (11)



The overall non-dimensional performance (P,...) can be obtained by the weighted sum of
the nss relative to their wave energy contribution:

n . (12)
Noverall = ZW _17755 .(Contrib)gs

The overall average absorbed power P, is calculated by the weighted sum of the P,usorped
of each sea state relative to their Prob or by taking the product of the overall non-dimensional
performance and the available wave power. Note that P,,. corresponds to the overall
available wave power calculated based on the scatter diagram (the gross available or
theoretical wave resource) and not only what is included in the sea states (technical resource).
If the calculation of Ny is based on the technical resource, then this will be significantly
overestimated.

n
(13)
(Pabsorbed)overall = Zss_l(Pabsorbed)SS- (PTOb)SS

or
(Pabsorbed)overall = Noverall - (Pwave)m;erall . Widthactive (14)

The annual (absorbed) energy production (AEP and given in kWh) is then obtained by
multiplying (Pussorbed)overan DY the duration of a year (8766 hours):

AEP = 8766. (Papsorvea) overail (15)

The load factor (LF) represents the average usage of the installed capacity, which
corresponds to the ratio between the overall average absorbed energy and maximum
absorbed energy in any wave condition. This, however, does not take the possible fluctuations
of Pussorbeg Within the individual wave conditions into account.

_ (Pabsorbed)overall (16)
maximum (Pabsorbed)SS

Figure 18 presents an example of the evolution of nss over the various sea states together
with their corresponding wave energy contribution, absorbed power and the product of the
absorbed power with the probability of occurrence.
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Figure 18: Example of the representation of ns(blue line), Contribss (red line), Pyysorved aNd Prob* Pupeorpeq
for the different sea states, based on the values given in Table 3.

The representation of the performance enables to visualise the evolution of the various
parameters over the different sea states. In this case, the non-dimensional performance peaks
at sea state two while the maximum wave energy contribution can be found around sea state
three and four. In order to make these peaks match, the full-scale device needs to be
increased in size (greater scaling ratio), which is further discussed in section 4.5.3. However,
P.bsorbed iS iN the same range in sea state three, four and five. This is an advantage as the device
will require roughly the same capacity of PTO system for these wave states, which is most-
likely not the case if the peak of the non-dimensional performance is close or beyond the peak
of the wave energy contribution curve. The Prob* P,,s.mmeqs CUrve shows that most of the energy
will in average be absorbed in sea state 2, which correspond to 1 m (H;) waves, and the least in
sea state five.

4.5.2 Performance estimation based on a non-dimensional performance surface

The performance analysis and estimation of the AEP based on a non-dimensional
performance surface is similar to the one based on sea states. The main difference is that the
performance is not only given for a limited amount of sea states, but is given individually for
every bin of the scatter diagram. Therefore, in the equations given in section 4.5.1, the
subscript “SS” should be replaced by “bin” and they are then applicable in this context.
However, the representation of the performance will be elaborated further as it will include
more wave conditions. Besides the 3-dimensional performance surface (as illustrated in Figure
15), the wave conditions at the location can be represented by the scatter diagram and wave
energy contribution diagram (see Figure 12) and the resulting performance of the full-scale
device can be presented by the power matrix and P.»*Prob graph, in which P, represent
the mechanical absorbed power, as given in the following Figure 19.
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Figure 19: Power matrix and P,..*Prob plot with scaled tested wave conditions (blue dots) and
corresponding sea states (green squares). (lllustration of the WEPTOS WEC in Danish North Sea wave
conditions at a scaling ratio of 1:35 and with a maximum P,,., of 2400 kW.)

The power matrix can be applied to any location of interest, which has a similar
environment (e.g. water depth, ...) and wave conditions (e.g. spectral shape, ...), while the
Pech*Prob graph includes the probability of occurrence of the wave conditions at a location
and is thereby location dependant. The P,,..,*Prob graph shows in which wave conditions the
device will absorb in average the most energy. It can be a good verification of the
representativeness of the tested wave conditions by superimposing the scaled tested wave
conditions and the sea states of the location.

4.5.3 Defining the scaling ratio

When defining the wave conditions to be used for tank testing, a preliminary scaling ratio is
chosen, which is (normally) set relative to the intended size of the full-scale device at a
location of interest. This intended size should be a trade-off between what is perceived to be
physically and economically feasible and be resulting in a high AEP (and load factor), in order
to be the most cost-effective.

After performing the tank tests, the scaling ratio resulting in the highest AEP and load
factor can be re-assessed based on the results. It is reasonable to analyse the effect of the
scaling ratio on the AEP for one location just with a performance curve. However, if it has to
be analysed for various locations, then it is strongly recommended to have a robust 3-
dimensional performance surface (as presented in Figure 15).

As the performance curve or surface is directly linked to the tested wave conditions, the
corresponding performance to the wave conditions of a location set at another scale can be
found by down-scaling the conditions. This means that the greater the scaling ratio, the
smaller the corresponding scaled wave conditions are, which is demonstrated by the
translation of the sea states in the following Figure 20.
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Figure 20: lllustration of the effect of the scaling ratio on n for defined wave conditions.

The scaling ratio resulting in the largest AEP normally corresponds to the situation where
the optimal non-dimensional performance matches the wave conditions having the largest
wave energy contribution. However, this scaling ratio is normally excessive as it does not
necessarily correspond to the optimal load factor or the smallest Cost of Energy (CoE). The
selection of the optimal scaling ratio, between the tank test model and full-scale device, will
be a trade-off between performance and cost related parameters. The impact of the scaling
ratio on the CoE should become more clear with the following development phases (from
development Phase 3), where a larger prototype at an intermediate scale will be tested in real
sea conditions.

The example in Figure 21 illustrates the impact of the scaling ratio on the performance and
(Pabsorbed)overan, Dased on the values given in Table 2. In between the 3 sub-figures, the non-
dimensional performance curve that was obtained through tank testing is translated from the
left to the right, which corresponds physically to an increase in scaling ratio; while the wave
conditions remained the same (contribution curve is identical). In the first (top) sub-figure, the
maximum n corresponds to sea state 1, a significant drop in (Pgpsormed)ss Can be seen in sea state
five, the (Papsorbed)overan 1S 226 KW and Nyyerqn is 0.116. This case presents the smallest device and
the load factor is approximately 0.36. In the second case the size of the device is enlarged,
which translates the peak in n to sea state 3 and to the maximum wave energy contribution.
This brings the (Pupsorbed)overan 10 425 kW and ngveran to 0.218. However, the load factor is
significantly reduced to approximately 0.13 as the maximum (Pgpsorped)ss is approximately five-
fold, while (Papsorbed)overan 1S ONly approx. twice larger. This indicates that although the energy
production has significantly increased, the PTO system and structure got larger and thereby
more expensive, which might not always result in a more cost-effective solution. In the last
sub-figure, the device is even further increased in size, which makes the peak of n to coincide
with sea state 5. In this case the (Pupsorbed)overanr aNd Noveran dropped to 366 kW and 0.188 and the
load factor even further decreased. In this exercise, the optimal scaling ratio in terms of CoE



will most likely be between the top and middle sub-figure as there will be the best
compromise between energy production and size of the device and its PTO system.
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Figure 21: Illustration of the possible effect of the scaling ratio, with as reference the lab model, on the
performance of the device. Note that the wave conditions of the location of interest remain the same.
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5. Performance assessment of WECs based on sea trials

5.1 Introduction

A brief overview of the methodology on how to equitably assess the performance of wave
energy converters based on sea trials will be given here. However, a more extended version
can be found in the appended paper entitled: “A Methodology for Equitable Performance
Assessment and Presentation of Wave Energy Converters Based on Sea Trials”[29]. The paper
is an elaboration of the EquiMar D4.2 protocol on Data Analysis & Presentation of Marine
Energy Converters based on Sea trials [28]. This methodology has been applied to two
different cases, which are also included in the appended papers and are entitled “Performance
assessment of the Pico OWC power plant following the EquiMar methodology” and
“Performance Assessment Wave Dragon WEC Based on EquiMar”[21], [23].

The “Equitable Performance Assessment and Presentation” methodology aims at assessing
the performance of any device, based on sea trials, in a transparent and equitable way,
resulting in an estimation of the annual energy production (AEP) together with a
corresponding accuracy. Contrary to commercial devices, where all data recorded during
operation represent the real functioning of the device, this methodology focuses on devices
still in development and are thereby not final or commercially ready yet. Therefore, it accepts
data from devices at any stage of development and also from incomplete sea trials.

Sea trials are (generally) very expensive and time-consuming, as they require heavy
equipment and some wave conditions only occur sporadically [31]. Moreover, as the relevant
device is being researched and is in development, it cannot be expected to be well-functioning
or functioning optimally at all times, as various problems might occur and different
parameters have to be tested and optimized. This (usually) leads to a vast amount of
discrepancy in the recorded performance of the device, especially in the early stages of
testing. A robust but flexible methodology is hereby required that can take into account the
discrepancy of the power performance into account, while enabling the estimation of the AEP
of the device at the test location and of the full-scale device at any location of interest. The
methodology favours larger data sets as it makes the resulting performance more robust and
the corresponding uncertainty interval smaller.

The methodology is divided into three steps and can be performed for different purposes
and outcomes. It can be used for devices at any stage of development, as long as the data is
based on sea trials and from the beginning of the sea trials, as it can be updated and it gives a
good overview of the collected data. The following Figure 22 presents an overview of
methodology.
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Figure 22: Overview of the Performance Assessment and Presentation methodology.

5.2 Pre-processing of the environmental and performance data

The first step of the methodology focuses on the environmental and power performance
data. In order to generate a good representation of the wave conditions at a location of
interest, there is a need to have long-term measurements of the environment, which is often
represented by a scatter diagram. The recorded data during the sea trials, the “performance
data”, needs to include a wide range of environmental and device dependant parameters that
are evaluated over a defined timespan, usually 30 min [35]. The list of parameters to be
included depends on the desired application and is especially large whenever a parametric
study or a wave-to-wire analysis is intended to be produced. The key and indispensable

parameters required for each data sample are:

e Hoo Significant wave height derived from spectral moments, 4\/mo

o T, Energy Period (m.,/my)

Puave Wave power (taking the water depth into account)

®  Pipcorbed Absorbed power by the device at a specific power conversion step

e Non-dimensional performance

However, this list can be broaden by various parameters describing the wave conditions,
such as frequency and directional spectrum parameters, or by parameters describing the



configuration of the device, e.g. the control strategy or other, or even by parameters
describing the performance of the device at different power conversion steps in between the
available wave power and the delivered electricity. Depending on the scale of the tested
device, the reference absorbed power that is used for calculations differs. As long as the scale
of the device is not final, the first measurement of P,u..mmeq Should be taken as a reference, as
losses are difficult to scale and thereby the efficiency of the following power conversion steps
might still evolve incoherently with the scaling ratio. For full-scale devices, it is suggested to
make the latest measurement on the power conversion chain, i.e. the delivered power to the
grid, as the reference as it will give the most accurate representation and estimation of the
AEP of the whole device.

5.3 Processing of the data: Zoning and data selection

The performance data set will be divided into different subsets, which are chosen in
accordance with the abundance of performance data and their coverage of the scatter
diagram. Each of these performance data subsets will be represented by zones, which are
delimited by a certain range of wave height and wave period (H,,0 and T.), which can be seen
on the left plot of Figure 23. The more performance data is available, the smaller the size of
the zones and vice-versa.
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Figure 23: Zoning of the performance data (left) and selection of the representative performance data
(right).

Each zone will include a minimum amount of performance data points (subsets) and cover
a certain area of the scatter diagram. For each of these subsets, a data selection procedure
will be applied to the non-dimensional performance of each data point and be based on some
criteria that must be stated. This will (generally) result in disregarding an amount of low
performance data points, which correspond to moments where the device was not operating
correctly, but possibly also disregarding some excessively high performance data points, which



could correspond to some extraordinary conditions or just an under-evaluation of the
available wave power (right plot of Figure 23). For each of these zones, an average non-
dimensional performance together with an uncertainty value will be given based on the
selected data points. The definition of the zones and data selection will have a significant
influence on the uncertainty of the stated overall performance, as smaller zones (should)
result in lower discrepancy between the performances of the data points and the larger the
data selection, the more robust and representative the stated performance will be.

So far, no standard and specific selection criterion has been specified and is thereby not
included in this methodology. A standard is expected to come forward with an extensive use
of the methodology on different types of WECs and in different development phases.
However, some specifications must be met:

= The performance data selection has to be done on the respective non-dimensional
performance (n) value and not on their absolute performance in kW.

= At least five performance data points have to be included in the data selection of each
zone. However, it is strongly encouraged to increase the amount to 10 or 20 when
sufficient data is available, in order to present a more robust analysis of the
performance.

= Agreeing to only include a subset of the available performance data, by screening the
performance data, indicates that the WEC is still in its development process; otherwise
all the acquired performance data should be used to represent the overall
performance.

= A consistent selection criterion should be used for the selection of the performance
data points in all the zones, which should be stated with the results. This would enable
the reproducibility of the methodology.

With the zoning and the performance data selection for each of them, representative
values regarding the wave conditions and corresponding performances have to be given. The
parameters characterizing the wave conditions have to be derived from the scatter diagram.
The characterizing environmental parameters of every zone (H,,, and T.) are the average of
the environmental parameters of the various bins included in the zone weighted by their
respective probability of occurrence and can be calculated similarly as for the sea states, given
by Eqg. (8) and (9). The probability of occurrence (Prob,.,.) and the wave energy contribution
(Contrib,,,.) of a zone are the sum of the respective values of the bins included by each zone.

The performance of the device for the wave conditions represented by a zone is given in
terms of a non-dimensional performance value (n,.,.) together with an uncertainty parameter
that is based on the selected performance data points. The uncertainty is expressed in terms
of sample standard deviation (s,..) and confidence interval (Cl,oe), as it takes the amount of
data points into account. This is proposed to be done with a confidence level at 95% and a
Student’s t-distribution. The distribution might not be the most suitable and can be adapted in
order to be more representative and accurate. This approach incites the WEC operation to
focus on demonstrating good performance over longer periods of time (resulting in a greater
amount of performance data points) in order to stabilise the n,.,. and to reduce the Cl,,,.. The



average n and its corresponding confidence interval for each zone, based on the selected
performance data points (n), can be calculated as such:
- i1 i ., S (17)
I’lzone+ Clzone - T Tt \/_ﬁ
These non-dimensional values can then be multiplied by the corresponding P,. to each
zone to obtain the corresponding Puusomes- From here, the overall values can be calculated
similarly as in the case of the performance estimation based on experimental tank testing
(section 4.5.1), except for the overall appreciation of the uncertainty. The unbiased estimate
of the overall standard deviation (Soyeran) and confidence interval (Clyyeran) can be obtained with
Eg. (18), in which X can be replaced by s or Cl in order to obtain their individual overall
appreciation:

n n 2
. . 18
Xoverall = 2 (rlgone + Xzzone) .Contribone — ( Z Nzone- Contnbzone> (18)

zone=1 zone=1

5.4 Post -processing of the data: Presentation of the results

Several outcomes are possible with the same methodology; they only require including the
parameters of interest in the performance data sets from the beginning of the methodology. A
short overview is stipulated of the different possible outcomes and/or requirements:

= The estimation of the AEP, together with its uncertainty measure, for the wave
conditions where it has been tested.

= The estimation of the AEP, together with its uncertainty measure, for wave conditions
corresponding to another location of interest. This will introduce a new scatter
diagram, resulting in different values of probability of occurrence and wave energy
contribution related to the bins and thereby zones.

= |f the methodology is based on a device not in full-scale, then the scaling of the wave
conditions (H,, and T.) related to each n,, can be adapted in order to be
representative for the full-scale device. This scaling ratio has to correspond to the
physical difference between the two models of the same device.

= |n some cases, there might be a need to enlarge the results outside the reach of the
tested zones in the methodology. This could be done by extra/interpolation or by the
help of a numerical tool that has been validated with the results of the methodology
for the individual zones. However, the uncertainty measurement will no longer be
valid.

= The power conversion chain can be analysed in detail just by including the non-
dimensional performance of the intermediate conversion steps into the performance
data set from the beginning. Although the selection criterion is applied on one
specific power conversion step, they can all be processed in the same way. For each



included power conversion step, an overall appreciation of the non-dimensional
performance can be given together with its uncertainty.

= A parametric study on specific environmental or device-related parameters can be
performed just by making different data sets, before applying the methodology,
relative to the parameter of interest. This will result in two or more parallel
performance analyses on these different data sets, of which the results can then be
compared.

Some of the applications of this methodology are being assessed to be incorporated in the
IEC TC 114 standards, such as Part 102, which is titled: “Wave energy converter power
performance assessment at a second location using measured assessment data” [73].



6. Performance comparison & overview of WECs

6.1 Making performance statements comparable

The cost of electricity of a wave energy converter can be expressed by different economical
parameters such as the Net Present Value, the Internal Rate of Return or the Levelized Cost of
Energy (LCoE) over the economic lifetime of a device [74]. The LCoE allows a comparison
between different power generation technologies of unequal economic life, capital cost, risk
and returns, load factor, efficiencies or non-dimensional performance, construction lead
times, ... and is thereby frequently used, e.g. also in wind energy [75], [76]. The LCoE is
calculated with all the cost related to the WEC and the energy it generates over its lifetime
(19). However, in this analysis only the estimation of the energy production of a WEC is
addressed, which is intended to be made comparable across devices and locations, and not
the cost.

LCoE = f(AEP, cost) (19)

In the presentation of the performance in terms of energy production of a device, many
factors with significant impact on the power performance can be taken into account. This
makes it particularly difficult to show the potential of different devices and to make power
performance results comparable. In the following bullet points, several of these factors of
influence are discussed, which are mainly related to either the environmental conditions or
the device.

e Reference wave conditions: In terms of AEP and ngerai, the performance of different
devices is not really comparable if they are investigated for different wave climates.
Different locations, even at similar wave power levels, can have very different wave
climates, as shown in Figure 12, which can have a major influence on the performance
of a WEC. Some generic locations have been used by the British and Danish wave
energy programme and some others are presented by Nielsen & Pontes [3], [38], [64].
It is strongly recommended to assess and estimate the performance of devices for
these few locations, as it is indispensable in order to make the performance of the
various devices comparable.

e Performance assessment procedures: The performance assessment must follow
similar procedures, which should preferably be executed by an independent
certification body. Various reports have aimed at presenting tank testing, sea trial
and/or general performance assessment protocols, e.g. [35], [42], [44], [49], [77], [78].
However, it is believed that there is a (significant) lack in clarity and description in the
actual testing and analysis procedures, which this document and the appended papers
attempt to cover.

o Reference power conversion stage: The performance and energy transfer can be
assessed at different power conversion levels of the device, between wave and grid.
The estimations based on tank testing should (if possible) refer to the absorbed power
by the device at its first power conversion stage, from wave-to-absorbed power. This



is mainly justified by the fact that losses and components in the remaining power
conversion chain are not well scalable and are still strongly subjected to modifications.
These further losses can then be taken into account by applying expected conversion
efficiencies to the absorbed power values. For large scale devices, estimations of the
energy production in terms of delivered energy to the grid are preferable as the
further conversion losses should be more representative on the prototype and it
represents the real energy production of the device. In both cases, this should clearly
be mentioned with the performance results. Other factors having a direct influence on
the AEP should be mentioned such as the electricity consumption of the device.
Non-dimensional performance: It is suggested to use the term “non-dimensional
performance” to describe the ratio between the relative amount of energy absorbed
and available (in terms of wave energy) to the device. Generally, it would have been
referred to with the term “efficiency” but due to the diffraction phenomena, it is not
applicable, and the term “capture width” is frequently used in literature, however this
is dependent on the scale of the device and thereby not dimensionless, contrary the
terms efficiency or non-dimensional performance. Sometimes the term “capture
width ratio” is also used, but this could sound a bit confusing. Thereby, the term “non-
dimensional performance” is suitable as the meaning is straightforward and, as it is
non-dimensional, it is independent of the scaling ratio of the device.

Reference width: The non-dimensional performance is only comparable between
similar kinds of devices. However, it gives a fairly good indication of the performance
of a device in general. With reference width, used in the calculation of the available
wave power and non-dimensional performance (Eq. (10)), the combined width of all
the components actively involved in the primary absorption process of the energy
from the waves should be included. This will be referred to as the active width or
width,eve. Parts of the device that only have a structural reason as well as spacing in
between wave energy absorbing components should not be included. Due to the large
amount of WEC designs, some additional specifications need to be given:

o In a WEC structure carrying various wave energy absorbing units (even in
series), e.g. WaveRoller or Langlee, each wave energy absorbing module will
have to be included in the calculation of the active width. The same goes for
devices such as Pelamis, which is composed of different moving bodies and
equipped with different PTO systems. The combined width of each module or
PTO system has to be considered, i.e. if it has four connection points between
five main bodies, then the active width corresponds to four times the width of
its main body.

o Whenever the movement of the wave energy absorbing components is
inclined relative to the incoming waves, e.g. the rotors of the WEPTOS WEC,
the combined real (not projected) width of the single components still have to
be taken, disregarding their inclination towards the wave front. In case the
wave-absorbing bodies are in line with the waves, such as with Pelamis, then
the previous bullet point should be considered.



o The active width of devices equipped with reflectors or wave concentration
mechanism, e.g. Wave Dragon, corresponds to the actual width of the whole
body including reflectors. They can be dismissed if the wave energy
concentration occurs naturally, e.g. due to a favourable bathymetry.

e Scaling ratio of the device: Relative to the performance curve or surface of a device,
(almost) all devices will have an optimal scaling ratio or size that optimizes their AEP.
For some devices, this “optimal size” is (almost) achievable for their first commercial
unit, e.g. point absorbers, while others can have “optimal sizes” that correspond to
very large units and are thereby not really considered yet in the development, e.g.
WEPTOS or the same can be seen for wind turbines for which the size keeps on
expanding with time. The latter one corresponds to very scalable devices and the
aspect could be mentioned together with performance, however a reasonable and
feasible scaling ratio should be considered with the stated AEP of a device at a
location.

e The efficiency of a WEC farm is the ratio between the electricity delivered to the grid
and the available wave power to the farm, which is in function of its width set relative
to the pre-dominant wave direction.

Farm width

s
v

Figure 24: lllustration of the description of the width of a farm.



6.2 Observed inaccuracies in performance evaluation

Most of the inaccuracies/mistakes encountered in literature are due to the lack of
guidelines or misapplication of them, possibly because not many similar and well-described
analyses are publically available. Some of those observed inaccuracies/mistakes are listed
here:

e In some particular performance analyses, the calculation of the non-dimensional
performance is based on the technical wave power level, which is the wave power
level represented by the sea states. This value is then multiplied by the theoretical
wave power level of the location of interest in order to estimate the AEP of the
device. The difference in wave power level lies in the very small and frequent wave
conditions and in the largest but sporadic wave conditions. In these wave conditions,
the devices are not expected to be operating and even if they were, the energy that
they would produce in these conditions would not contribute significantly to the AEP
as the device is not optimised for these wave conditions. This results in an
overestimation of the non-dimensional performance and the AEP, which represent
the potential of the WEC. As the technical wave power level at any location is
disputable, the non-dimensional performance should be calculated based on the
wave energy contribution of each sea state, which is based on the theoretical wave
power level, and then the AEP can be obtained identically.

e Insome cases, the performance estimations are based on tank testing done only with
regular waves. As regular waves are (normally) not representative for real offshore
wave conditions, and especially not at the west coast of Europe, they are not suitable
to make estimations of the AEP of WECs.

e As discussed in the previous section 6.1, there can be some ambiguity regarding the
active width of a device, which is used in the calculation of the non-dimensional
performance, making it incomparable with other devices of the same type.

In general, there is very often a lack of transparency and description of the performance
data, which does not make the calculation reproducible by a third party.

6.3 Overview of stated WEC performance in literature

Table 3 presents an overview of WEC performances found in literature. The performance
statements that were included are limited to values based on tank testing, with at least
irregular waves, and results from sea trials. Some data might have been adapted or corrected,
following the specifications given in section 6.1. All performance values in this table are given
in terms of absorbed power instead of electricity delivered, as most of the results are based on
tank testing and only Pico OWC and the Mighty Whale present overall performance results
based on sea trials and of a full-scale device. The different types of WECs are well represented
except for the wave-activated pitch/yaw bodies, as only one relevant experimental
performance value was encountered in literature.



It was decided not to mention if the results were verified by a third party or if they were
stated as such by the developer, as it is not possible to have a clear overview of the origin of
the numbers. However, it is believed that, in general, it would be beneficial to have a
certification entity and a common and strict approach toward tank testing, which should be
used by all tank testing facilities, in order to make the stated results more reliable and
comparable. This is also one of the aims of the current European MARINET project [79].

Most of the stated performance obtained through tank testing come from early designs
(development Phase 1) and will thereby most-likely (but only to a certain extent) further be
improved. So, although the stated performances are probably somewhat on the lower side of
their capabilities (at least for some), they still provide a good indication of the potential of the
technology. In some cases, the scaling ratio of the tank testing is not given, which means that
it was not mentioned with the performance data.

In general, the overview of the performance does not present a very homogenous image of
the potential of the different types of technologies, as in each of them exists a rather large
discrepancy in stated performance. Performances stated by the United Kingdom wave energy
program are, in the cases of wave-activated bodies, significantly larger than the one of same
WEC type. These devices have been extensively tested in 46 irregular sea states, with both
different directional as wave frequency spectra, and are designed to be placed in very
energetic wave climates and to have very large dimensions. For example, one rotor of the
Edinburgh Duck is envisaged to be 37 m wide and is being installed in a 53.5 kW/m wave
climate, while the WEPTOS WEC has 40 rotors of 8.4 m width, having the same rotor design,
but will be installed in a 16.3 kW/m wave climate.

The PTO system performance is unfortunately required to present the real potential of the
devices. These values are often stated with the absorbed performance; however, they are
believed to be unreliable as they have not been tested in real wave conditions. Moreover,
they are often subject to modifications and possible improvements. A short overview will be
given in the following section.



Table 3: Overview of stated performances of WECs, obtained through tank testing or sea trials, in literature.

Device Device category Test Model* Puave Width Acﬁ\,e“ Pabsorbed N absorbed  AEP apsorved Corrected  Reference
Name main sub environment Scale [kW/m] [m] [kW] [-] [MWh]

Swan Dk3 owcC floating Tank tests - 16 16 42.3 0.17 370 X [3]
Mighty whale owc floating Sea trials 1:1 16 50 39.6 0.05 347 X [3]
Lancaster flexible bag owc floating Tank tests - 50.8 24x 20 2263 0.09 19822 [38]
Vicker's attenuator owcC floating Tank tests 1:67 25 193 1327 0.19 11628 [38]
Lanchester Clam owcC floating Tank tests - 51.3 274 3233 0.23 28320 [38]
Vicker's terminator owcC fixed Tank tests 1:200 25 80 747 0.26 6545 [38]
NEL floating terminator owcC fixed Tank tests - 53.5 263 3433 0.24 30075 [38]
NEL floating attenuator owcC fixed Tank tests - 53.5 102 535 0.10 4685 [38]
Mutriku owcC fixed Tank tests 1:40 26 16 x6 174.5 0.07 1529 [80]
Pico owcC fixed Sea trials 1.1 37.9 12 91.0 0.20 797 [23]
Waveplane Overtopping floating Tank tests - 16 10 10.6 0.07 93 X [3]
Wave Dragon Overtopping floating Tank tests 1:50 16 259 787 0.19 6892 X [3]
Wave Dragon Overtopping floating Sea trials 1:4.5 24 97 349 0.15 3053 X [21]
Power pyramid Overtopping floating Tank tests - 16 125 198.1 0.10 1736 X [3]
Sucking Sea shaft Overtopping floating Tank tests - 16 125 66.0 0.03 579 X [3]
SSG Overtopping fixed Tank tests 1:60 19 10 57 0.30 499 [81]
Belfast point absorber ~ Wave activated heave Tank tests - 30 18 426 0.57 3728 [38]
Point absorber Wave activated heave Tank tests - 16 10 18.5 0.12 162 [3]
Wave Star Wave activated heave Tank tests 1:40 16 20x 8 233 0.09 2041 X [82]
Bglgenpumpen Wave activated heave Tank tests - 16 5 4.0 0.05 35 X [3]
Tyngdeflyderen Wave activated heave Tank tests - 16 60 47.5 0.05 417 X [3]
Danish Wave Power Wave activated heave Sea trials 1:4 15.3 10 33 0.22 293 X [3]
Crest Wing Wave activated pitch/yaw Tank tests 1:30 16 18 91.8 0.32 805 X [72]
Wave Piston Wave activated pitch/surge Tank tests 1:30 16 15 8.3 0.04 73 [17]
Langlee Wave activated pitch/surge Tank tests 1:20 16.3 4x10 69.3 0.11 620 X [83]
Poseidon Wave activated  surge/pitch/heave Tank tests 1:50 16 420 (?) 1498 0.22 13120 X [3]
Wave plunger Wave activated  surge/pitch/heave Tank tests 1:25 16 15 31.7 0.13 278 X [3]
Bristol cylinder Wave activated  surge/pitch/heave Tank tests - 42 75 1663 0.46 14572 [38]
Edinburgh Duck Wave activated  surge/pitch/heave Tank tests - 53.5 37 772 0.39 6763 [38]
WEPTOS Wave activated  surge/pitch/heave Tank tests 1:35 16.3 40x 8.4 1012 0.18 8800 [19]

*Scaling ratios are not optimised, e.g. WEPTOS at scale of = 1:100 would have N gpsorbed = 0.45 ** Active widths that are defined by “a x b” correspond to an amount (a) of similar bodies of width (b).



6.4 From absorbed to delivered power

A wide range of possible PTO systems exists that could be used for single WECs or for
multi-unit configurations. Some types of WECs, such as overtopping or OWC, are bound to a
defined medium such as water and air, while other have various possibilities such as
mechanical, hydraulic or electrical. These other types of WECs are often characterized by a
translating or rotating motion of their wave-activated body relative to a reference, which is
usually characterized by high forces or moments and low translating or rotational speeds. In
most cases, the application of the components in the PTO system is relatively new and can
require specific designs due to the specifications.

Due to the fluctuating nature of waves, resulting in an intermittent absorbed power by
individual wave-activated bodies, it is often required to smoothen out the absorbed power in
order to deliver a reasonably steady power output. If the power output is in form of electricity,
strict requirements from the electrical grid has to be met, which are mostly country
dependant. This smoothening can be done by combining the (absorbed) power by various
devices at some point in the power conversion chain, or can (possibly) be regulated by power
electronics. However, every part of a system, electrical as well as mechanical or other, needs
to be designed for the highest loads that will be encountered. Therefore, it is very desirable to
limit the variations between maximum and average power at an early power conversion stage.
This will (normally) make the power conversion of the device more efficient, as fewer
components having to handle less fluctuating loads will be used. A short description of the
various and most frequent PTO systems is given below with an indication of their efficiency,
whenever sufficient validated data was encountered:

e Different types of air turbines exist for OWC systems of which the most common are
the impulse and Wells turbine. They can be rather simple, with only the turbine itself
in rotation, or they can have very advanced configurations with moveable guide vanes
and in the case of the Wells turbine, even with adaptable blades. From literature, the
Pico OWC has been found to have an average power conversion efficiency from
pneumatic power in the chamber to electrical power of 0.31, resulting in an overall
wave-to-wire efficiency 0.062, and the mighty whale had a PTO efficiency of 0.58 [3],
[23].

e The power conversion, from absorbed to delivered power, of overtopping WECs
consists of three parts, which are the efficiency of the reservoir, the turbine and the
electrical motor with power electronics. The reservoir enables the storage of the
potential energy in the water overtopping the crest of the device for a short period,
which enables the smoothening of the generated power. Each of these power
conversion stages is expected to have efficiencies just above 90 % for Wave Dragon,
resulting in an average power conversion efficiency from crest to electrical power of
0.78 and an overall wave-to-wire efficiency of approximately 0.12 [21].

e Hydraulic PTO systems are composed of manifolds that guide the fluid compressed by
pistons or pumps that are activated by the motion of the bodies, to a hydraulic turbine



and generator. A hydraulic buffer to smoothen the absorbed power can possibly be
integrated in a closed system or the pressurized medium can be pumped into a
common reservoir for various wave-activated bodies. Their main advantages are their
ability to handle large forces at low speeds and control of the active parts of the
device. A lot of research has been done regarding hydraulic PTO systems, as they are
often considered to be used, however not a lot of information is available regarding
their efficiency. In order to give an order of magnitude of what can be expected, the
efficiency stated by the Danish Wave energy program for hydraulic PTO systems is
0.65 [3].

Direct drive or mechanical PTO systems are composed of a gearing system and an
electrical generator. They are relatively simple as only a few mechanical parts are
involved and a possible power smoothening can be done by combining different wave
activated bodies on the same power transmission axle or by incorporating a flywheel.
The efficiency is expected to be relatively high and in order to give an order of
magnitude, the stated efficiency by the Danish Wave energy program for direct drive
PTO systems is 0.85 [3].

Linear (electrical) generators are also being developed for WECs, but no statement of
their average efficiency when used in a WEC has been found in literature.



7. Conclusions

7.1 General

This PhD thesis has looked into the various aspects of the performance assessment of wave
energy converters. The aim was to make WEC performance evaluation procedures more
transparent, robust and homogeneous in order to make performance results more
comparable, equitable and accurate. Therefore, the focus of the project was mainly on wave
climate characterisation and performance analysis of WECs based on tank testing and sea
trials. The various topics in the following paragraphs have been presented in this document
and in the appended papers.

Although the idea of converting energy from waves into a useable form of energy is more
than old, there have not been many successful realisations and no WEC has gone into mass
production yet. This is a consequence of the various demands WECs have to satisfy, i.e. to be
energy efficient and cost-effective, while being able of handling extreme storm events.

The development of a WEC, from idea to commercial device, is long and involves various
phases, each requiring a larger prototype than the previous one. The different options and
design variables decrease with the development stages, while the required time and expenses
increase. Therefore, a methodical and rigorous approach is needed in each of the phases in
order to increase the gained knowledge and experience, which can provide a better
representation of the potential of the device and thereby reduce uncertainty.

Wave climates can be very different from location to location, even at same wave power
levels. A simple and generic tool that is used to characterize them, in order to make them
comparable, has been expanded and consists of giving a function relating H; and T, together
with a factor that describes the variability of the wave conditions. As the performances of
devices are often closely related to the relationship between H; and T, this method will give a
decent indication of what has to be expected in terms of performance if the device is installed
at another location.

Protocols for assessing the performance of a WEC based on tank testing and sea trials are
still not completely mature, as they can still be complemented with specifications and as no
particular testing methodology is applied and recognized by different research institutions.
During the research project several tank testing and sea trials case studies of different WECs
have been performed, following the same approach and methodology, which are built upon
the various existing and relevant guidelines. These case studies are publically available and
thereby provide a good and transparent indication of how to proceed with the performance
analysis of a WEC during tank tests and sea trials.

WEC prototypes undergoing sea trials are (in general) expected to improve their
performance gradually over time, while gaining experience, resulting in a reasonable
discrepancy in the achieved performance by the device. Therefore, a special performance
assessment methodology has been developed, which has also been applied to two different



WEC prototypes i.e. Pico OWC and Wave Dragon. This methodology aims at being equitable
and transparent and can be used on any device undergoing sea trials, regardless of their scale,
to estimate its AEP for a certain location and to perform a wave-to-wire analysis or a specific
parametric study.

These different parts can be set together in order to analyse the optimal location for
implementation and configuration of a device, and also in order to try to present the
performance of a device in a more simplified and comparable way that could be integrated
into other systems, such as economical models.

7.2 Recommendations for future work

Although various WECs have been evaluated, being at different development stages, it has
not been possible to compare AEP estimations of a same device being at different
development stages. Further investigation regarding the AEP, structural loads and
hydrodynamic behaviour estimations of a same device, based on different prototypes in tank
testing and sea trials, could indicate their level of accuracy and robustness.

This PhD thesis has mainly focused on the performance of WECS, in terms of efficiency and
AEP, but also on the optimal scaling ratio and PTO capacity. However, in order to assess the
real economic potential of a WEC, taken all the variables into account, it has to be
complemented with a cost analysis. In order to have a first estimation of the CoE of a device
operating at a specific location, the Excell spread sheet provided by Energinet or the more
advanced project feasibility assessment tool of RETscreen can be used [84], [85]. However,
these CoE assessment still require an initial design and engineering analysis, in order to
provide a reliable estimation of the related costs.

The performance and cost of an individual WEC is very important in perspective to a farm,
as it still corresponds to the main energy producing element. However, there is also a strong
need to assess the performance and costs of a wave energy farm that is composed of a
particular WEC, as this is the only way to really assess if a particular WEC can be cost-effective.
As wave energy farms will be complex installations operating in the sea and the performance
and cost of individual WECs present only a part of the project, each farm will have to be
assessed individually. This especially as they are highly dependent on the location of
implementation, as the performance of a WEC depends on the wave climate, while the cost of
the farm depends on various factors such as water depth, distance to shore and many others.

The methodologies, regarding tank testing and sea trials, that are described in this PhD
thesis should be further developed and discussed with other research entities and wave
energy developing companies, so that they can lead to international and common standards
and protocols. Various initiatives have already promoted and attempted to create these
common standards, as described in section 2.1, but some further collaboration will be
required.
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Appendix A: Wave climate characterisation

When aiming at presenting a wave climate in a more condensed way than by a scatter
diagram, for example with a linear regression line, various approaches can be used. In Figure
25, an overview of the results of some of the most simple and straightforward approaches is
presented. However, the figure requires some detailed explanation.

The left plot represents the scatter diagram, while the right plot presents the wave energy
contribution of the wave conditions at Wavehub. The wave climate of Wavehub was chosen as
it represents wave conditions that are neither too consistent (there is not a well-defined
relationship between H; and T,) nor too concentrated on one wave condition (having a
dominant wave condition in terms of probability of occurrence). The blue dots, varying in size,
also represent the probability of occurrence (left) and the wave energy contribution (right),
and are to a certain extent duplicative of the underlying contour plot. The full red line
represents the weighted linear regression line of the probability of occurrence (left) and the
wave energy contribution (right). It can be seen that this curve does not represent the wave
conditions well, neither for the probability of occurrence (left) nor for the wave energy
contribution (right). Therefore, this linear fit (approach) has not been found suitable to
represent these wave conditions.

Scatter Diagram Wave Energy Contribution
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Figure 25: The probability of occurrence and wave energy contribution plot with different possible wave
climate characterisation approaches.

The black squares are identical on the two plots and represent the weighted-average of the H;
(calculated by Eq. (8)) for defined increments of T,. This approach does not appear to be very
suitable at representing consistently the predominant wave conditions either, probably as a
result of the squared weighting factor of H; in its calculation. The green squares, which are



also the same in both plots, have been obtained by averaging the T, of the various bins with
the same H;, following Eq. (7). These markers appear to represent the wave conditions over
the whole range reasonably well. Each marker was therefore complemented with an indicator
of the corresponding spreading, which is the Residual Sum of Square Error (RSSE) and
presented in the plots with triangular markers. This can be calculated for each marker and the
bins with the same H; by:

n
Zbin with constant Hs=1 (Tebin - Teavemge) PrObbin

RSSEmarker =
marker Zzl'nzlprObbin

(20)

Through the (green) markers, a linear trend line can be drawn, presenting the linear
relationship between H; and T, of the wave conditions, which is the dashed line in the plots.
An overall average appreciation of the spreading of the wave conditions, together with the
linear regression line, can be given and calculated by taking the weighted-average of the RSSE
against the probability of occurrence of each incrementation of H;:

n n
RSSEaverage = Z Z RSSEmarker PrObbin

Marker=1 bin with constant Hs=1

(21)
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Abstract— At the present pre-commercial phase of the wave
energy sector, device developers are called to provide reliable
estimates on power performance and production at possible
deployment locations. The EU EquiMar project has proposed a
novel approach, where the performance assessment is based
mainly on experimental data deriving from sea trials rather than
solely on numerical predictions. The study applies this
methodology to evaluate the performance of Wave Dragon at two
locations in the North Sea, based on the data acquired during the
sea trials of a 1:4.5 scale prototype. Indications about power
performance and production of the device at the target locations,
as well as on the applicability of the methodology, are provided.

Keywords— Wave Dragon, Performance assessment, Sea trials,
EquiMar, Nissum Bredning, Hanstholm, North Sea, Ekofisk,
Wave-to-wire, Wave energy.

I. INTRODUCTION

The wave energy resource around the globe is very large,
with a particularly high potential for extraction along the
Western European coast. If properly harnessed, wave energy
can become a large-scale contributor to the European
electricity mix [1].

At present Wave Energy Converters (WECs) are
approaching the commercial stage. In this phase it is very
important to provide the energy industry, stakeholders,
investors and any other group of interest with a reliable
assessment of the performances of full-scale commercial
devices.

Numerical modelling is often used to calculate the power
performance of a device, mainly due to its flexibility.
However, predictions might not always be accurate enough to
state the performance of a WEC in real sea conditions since

features like the real-time control of the device and the
influence of local conditions might not have been fully
considered in the model.

Another possible approach is to assess the performance of a
WEC based on data acquired during real sea trials of a
reduced-scale prototype. In this case operational issues often
neglected by numerical models are taken into consideration.
Sea trial results can be up-scaled and fitted to the wave
resource at the target location for the deployment of the full-
scale devices, limiting the use of numerical models only to
complement the experimental data.

This second approach has been recently proposed by the
EquiMar project of the European Commission [2]. With this
methodology, the EquiMar consortium aims to provide device
developers and stakeholders with an equitable and general
procedure to assess the performance of any WEC at different
scales and locations, based on the results of sea trials.

Encouraging the sea trial of reduced-scale prototypes
before reaching the full-scale commercial stage, the
methodology also rewards a step-by-step development plan.
Within this strategy any new phase of development, with its
specific goals and objectives, is justified only by the good
results of the previous one.

The adoption of a similar common approach, also known as
Technology Readiness Assessment (TRA), would help to
reduce capital risks in the product funding programmes [1].

The present study applies the EquiMar methodology to the
Wave Dragon (WD) WEC, by assessing its performance at
two different locations in the North Sea. These have been
selected according to WD on-going and future development
plans. The evaluation is based on the data acquired at the 1:4.5



scale prototype tested since 2003 in Nissum Bredning (NB), a
benign location in Northern Denmark.

The results, relative to a setup without wave reflectors,
show a wave-to-wire non-dimensional performance of 23% at
an offshore location having yearly mean wave powers of 6
kW/m. This equals to yearly power productions of 0.64 GWh.

For a high North Sea wave climate of 24 kW/m results
show that too few experimental data are available to provide a
reliable estimate of the performance for the envisaged device
size.

Moreover, some indications will be drawn about the
applicability of the proposed methodology, which had not
been widely applied yet. Practical considerations on how to
plan sea trials in order to increase the applicability will be
addressed.

The content of the paper is as follows:

i)  Presentation of WD technology, its development

history and plans for future commercialisation;

ii)  Detailed description of EquiMar methodology;

iii) Power production estimate of WD at two different
locations in the North Sea, including the evaluation
of its performances at different stages of the wave-to-
wire model;

Discussion of the results regarding the power
performances of WD and the applicability of the
methodology;

v)  Conclusions and recommended further work.

iv)

II. WAVE DRAGON

The WD is a slack-moored floating WEC of the
overtopping type. Incoming waves are focused towards the
doubly curved ramp of the device by two wing reflectors,
surging it without breaking and overtopping into a reservoir
placed at a higher level than the mean water level (Fig. 1).

Waves overtopping the

doubly curved ram
Reservoir g B

Aw— | ——

Fig. 1 — The Wave Dragon working principle.

The Power Take-Off (PTO) system of the device consists
of several variable speed low-head hydro-turbines directly
coupled to Permanent Magnet Generators (PMG). The power
production takes place as the water stored in the reservoir is
led back to the sea through the turbines.

The turbines are of axial type with fixed propeller blades
and guide vanes. The rotational speed of the turbines is
controlled in accordance to the available pressure head by
means of a back-to back frequency converter system. The
turbines are activated in a cascade fashion by the control
system depending on the water level in the reservoir. The PTO
system has been proved to maintain a very high efficiency
across the whole span of working conditions.

A. Wave-to-wire model

The energy conversion chain from wave-to-wire of WD can
be broadly described in four different stages, corresponding to
the following power levels:

1) Overtopping power: is the potential power of the waves
overtopping the ramp crest of the device:

Poes kW) =p-g-R.-q (1)

It is proportional to the crest level R, (m), corresponding to
the height of the crest freeboard above the mean water level,
and to the overtopping flow ¢ (m/s). p = 1025 kg/m’ is the
salt water density and g is the gravity acceleration (m/s?).

2) Hydraulic power: is the potential energy stored in the
reservoir that can be effectively harnessed by the turbines:

Pypa(kW)=p-g-H, g 2

It is proportional to the working head of the turbines, H,
(m), defined as the difference between the water level in the
reservoir and the mean water level. The power loss with
respect to P, is due to H; being lower than R...

3) Estimated power: is the power produced by the turbines
assuming they are working at their optimal speed. It is derived
from the characteristic curve of the turbines by knowing H,. It
can be expressed as:

Pesl (kW) = Phyd *Hurb (3)

where #,,, (-) is the turbine’s efficiency.

4) Actual power: is the power delivered to the grid. It is a
function of the efficiencies of the generators, #p (-), and the
frequency converters, 7z (-). In case of optimal turbine speed
the relation is:

Pact (kW) = Pest “NemG - Mfer (4)

B. Wave Dragon development phases

WD has followed the 5-stage development proposed by the
Waveplam project according to the TRA approach [3]. A
preliminary phase of extended tank testing of a 1:51.8 scale
model carried out at HMRC and Aalborg University served as
the proof of concept and to optimize the design of the device
[4]. In parallel with it, the WD optimised propeller turbine
was developed with EU support and thoroughly tested in the
test facility at Technical University Munich.

The results of this phase were used in the up-scaling of the
device to the 1:4.5 scale prototype. This has been deployed
since 2003 in NB, a benign site in Northern Denmark. The
Wave Dragon Nissum Bredning (WD-NB) prototype was the
first floating WEC to deliver power to an onshore grid.

Highly instrumented, it also allowed investigating many
features impossible to consider at reduced scale. Among these
were the control strategy and test of the PTO, the remote
monitoring and control system and various issues related to
the manufacturing, operation, maintenance and survivability
of the device [5].



Currently, WD is involved in various projects to deploy
larger scale units at different locations. Among others, the
company has recently obtained a national grant to carry out a
structural certified design of a 1:1.5 scale North Sea WD to be
deployed at the Danish Wave Energy Centre (DanWEC) at
Hanstholm, Northern Denmark. Moreover, the feasibility
study will also consider full-scale multi-MW WD units to be
deployed in the North Sea and the Atlantic Ocean.

C. WD pre-commercial units

In the following, reference will be made to three different
scales of WD: one is the WD-NB, for which the performance
data have been recorded, and the remaining two are larger
scale devices. These correspond to a 1:1.5 scale device of a
North Sea WD, to be deployed at Hanstholm, and to a full-
scale North Sea WD.

The main geometrical and power features of the three pre-
commercial devices are summarised in Table I.

TABLE I
SUMMARY OF WAVE DRAGON FEATURES
Locations
Nissum DanWEC North Sea
Bredning (Hanstholm) (Ekofisk)
Scale ratio 1:4.5 1:1.5 1:1
. 0.3-0.6
Wave Climate 6 kW/m 24 kW/m
kW/m
Width
(with reflectors) 8 m 170 m 260 m
Width (without | 5 ¢ 64.8 m 972m
reflectors)
Length 333 m 96 m 150 m
Height 3.6m 12m 16 m
Device Rated 20 kW 1.5 MW 4MW
Power

III. METHODOLOGY USED

The EquiMar methodology aims to use a dataset containing
measured power levels at the prototype scale to estimate the
power production of the same WEC at different scales and
locations.

The ultimate goal of the methodology is to provide a power
matrix for the target location, where the power output of the
device is defined for every sea state together with an estimate
of the accuracy of the stated performance [6, 7].

A. Environmental Matrix

The wave climate at the target location is characterised by
an environmental matrix. Typically for a WEC this is a 2D
matrix including only wave height and period, known as
scatter diagram (SD).

In this study, the SD is defined by H,, (m), significant
wave height derived from the frequency domain analysis of a
wave record, and T, (s), the energy period. The dimension of
the matrix bins has been varied depending on the target
location considered.

B. Performance data derived from the sea trials

The data considered in the study correspond to two datasets,
acquired respectively in autumn 2004 and summer 2006 at
two different test sites in NB, i.e. Test site 1 and Test site 2
(Fig. 2). The water depth at these locations ranges between 5.3
and 6.1 m, depending on the tide.

Both datasets are relative to data recorded in the absence of
the wing reflectors, which were removed at that time due to
maintenance. The data recorded at WD-NB include, among
others, the wave conditions, floating position, overtopping
flow, water level in the reservoir, turbine activity and power
delivered to the grid. They consist of 30 minutes long time
series acquired at 10 Hz, enough to include in average a
number of 1000 waves and allow for a statistical analysis.

\L N el
Fig. 2 — Nissum Bredning map with mean energy flux; the position of the two
test sites considered is indicated.

The wave features were recorded by using a pressure
transducer placed roughly 4 m above the sea bed and 50 m in
front of the device, at the anchor pile. From the pressure
measurements the wave elevation was derived applying linear
wave theory [8].

The wave elevation time series were analysed in the
frequency domain and values of significant wave height H,,,
energy period T, and peak period T, were derived.

The overtopping flow into the reservoir, ¢, was measured
indirectly: assuming the average volume of water in the
reservoir is the same at the start and end of the 30 min of each
record, the input, i.e. the overtopping flow, is equal to the
output, i.e. the water flow out of the turbines. The latter was
calculated by recording the working speed and head of each
turbine and by knowing their characteristic curve. The main
drawback of this method is that it neglects the spill of water
out of the reservoir, which in some cases at WD-NB was
significant especially at low crest levels [8]. Water spill can be
reduced through the adoption of an appropriate control
strategy at full-scale, as it will be discussed ahead in the paper.



The floating level, R., and floating position of the device
has been derived from the combined measurements of 4
pressure transducers placed below the platform. The water
level in the reservoir, from which the turbine head H, has been
calculated, has been determined from the measurements of 3
pressure transducers placed on the bottom of the reservoir.

Finally, the working speed of each turbine and the power
delivered to the grid (P,; by each generator were also
recorded.

C. Zoning

The objective of the methodology is to define the power
performance of the device across the whole SD with a
reasonable level of accuracy.

The wave states tested during the sea trials have to be up-
scaled according to the scale ratio between the prototype and
the unit to be deployed at the target location. The extent to
which the up-scaled wave conditions cover the SD of the
target location determines the accuracy of the estimates.

In principle, it is desirable that the bins of highest wave
power contribution at the target location are well covered by
performance data. However, since the time of sea trials is
limited and the wave conditions cannot be controlled like in a
wave tank, enough data might not be available to do so.

In this case, the methodology suggests to group together the
bins into zones, for which the average performances are
defined. This allows providing an estimate on the performance
also for regions in the SD where no or few data have been
collected during the trial period. In any case, the zones should
be kept as small as possible whenever enough data points are
available, in order to have a good resolution of the resulting
power matrix.

In regions where too few or no data points are available, the
average performance of the zones can be predicted by a
numerical model. These zones are hereafter referred to as
“numerical zones”, whereas zones where the performance
assessment is based on experimental data are called
“experimental zones”.

In this study the zoning has been done manually, covering
the regions of greater contribution to the total wave power
resource of the location.

For both experimental and numerical zones, the dimensions
of the zones correspond to one bin of the SD.

D. Performance assessment and data selection

The performance data acquired at WD-NB was divided by
the wave power at the trial location available across the width
of WD ramp. These values are called non-dimensional
performances 7 (-).

By wusing non-dimensional quantities the power
performance can be estimated at any location of interest,
provided the available wave power is known (i.e. a SD is
available) by multiplying the wave power by the respective 7.

The estimate of the non-dimensional performance for each
zone is the average 7, based on all the selected data points for
which the wave conditions belong to the zone. In order to
describe the accuracy of the estimate, the standard deviation, o
(-), and the confidence interval, CI (-), for a confidence level
0of 95% are also calculated for every zone.

The latter is evaluated assuming a Student’s-t distribution:

CI=t*- o/N*’ 5)

where ¢* (-) is a statistical parameter depending on the size
of the sample considered, N (-), and the confidence level
chosen.

During the sea trials not all recorded data may correspond
to optimal performances (the control system may not function
well or the control strategy might be improved over time, etc.).
Therefore, lower performances are more often recorded than
expected at full scale, where every component of the device is
expected to work optimally.

In order to have an estimate representative of the
performance of a full-scale device, a criterion has to be
adopted to account only for those data referring to optimal
working conditions. In any case, a minimum amount of data
should be considered in every zone and the methodology
should reward the increasing number of data considered.

Moreover, the data selection criterion should not only
favour the highest # but also the accuracy of the estimate: a
balance between considering the optimal # and the lowest CI
should be found.

In this study the minimum amount of data points initially
considered for every zone was set to 5. All data points were
ordered according to their # and then the 5 highest were
initially selected.

Whenever the # of the highest point was more than 10%
higher than the following one, that data point was disregarded.
This was meant to discard outlier data points which would
significantly increase the CI of the average estimate, being
these points too high compared to the rest of the set to be
considered reliable.

The first tentative value for the # of a zone is the average
between the remaining data points. The number of data points
considered in the average is then increased until a 10% drop is
achieved in o of the sample considered. In this way the
optimal average # is approached while maintaining a
sufficient accuracy of the estimate.

E. Power contribution and average performance

Each bin of the SD corresponds to a sea state, for which the
probability of occurrence, prob (-), is known and the wave
power, P,, (W/m), can be calculated as:

P Im) = peH2, - C ©

g



where Cg(m/s)zi{u 2kd } gr, tanh(kd) is the group

sinh(2kd) | 27
velocity, £ (m™) = 2z/L is the wave number, L (m) the wave
length, d (m) is the water depth.

This value is multiplied by the width of the ramp of WD, in
order to consider the total usable wave power.

The contribution of each wave state to the total wave power
resource available at the target location can be calculated as:

prObbin i P

w,bin

ZSD Pw‘bin

Every parameter characterizing a zone, generically called X
(e.g. H,y, T., 1), is given by the weighted average of X of the
bins belonging to that zone, where the weight is the product
prob - P, of each bin. This corresponds to:

(7

Contr,,, =

Xzone = ZXb[n ’ Contrb[n (8)

zone

The contribution of each zone is given by the sum of the
contribution of each bin of the zone.

The average # of the device at the target location, based on
the zones considered in the assessment, is:

Nzones,

> (7.0 - PFObpe - Py )

__ zone=1
n average ~

)

Nzones,

Z(prob -P, )

zone w,zone
zone=l1

An unbiased estimate of the average ¢ can be given by:

Nzones Nzones 2
_ 2 2
O-nverage - Z (nzonei + O-:nne ) Contr:nne - Z nzone : Contrzone
zone=1 zone=1
(10)

F. Numerical Complementation

When the performance data are not abundant enough in
regions of the SD with a significant wave power contribution
to the overall resource, the experimental data can be
complemented by the predictions of numerical models.

In this case, the average numerical performance is called
Num and its accuracy is defined by the accuracy of the
numerical model used.

Performance values derived numerically have to be well
distinguished from those drawn from experimental data, the
use of the latter being the main objective of the methodology.

In this study, the numerical model used allows for
predictions of the overtopping flow ¢, depending on the
environmental features and on the setup of WD.

The numerical model has been adapted from a general
overtopping model suitable for high crest applications [9],

which has been updated to suit the specific case of WD after
the tank testing of a reduced-scale model of it [10]. Features
of the model include the description of the effect of the
reduced crest height and limited draft of the device, of the
wave steepness and of the specific geometry of WD. However,
the model does not account for the effect of the hydrodynamic
response of the WD.

The model can be applied whether or not wing reflectors
are present. For the case considered in this study (no reflectors)
the accuracy of the predictions with respect to the
experimental data of the tank tests is £ 5%.

Constant ratios H,,/R. and R/H, are considered for all
wave conditions, in order to provide numerical estimates of
P.res and Py, according to Eq. 1 and 2 respectively. These
ratios are calculated as mean values, based on the data points
selected in all the experimental zones.

Then, P, and P, are derived according to Eq. 3 and 4 by
assuming constant efficiencies of the various components of
the PTO system: #,,, = 0.91, 5pyg= 0.94 and . = 0.98 [11].

G. Target locations for the study

The target locations considered in the study are Hanstholm
and Ekofisk, both located in the North Sea off the west coast
of Jutland, Denmark (Fig. 3).

Hanstholm
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Fig. 3 Map of the Danish part of the North Sea including the locations
considered in the study and their relative mean wave energy fluxes. In NB this
corresponds to 0.3 kW/m at test site #1 and 0.6 kW/m at test site #2.
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At Hanstholm the mean energy flux is 6 kW/m at d = 12-30
m [12]. The wave climate is characterized by a wind sea on
top of a non-constant swell coming from the Atlantic Ocean.

Hanstholm wave climate is suitable for the deployment of a
1:1.5 North Sea WD unit, rated at 1.5 MW.

Due to this, the location has been considered very useful to
evaluate the feasibility of the device at an intermediate step
between the reduced-scale prototype and the multi-MW WD
versions. The deployment of the 1.5 MW unit would in every



case prove the economic feasibility of the device and its
power production capabilities.

Moreover, Hanstholm is the location of a new developed
wave energy test site, DanWEC, where two other devices are
being tested [13].

Structural design work for the 1:1.5 scale WD is currently
ongoing.

Ekofisk, at d = 70 m, has a mean annual wave power
resource of 24 kW/m, suitable for a full-scale WD rated at 4
MW. Ekofisk is reasonably close to the Danish part of the
North Sea, which gives the reason for considering the possible
power performance of a Wave Dragon in this scenario.

Moreover, the location presents the interesting opportunity
of working with combinations of wave energy plants and
offshore oil and gas platforms and wind farms, an option that
has already been evaluated for the near future [14].

In addition, a similar wave climate as Ekofisk can be found
further north along the British coast and also near the southern
Norwegian coast.

IV.RESULTS

The four power levels listed in section II-A have been
recorded at WD-NB. However, the described methodology is
applied only to the first two of them, P,y and Py,

P, and P, are estimated from Py, (see Eq. 3 and 4), along
with the provided efficiencies of the PTO components: #,,, =
0.91, #pye=0.94 and 7, = 0.98.

This is meant to give figures representative of the
performance of a large-scale device in optimal working
conditions, whereas the recorded values of P., and P, at
WD-NB were not as such.

Indeed, the values of P,, measured at WD-NB were
affected by scale effects caused by the small-sized turbines
used, mainly due to high friction at the rotor axis, as well as
by the effect of marine growth in the draft tubes. The resulting
recorded efficiencies of the turbine were in most operational
situations around 60%.

The same affected the measurements of P,, which in
addition corresponded at WD-NB often to non-optimal
working speeds of the turbines, whereas a commercial full-
scale WD would work at optimal speeds.

In optimal conditions, provided the control strategy would
ensure a constant PTO efficiency for different wave states, 7.
and #,. are proportional to #y,. Therefore, it is possible to
refer to the hydraulic power level in order to draw indications
about the trend of the non-dimensional performance and
power production of WD for different wave conditions.

However, the estimates on the power production should be
referred to #,, which represents the wave-to-wire non-
dimensional performance of WD.

A. Hanstholm

A WD to be deployed in Hanstholm would be three times
larger in size than WD-NB. It would be deployed at a water

depth d = 30 m, reachable within a few kilometres offshore,
and rated at 1.5 MW with a set of 8 turbines of 185 kW each.

The SD considered has been discretized into bins of 0.5 m
in H,yand 0.474 sin T,.

The zoning process revealed to be quite easy, since the
wave climate at Hanstholm is very consistent with the one
characterizing the test location, i.e. NB. In these conditions, a
good overlap between the up-scaled performance data and the
higher probability wave states has been found, reducing the
number of numerical predictions required (Fig. 4).
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Fig. 4 — Scatter Diagram at Hanstholm including wave power resource, up-
scaled performance data points and zones. The dominant wind sea has a peak
in wave power at H,y=2 mand 7,=5.2 s [12].

The performance assessment includes 15 experimental
zones and 19 numerical zones. The latter have been used
mainly in those regions of high wave resource that were not
available for testing during the sea trials (Fig. 5).
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Fig. 5 — Zoning at Hanstholm: the regular zones are named in black and the
numerical ones in light grey. Performance data points are marked in blue and
the selected data points in red. A green square identifies the representative
wave state for each zone.



The experimental zones correspond to 60.2% of the total
wave resource at the location. A total of 150 performance data
points have been selected in the performance assessment
according to the procedure outlined in section III-D.

In these zones it has been possible to estimate the accuracy
of the hydraulic non-dimensional performances through o.

Table II summarizes the results at Hanstholm. The
influence of including the numerical zones on the assessment
of the yearly power production, based on P, can be noticed.

TABLE II
SUMMARY OF WD PERFORMANCE AT HANSTHOLM

. Experimental and
Experimental Zones Numerical Zones
Mean Standard Mean Standard
value Deviation value Deviation
Contr. (%) 60.2 88
Hiva (<) 0.32 0.043 0.27 -
Haer (<) 0.27 - 0.23 -
Pp.q (KW) 116 16 99 -
P, (KW) 97 - 83 -
Power
Production 514 - 642 -
(MWh/year)

Since Hanstholm is the location that has proved to fit better
with the experimental data, its results are discussed in detail.

The trend of the non-dimensional performance of WD in
the experimental zones, based on the crest and hydraulic
power level, is visualized in Fig. 6. The ratio between the two
7, representing the conversion efficiency between P, and
Pyy4, 1s also displayed.
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Fig. 6 — Estimates of 7 and #,s of WD deriving from the application of
the EquiMar methodology, shown over experimental zones with the same 7.
Conversion efficiency between #c.e and #,4 is shown in red. The zero for
each 7 is the lower bound in the y-axis of the zone. This trend is due to a non-
optimal control caused by the lack of operating turbines at WD-NB, which led
to often fill the reservoir causing spill losses.

Fig. 8 is an overview of the power contribution of each
zone (experimental and numerical), as well as the wave-to-
wire performance of WD in each zone both in terms of 7,
and P,.. The latter (Fig. 8c) is the power matrix.

B. Ekofisk
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Fig. 7 — SD of Ekofisk including wave power resource, up-scaled

performance data points and zones. The experimental zones (numbered) leave
almost uncovered the most energetic parts of the SD, so several numerical
zones (un-numbered) have been added.

A WD to be deployed at Ekofisk (d = 70 m), often referred
to as a North Sea WD, would be a full-scale device 4.5 times
larger in size than WD-NB. It would be rated at 4 MW with a
set of 16 turbines of 250 kW each.

The SD considered has been discretized into bins of 0.5 m
inH,jand 1.2 sin T,.

In this case the zoning process revealed to be more difficult
than at Hanstholm. Indeed, the wave resource at the target
location is generally characterized by waves with relative
longer 7, than in NB. Therefore, the regions with the highest
power contribution of the SD were covered by performance
data only to a minor extent and an extensive use of the
numerical predictions had to be done (Fig. 7).

A total of 11 experimental zones and 13 numerical zones
have been considered. The former covered 21.3% of the total
wave power resource, including 111 selected performance
data points. After adding the numerical zones the energy
coverage increased to 82.2%. Results are shown in Table III.

TABLE III
SUMMARY OF WD PERFORMANCE AT EKOFISK

. Experimental and
Experimental Zones Numerical Zones
Mean Standard Mean Standard
value Deviation value Deviation
Contr. (%) 21.3 82.2
Wiva (<) 0.26 0.026 0.18 -
Naer (<) 0.22 - 0.15 -
Ppq (KW) 633 62 424 -
P, (kW) 532 - 356 -
Power
Production 992 - 2562 -
(MWh/year)
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Fig. 8 - Matrices of (a) contribution of each zone to the total power resource (b) 74, 0f WD and (c) P, of WD, at all zones considered at Hanstholm. The latter

is the power matrix.
V. DISCUSSION

A. Data selection and accuracy of results

The results shown are influenced by the criterion of data
point selection, but only to a minor extent.

If the proposed criterion had to be adjusted increasing the o
of the estimate, it is suggested to include more of the highest
data points rather than of the lowest.

In the first case, the accuracy of the estimate would
decrease, but its mean value would increase towards the
optimal one; in the second case, both values would decrease,
having an overall negative effect on the quality of the results.

B. Average performance of WD at the target locations

Wave-to-wire average non-dimensional performances of
23% and 15% respectively at Hanstholm and Ekofisk have
been found.

These correspond to yearly power productions of 0.64
GWh at Hanstholm and 2.56 GWh at Ekofisk. However it
should be noticed that the results at Ekofisk are to a very high
degree based on the predictions of the numerical model, which
has not yet been calibrated with real sea data.

These figures are conservatives, referring to a configuration
without the wave reflectors. It has been estimated that the
average increase in annual wave power flux provided by the
reflectors would be of 30% [15].

As shown in Fig. 8, the highest wave power contribution is
given by zone 9 (H,p =2 m, T, = 5.2 s), with 7.6% of the
overall available wave power; values above 5% are also given
in zones 6, 8, 11, 12 and 15.

The highest 7,.,= 0.4 is achieved by far in zone 8 (H,,y = 2
m, T, = 4.74 s); values of 7, above 0.25 are also achieved in
zones 2, 6,9, 11, 12 and 14.

P, increases with H,,, showing a fairly clear dependency,
while it is quite constant over 7,. Maximum values are
reached in the numerical zones N18 (H,y=4.5m, T,= 7.1 s)
and N19 (H,,y=4.5 m, T, = 7.6 s), corresponding respectively
to P, of 739 kW and 733 kW.

C. Wave-to-wire energy conversion

Fig. 7 shows the evolution of the non-dimensional
performances relative to the crest and hydraulic power levels
over the experimental zones.

The same trend can be observed for #,.y and #,,,, which
grow with H,,, determining the conversion efficiency #es.-ro-
nya to be very high and constant and meaning that the reservoir
at WD-NB was close to be full in most of the cases considered.
This is due to the fact that the data selected correspond to the
optimal hydraulic performance of the device, when the
turbines were not able to process the large overtopping
volumes incoming in the reservoir.

At full-scale, once the optimal control strategy has been
implemented, this trend would actually be the opposite, #,q
and #cyest-0-nya decreasing with H,,o. With the aim of reducing
the spill losses, the water level in the reservoir will be lowered
in wave conditions with high H,, indeed, so to be able to
accommodate the next incoming wave group and therefore
increase the power production.

This kind of strategy would be favoured by the adoption of
wave-by-wave predictive algorithms, which have already
shown to be possible through the use of digital filters [§].

Using the #,,ave.0-wire resulting from the study, the different
conversion efficiencies along the WD energy conversion



chain have been analysed, provided the PTO efficiencies are
known and the #¢¢s.0-4y4 has also been estimated.

Table IV summarizes the wave-to-wire conversion
efficiencies of WD at the two tested locations. The given
figures are only based on the results of the experimental zones
so to be more reliable, being not influenced by the limitations
of the numerical model which has shown a tendency to
underestimate the overtopping flow measured.

TABLE IV
SUMMARY OF WD ENERGY CONVERSION EFFICIENCIES
Hanstholm | Ekofisk
Nwave-to-crest 35% 28%
N crest-to-hvd 92% 93%
Nhvd-to-est = Neurd 91% 91%
Nest-to-act = NPMG * Nfe 92% 92%
Nwave-to-wire = Hact 27% 22%

The lower overtopping efficiency at Ekofisk is against
expectations, but can be explained by the fact that zones with
high # at WD-NB correspond to a low probability sea states at
the target location, limiting the average non-dimensional
performance. This is more evident where the correspondence
between the two wave climates is not very good, such as at
Ekofisk.

Table IV shows that the primary energy conversion, i.e. the
overtopping efficiency, limits the wave-to-wire conversion
efficiency. With respect to this, it has already been mentioned
that the adoption of the optimal control strategy would reduce
the water spill and increase the overtopping efficiency,
decreasing in turn #eyeg-so-hyd-

D. Applicability of the methodology to WD-NB

The applicability of the methodology has been found to
highly rely on the correspondence between the high
probability wave conditions at the sea trials and those at the
target location.

When the correspondence is good (e.g. Hanstholm) a
higher number of performance data points can be used in the
performance assessment. This allows providing more reliable
estimates, for which figures on the accuracy can also be given.

On the other hand, when the wave conditions at the sea trial
location do not correlate well with the wave climate of the
target location (e.g. Ekofisk) the use of experimental data is
possible only in a reduced number of zones, requiring an
increasing use of numerical predictions and limiting the
reliability of the results.

Therefore, the correct choice of the sea trial location is
essential to apply this methodology. Whenever possible, this
should be based on the detailed wave climate of the target
location for future deployment rather than only on its mean
annual wave power.

NB, the location of the sea trials used in the study, is an
inlet sea with locally generated, fetch-limited wind seas,
which cannot represent well the wave conditions in the deep

parts of the North Sea. Here waves are generally longer due to
swells, limiting the scalability of the performance found in NB.

As a consequence, the performance estimates provided at
Ekofisk are mostly based on numerical predictions. Due to the
limitations shown by the numerical model in predicting the
overtopping flow, a drop in the #,,, of 8% can be observed
when the estimate includes the numerical zones. This also
indicates that the numerical model still needs to be calibrated
by large scale tests in real sea.

E. Indications for further WD performance assessment

Future plans for commercialization of WD include the
deployment of full-scale units in the Atlantic Ocean off Wales
and Portugal [3]. In the performance assessment of WD at
these locations, characterized by swells longer than in the
North Sea, it would be difficult to use the EquiMar
methodology with the current dataset. Therefore, at present
the performance assessment of WD at these locations is likely
to be derived almost entirely through numerical models.

However, the deployment and test of a large-scale WD at
Hanstholm would provide a better basis for the performance
assessment at Ekofisk or Atlantic locations based on
experimental data, making the DanWEC test centre very
useful.

VI. CONCLUSIONS AND FURTHER WORK

WD is now in a pre-commercial phase. At this stage, it is
very important to be able to provide reliable estimates on the
performance of large-scale commercial devices at possible
target locations.

The EU project EquiMar has proposed a methodology to
assess the performance of WECs at target locations in an
equitable way and based on real sea trials of prototypes. The
methodology allows estimating the non-dimensional and
power performance in different zones of the SD at the target
location based on experimental data, providing also a measure
of the related uncertainty. Average non-dimensional
performances can also be derived, based on the contribution of
each zone to the overall wave power resource of the location.

The present study applies this methodology to the WD
WEC. Performances are estimated for a 1:1.5 scale WD rated
at 1.5 MW to be deployed at Hanstholm in the Danish part of
the North Sea (at the DanWEC test centre) and of a full-scale
4 MW unit deployed at Ekofisk, in the offshore North Sea.

The study is based on performance data measured during
the sea trials of a 1:4.5 scale pre-commercial demonstrator
deployed between 2003 and 2006 in Nissum Bredning, a
benign site in Northern Denmark. The dataset considered is
relative to a setup of WD without wave reflectors.

The performance assessment has been mainly based on
experimental data at Hanstholm, whereas at Ekofisk a
significant number of numerical predictions has been required.
This is due to the fact that the wave climate at Ekofisk did not
fit very well with the one at the sea trials test at NB, location
characterized by wind driven seas only.



The overtopping model used for the numerical predictions
was developed through the tank testing of a small-scaled
model of WD at Aalborg University.

The study considered 4 different power levels
characterizing the wave-to-wire model of WD: the potential
power derived from the overtopping flow over the crest of the
ramp, the potential power corresponding to the water level in
the reservoir, the estimated power produced in the case of
optimal working conditions of the turbines and the actual
power delivered to the grid.

The efficiencies along the wave-to-wire energy conversion
chain of WD have been analysed. It does not come as a
surprise that the stage most limiting the wave-to-wire
performance is the conversion efficiency from the kinetic and
potential energy mix of the waves to pure potential energy in
water in the reservoir (“power level 17).

However, this can be further optimised at full-scale through
the adoption of the already well defined turbine control
strategy.

Since a scale effect limited the values of the wave-to-wire
non-dimensional performances 7., and 7, measured at WD-
NB, these have been derived from the measured #,,, through
the well-known efficiencies of the PTO components. In any
case, this highlights the importance of being aware of the
consequences of scale effects whenever the measured
performance refers to small-size prototypes.

The average non-dimensional performance of WD has been
found to be 23% at Hanstholm and 15% at Ekofisk. These
figures are considered highly conservative as they refer to a
setup without wave reflectors.

The average 5 achieved at Ekofisk has been found to be
lower than at Hanstholm. An explanation has been found in
the non-optimal correspondence between the wave climates at
NB and Ekofisk, leading to a lower average # when some of
the higher performances recorded at WD-NB correspond to
low probability of occurrence at the target location.

Even though the use of numerical predictions allowed
considering in both cases the major part of the wave power
resource in the performance assessment (88% at Hanstholm
and 82.2% at Ekofisk), a large use of numerical calculations
goes against the stated objective of the EquiMar methodology
of relying mostly on experimental data. In this case, the
uncertainty of the estimates increases and cannot be quantified,
depending more on the reliability of the numerical model than
on the statistical treatment of the experimental data.

On the other hand, an availability of 95% can be generally
expected from WD, so that also in this sense the figures given
can be considered conservative.

The poor correspondence between the wave climate
experienced at WD-NB and those characterizing possible
deployment locations in the Atlantic Ocean limits the
application of the used methodology, as the performance

assessments here would primarily be based on numerical
predictions.

Further work can be expected to assess the performances of
WD at these locations. In light of this, the update of the
numerical model used and its calibration on data coming from
real sea trials would increase the reliability of the provided
estimates.
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Abstract— The aim of the study is to retrieve the incident improving the performance of the device. For bathsuof the
wave information that coincides with former Pico pant pilot plant, production and optimization, weak gsimemain.
operation periods. The recent implementation of a One of the most relevant is the direct measureroérthe
directional pressure sensor for wave measurement agell incident waves (and consequent automatic reliefveval
as the recovery of the data gathered by a directi@ wave adjustment) as it delivers reliable real-time walevations in
rider buoy allowed embarking on the validation of tvo the direct vicinity of the plant. However, due tméling gaps
different models by using both wave measurements: aand climatic difficulties, to date, this is notluimplemented.
model for wave propagation (SWAN) and an Artificial Fortunately, post-processed data of the incideat state
Neural Network (ANN). This paper, as a first step ba has finally become available since the installatdéra wave
comprehensive study, leads to several recommendatito measurement sensor (Acoustic Doppler Current Meter,
improve both methodologies in future works. ADCM) roughly at 8m water depth, 50 meters in frofthe
plant (July 2010). Moreover the cooperation setveen the

Keywords— Pico Plant, Oscillating Water Column, Artificial  Jniversity of the Azores (Centre of Climate, Metglogy and

Neural Network (ANN), Wave Propagation Model, Incicent Glob_al Change) and WavEC (Wave Energy_ Centre), tted
Wave Climate. sharing the wave climate database, provided throagh

Directional Wave Rider buoy (DWR, roughly at 100rater
I.  INTRODUCTION depth, 8 km offshore from the plant). These fundatale

For the last five years the OWC Pico plant has ieeding improvements have allowed embarking on valuable kwor
electricity into the grid, and in December 2009 phant ran in Streams, namely:
automatic mode for the first time since its refstsnent - Validation —of numerical/experimental hydrodynamic
(started in 2003). A 2 week test was carried cunfMarch to transfer functions for calibrating the first stejptloe wave-
April 2010 and the plant worked without interruptié6om ~ to-wire model developed in the past for the Pienpl
mid-September to mid-December. 2010 has also mattied - Development of control strategies based on thennicg
year of the first incomes from the sale of eledyito EDA ~ Wave. .
(Electricidade dos Agores, regional utility) themef achieving - Plant performance assessment following the metloggol
one of the initial objectives of the project: thapply of  developed in EquiMar 4.2 [1].
electrical energy to the island grid on a regukzsib. V\_/hen no direct wave measurements from the AD_CM were

In parallel with the increasing operational houhe OWC available, a numerical tool was developed to eséntae
built on Pico is also used for research purposeseaiat incident wave parameters (based on the air pressure



measurements inside the chamber [2]). However,tdue
presence of pressure leaks in the pneumatic chaofbire
plant, the precision of the model remained belopeexations.
The purpose of such a model was to estimate thieleint
wave data for operating periods of the plant (lefbeing
effectively measured) in order to assess its peréoice all
along the conversion chain.

The present study follows the same objective bgpgisivo
different numerical tools: a model for wave propgagaand
an Artificial Neural Network (ANN). Both are devgled on
the basis of physical measurements obtained in sitshore
by the wave rider buoy and inshore through a dael
pressure sensor for wave measurements (ADCM). Dubet
greater availability of the wave rider buoy, thenais to be
able, by using the best of both numerical modespredict
what the incident power in front of the plant wolblg, i.e., at
the ADCM location.

The first part of the paper will present the datailable
and how they were obtained. The second part wilhi$oon the

The data is processed at buoy level through interna
software that sends half-an-hour spectrum via teteym(in
general, one every three hours is saved when mteiv
however, every spectrum is saved in more energsgie
states). The frequency spacing of the spectrunO@50Hz up
to 0.1 Hz, and 0.01 Hz up to 0.58Hz.

Only in July 2010 the wave energy assessment int fob
the plant has been enhanced by the installati@ndifectional
sensor for wave measurement (ADCM, with pressursae
and wave algorithm), roughly 50 meters from theafreall of
the plant (blue dot on Fig. 1).

The wave burst acquiring mode (or diagnostic mage,
measuring the wave data 2048/4096 seconds eveoyuré)hof
the ADCM was used in order to automatically proctss
PUV data-sets with a software. The frequency sppointhe
spectrum was set to 0.005 Hz up to 0.49Hz (limibgdthe
highest acquisition rate of the ADCM, i.e., 1Hz).

The sensor measured continuously from the 30thulgftd
the 13th of September (period called WMeasl hegaft

processing of the wave measurements, their consequBecause an external battery supplied the ADCM,niln@ber

quality and the presentation of the methodologyduse
compare the data stemming from the two differeniadss.

and length of the measurements were limited (261848 .

The third part aims at validating the SWAN numdrice

model, developed for simulating the wave energyagation
in shallow water in front of the plant.
A last aspect of the paper consists in compariegésults

of the SWAN model and the predicted wave data obthi

through a feed-forward based artificial neural retw This
network will use the same wave measurements tmatithe
attenuation of wave heights from the buoy to theCADsite.
The final objective is to fully characterize thewsaenergy
resource in front of the plant and its performamiz the

generation of a 3 year based scatter diagram angerpo

matrix. The SWAN/ANN can therefore be extended &oye
data from the CLIMAAT buoy [3], in order to recovemave
information (at the present ADCM location) for theevious
years of the Pico plant operation [1].

[l. WAVE DATA

Fig. 2 Waves breaking on the plant the 9/10/2011D&83

Since 2008, information on the wave climate hasnbee

collected with a nearshore Directional Wave RidBMWMR)
buoy, located between Faial and Pico islands aat@mdepth
of 100m, through the CLIMAAT Project (Fig. 1).
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Fig. 1 Location of the DWR Buoy (orange dot) and@ (blue dot).

By the 17th of September, a cable linking the AD@Mhe
plant was installed, providing a continuous powepgy to
the device as well as real-time measurements @sarg the
density of data acquisition up to 4096sec/1h30min).

On the 23rd of September (after the acoustic measemt
campaign carried out in the scope of the WEAM mbj¢he
ADCM was deployed in order to acquire data without
interruption. Unfortunately the cable was destroyedished
by the boulders composing the sea bottom in frdnthe
plant) between the 6th and 8th of October whemaréssive
storm hit the pilot plant (Fig. 2). The externalttbay worked
as a backup and allowed to measure wave datathetil5th
of October. It has been necessary to wait until tfe of
November to meet a forecast good enough to divessad
the measurements again. The period called WMeas7
(21/11/2010-22/02/2011) was still limited in datzaqtity due
to the use of external batteries (4096sec/6h). Wi¥iea and 7
are identified on Fig. 3.
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Fig. 3 Comparison between ADCM and Buoy parameters

I1l. MEASUREMENTSPROCESSING& COMPARISON

This study is based on existing measurements,
opposition to a measurement campaign where spesgfiaip
could have been changed, namely: the sampling ssheamd
the time synchronization.

The post processing of the ADCM data was done @h su
way that most closely matched the processing of bihey
(similar frequency resolution). However, the smauogh
approach employed by the DWR (8 spectra averagey éndf
an hour) and the ADCM (64 FFT bins) is not exadtig
same.

Since its first deployment in July 2010, a totalcunt of

1038 measurements were obtained through the ADGM. F

the same period, 1439-half-an-hour measurementse wi
received from the buoy. By assuming that one halhaur
spectrum measured from 9:30 to 10:00 at the bucgtion is
comparable with one 2048/4096sec based spectruraumezh
from 10:00 to 10:34:08 (or 11:08:16) at the ADCNEesi678
wave ensembles were found to be preliminary syntcheal.

As the purpose of the study is to recover overadvav
parameters (not precise wave elevation in a rafigeand)
the precision of the comparison is considered Hgmunt.

The simultaneous plot of both (Buoy and ADCM
measurements is presented in Fig. 3 for the sagmfi wave
height, the mean direction, and the energy pewagrovide a
broad picture of the wave distribution for the wehgeriod
(Wmeasl to WMeas7). A regression analysis of the
parameters is presented in Fig. 4. The coefficieft
determination Ris used to characterize the goodness of fit
the buoy data in comparison to the ADCM data.

A. Significant Wave Height

Top graph of Fig. 4 shows that the estimates foh&le a
g od agreement (R0.873) and it indicates that the total
energy (integral of the spectrum area) is very elas both
measurement sites. Surprisingly the amount of gnergot
always lower at the ADCM location. Before furtheudy it
can be explained by two reasons, extracted from [4]
The absence of a continental shelf makes it pas$iil
the waves to reach the vicinity of the shorelinghwi
relatively little energy dissipation.
The final choice (for the location of the plang.j.in
the 1990’s) was made taking into account the pesen
of natural concentration of wave energy at the sfte
Porto Cachorro, in the island of Pico.
erHowever, the underwater pressure measured by tHeM\D
IS composed by the sum of the incident and refteetaves
(by the coast of Pico). The impact of the reflecteaie may
be important at this location due to the preserfca eteep
bathymetric slope as the depth varies from 8 nth@ADCM
location, 50 m distance from the front wall) to 80(roughly
300 m offshore). It is still not clear if the ADCkheasures
high Hs values due to the coastline reflection oe do a
bathymetric ‘wave magnet’ effect. Unfortunately, eddo
everal difficulties, it has been impossible furthesearch of
hese aspects (separation of
components and to perform a finer bathymetric sgrve

The presence of currents, local turbulence and
ggnlinearities in the wave regime are known cawsesrrors
associated with bottom-mounted ADCMs measuring aiesyi

glhese errors might contribute to the higher energlues

measured at the ADCM location and to the diffusofrthe
points around the trend line.

both surface elevation
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Fig. 4 Regression analysis comparing the ADCM andyBparameters

B. Mean Direction The second plot of Fig. 4 shows the comparison éetw

To avoid constant jumps from 0° to 360° when dealiith ADCM and DWR direction records. The results obtdire
northern directions (the centre of the directioninérest in the angular zones of NW and NNE could be explaimgthe
this study, Fig. 1); the wave direction conventioms been diffraction caused by the |sland_s or the refractimused by
adapted. In this study, it is defined accordingmoere the the bathymetry of the nearby islands that are closehe
waves come from, measured clockwise from geograpm§undanes of the angular zones. In fact, the toréncluded
South (the opposite of the common nautical coneeiti between 30 and 150° at the buoy level (NW and lower

The instruments (DWR and ADCM) can’t measure in tHéirection) will be measured by the ADCM as travegliwith
same range of directions due to their locations wéspect to an inclination between 150 and 190° (red plottedi¢ecy in
the surrounding islands. As seen in the Fig. 1,ishend of Fig. 4). The waves with a direction included betw@80 and
Faial shadows the western sea states for both miegsu280° (NNE and higher direction) will tend to reabk ADCM
devices, and the island of S&o Jorge shadows themm §ea With an inclination between 170 and 210° (blackttpib
states coming from the direction interval of noetsieto east. téndency in Fig. 4) as the bottom-mounted device'tca
Pico Island shadows the ADCM but not the DWR froouth Measure directions superior to 210°.
coming sea states. Consequently, the water lewslatbn A Physically expected behaviour is therefore obable,
measured by the buoy and the ADCM are not alwagghough for a better understanding a completeysafdhis
comparable. No coefficient of determination quaesifthe Phenomenon might be required. A global model thatases
second plot on Fig. 4 as the regression is notatinghe the group of islands (i.e., nested SWAN grids vetlglobal
ADCM is meaningfully measuring roughly between 1aeg 9rid forced by NOAA information) would complete the
210° (WNW to NNE) whereas the buoy data are indud&omparisons between directions and then allow the
between 30° and 280°. elimination of uncertainties (not implemented & thoment).

To deal with this problem, three different angutames ~ The mean direction was selected as a more stakdenpzer
were defined to classify the incoming sea stat@e: tb 150°, Since the peak direction led to less accurate teéitildoesn’t
NW, 150 to 180°, NNW, and 180 to 210°, NNE. Theosec take into account two-peak spectrum and is too rigget on
of these zones is considered the most reliableusecd has the frequency resolution).
no obstacles near its boundaries that could causelhe use of the SWAN and ANN models are expected to

refraction/diffraction effects (green plotted reggion Improve significantly this directional comparisoall¢wing
tendency in Fig. 4). the assessment of a meaningful coefficient of deiteation).



C. Mean Period distribution of the directional estimates over fregcy for the
By comparing the mean zero-crossing period it apsptreat length of the test (only WMeas5, for.mor.e readaQiIiThe
the overall agreement is rather poor£R0.337). This is co[ours indicate dlreCtI.OI’l and thg directional resties are
mainly because this period, depending on the 2raeror N0iSy when the colour is not consistent. The ADGM\s a
moments of the wave spectrum, is very sensitivehith broad high frequency band where the directions revisy
frequencies (wind waves). In the processing of ARCM (when the buoy has a good performance over all the
measurements, the linear wave theory is used teecbthe SPectrogram). _ o
(underwater) pressure spectra to surface elevatipectra  High frequencies will clearly have a negative iefige on
(multiplying by the inverse of the decay functioA). higher the wave parameters comparison (Hs, Te, and Tejeteet the
frequencies (undetectable by the pressure transcame¢he PUOy and ADCM measurements. In this way a bandyaisl
pressure weakens exponentially with depth) this ganction [7] was performed, by opposition to the previousdyried out
becomes so high that a cut-off is necessary to emtevPulk analysis. By reducing the range of frequendiesn
inaccurate results [5]. An extrapolation of the spiectrum (P- 0-025-0.49 to 0.025-0.2 Hz, it was possible to iobthe
M shape) is finally carried out. following improvement of the coefficients of deténation as
The mean zero-crossing period will not be considlese Presented in Table 1. _
convenient parameter to compare both measuremertisea 1he €limination of the waves with short wavelengths
ADCM is incapable of measuring the wind waves (onigharacterized by a bad performance in energy aedttbnal
extrapolation). The peak period neither is ideathiis study €stimation in the case of the ADCM) improved the
(R?=0.469) as it will not allow treating two-peak spec1. comparison of Tz, Tp (not plotted here), Te and Hs.
Moreover, the frequency spacing from the buoy does  BY reducing even more the frequency range the Rwsqu
allow a precise assessment of the peak period. values of the different periods can still incregsere weight
The mean energy period depending on lower frequenéy given to the longer periods and this coefficieft
where more energy is included (swell), is therefarere determination depends on the number of points) hst,
stable and its estimates indicate a better agreem@XPected, the direction comparison drops. Howeke
(R?=0.574). The mean period provides an indicatioarargy OPtimization was performed on the R-squared valufias
distribution in frequency space but, as seen befbeeenergy an indicator of the overall spectrum area compatiso

contained in higher frequencies will be difficutt tompare TABLE |

due to the necessary simplifications that have Ipegformed R-SQUARED VALUES FOR TWO DIFFERENFREQUENCY RANGES

during the ADCM data processing. R- Frequency range

D. Comparison Methodology quuared 0.025-0.2 0.025-0.49
Due to memory capacity, the wave rider buoy isainé to 0.875 0.873

internally record real time-series. As for the ADGMwvould [ Te

have allowed to obtain the relative wave spectrosteiad of 0.815 0.574

absolute values and therefore to use the cohefancdon in | Dir

L -4.957 -6.391
order to compare the wave spectrum and their éiffegs [6].
L 0.515 0.469
360°
0.45 3300 | T2 0.501 -0.337
0.4 300°
270° . .
0.35 2400 The plant resonance period is close to 10 secf@jdand

nee the OWC is therefore not very sensitive to wind a&vAs the

1800 Production is more significative for longer periodsd

150 Decause the main objective is to recover wave petiens
1,0 COrresponding to operational periods, a cut-off0atHz (5
second period waves) is assumed acceptable apribves the

e Quality of the comparison between the measurements.
However, it would be valuable to identify the weigt wind

: waves in the local wave climate in order to justifig use of
21/09/10 280900 051010 121010 19/10710 this high frequency cut-off by assessing the umdety that it

creates in the comparison.

Frequency (Hz)
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N
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Fig. 5 ADCM Directional Spectrogram (WMeas5)

It has been seen that the high frequencies energy IV. SWANNUMERICAL MODEL
distribution of the ADCM measurements is interpetht SWAN (Simulating Wave Near Shore) is a third-getiera
Furthermore, the high frequencies directional estim spectral model governed by the wave action balagcetion
(ADCM) are known to be noisy. Figure 5 presents thdesigned to resolve wave fields in shallow watstgh as
spectrogram of the mean direction, which shows tle@astal regions. It uses typical formulations faves growth



by wind, wave dissipation by white-capping, botténition,
depth-induced wave breaking, diffraction, refractidue to
variations in seabed and wave-wave nonlinear iotienas [9],
to model near-shore wave climate transformation.
Following up on the work previously done in [2],eth
SWAN version 40.51A was implemented in the nortbrstof
Pico to propagate waves registered by the DWR [§86§072

mwW, 4272214 mN) towards the ADCM location (37400

mW, 4268736 mN).

The model area (dashed rectangle in Fig. 1 or Jitg8§ an
extension of 12 x 16 km, and is based upon 4 hydpigcal
bathymetry charts produced by the Portuguese Hydpbical
Institute (Instituto Hidrografico), (1983, 1987,1895).

o ADCM
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Fig. 6 Reconstitution of the Bathymetry

However the pink line delimits the area for whicb n 24274
information exists (in between the charts). A linea

interpolation was carried out to obtain, in a r&idi way, a
more detailed bathymetry (Fig. 6 and 7) to achieve
resolution of 100 m for the whole domain insteadtloé
original 15" precision (roughly 460 m lat and 36dang).

Wind data registered at Pico island airdrome wasaioned
from the Meteorological Institute of Portugdhgtituto de
Meteorologia de Portugql The sea level information for
Horta harbour (Faial island),
Geographic Engineering Department of the Universify
Lisbon DEGGE, Universidade de LisbpaBoth parameters
were gridded in the whole domain

The model ran in repetitive stationary mode andyapg at
the model’s open boundaries (West, North and Edst)

s 4%

Fig. 7 Bathymetry in front of the OWC Pico Plant

The model was set to output two sets of results:
- Significant wave height, energy period, mean Zgossing
period, wave direction, depth, wind speed and thezfergy
spectrum at the ADCM location.
- Significant wave height, energy period, mean Zgussing
period, wave direction, at 100m intervals across whole
domain (Fig. 8).
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Fig. 8 Overview of Swan"2 Output (here Hs) over the whole domain.

was calculated by the

A similar regression analysis as the one perforindelg. 4
is shown in Fig. 9. Disappointingly, not all the sBuared
values did improve in comparison to the ones obtiin
through the real buoy and ADCM measurements corsgari

As in the previous part, the elimination of the hig

spectral condition obtained from the DWR buoy. Thféequencies improves the comparison of Tz, Te, arl Hs,

condition, are constant 1D energy spectra of 64ueacy
bands defining for each of them power, mean dioecti
(spectral) and spread.

The non-linear quadruplet interactions were actidaas
well as the dissipations due to whitecapping, botfaction
and depth induced breaking. The grid model wasddfiwith
36 directional bins of 10° covering all possibleave
directions, and 35 frequency bins. The model autmaldy
chooses the frequency spacing by following a Idlgaric
distribution. The same frequency spacing than the af the
ADCM and Buoy measurements is therefore not repritdei
in the SWAN outputs.

i.e., the parameters issuing from the buoy progabata
SWAN provide higher R-squared values without thghhi
frequencies. However, even using the 0.025-0.2afige, the
coefficients of determination stays below the ofresn the
measurement regression analysis.

The mean direction is following the expected bebawias
the modelized values are all included between 10290°. It
means that the SWAN model is properly simulating th
refraction. Nevertheless, the mean directions obthi
numerically at the ADCM location remain generalkbp tlow
for the R-squared value to be positive. The infageiof the
bathymetry in this aspect of the model is consetjyerot
strong enough.
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Fig. 9 Regression analysis between Swan 1st OatgplADCM data

- A finer bathymetry might also improve the directal

The data registered by the DWR buoy presented daggfresentation (stronger refraction) by avoiding
where information lacked and SWAN's non-stationergde interpolation in one of the most critical part bétchart.
can extrapolate the missing data. The use of thestationary - A 100m computational grid resolution was achiewéd
mode is improper (initially done in this projectiedto this jnterpolation (to save computational time). Newhiyatetric
time extrapolation. In spite of providing more aglility to the jnformation will ensure that all relevant featuafthe seabed
comparison methodology (as the exactly same datesasl), are properly resolved in the SWAN model.
the use of the repetitive stationary mode didnpiaved - The grid of current needs to be implemented.
significantly the response of the SWAN model - The reflection of the coastline is not implemehia the

The buoy data was transformed by the SWAN modedrtnenumerical model and might be important in this cangon as
shore wave propagation) and the correspondent bdgia is peing measured by the ADCM (currently under inygegton).
more diffuse when comparing to the ADCM data thke t. The redistribution of the energy in the spectroperated by
input buoy data itself (0.833<0.875 for Hs and 643515 SWAN (and the logarithmic frequency sampling) iefhces
for Te). Several causes can be pointed out as medpe for the wave periods and directions in comparison &ABCM
the decrease of the regression analysis quality: measurements.
- The need of a more realistic bathymetric chartpider to - Some sensitivity studies were already carriedioutrder to
improve the local precision. As shown in Fig.8 oetible jmprove the regression analysis (water level anddvgrids,
concentration of energy might happen close to theres preaking phenomenon deletion, and location of ttesgt of
(refraction due to variations in seabed and cusienpytputs). However, no decisive parameters were dotm
Shoaling...) and the Porto Cachorro site is knowhe such a produce a significant improvement on the Compa[im“er
place. The model is therefore very sensitive tolihymetry physical phenomena were represented by standarfdufte
(or to the presence of currents) and due to a latk values that seemed appropriated for the case stmlyever,
information (in between the hydrographical chartfe these coefficients still need to be tuned to theesabeing
bathymetry had, at times, to be interpolated. Eifethis modelled through various sensitivity studies butremains
concentration phenomenon seems to be appearifigiright time consuming to treat them all.
place (in front of the plant, Fig. 8) it is diffituo be confident . The DWR data used for the East boundary might beot
due to these local variations. The use of the SV\H!ENtIng adequate, especia”y for waves Coming from NNEmseciThe

option combined with the digitalization of the mahu jnsertion of the SWAN model in a more global gridllw
bathymetric survey carried out in the 1980’s innfrof the provide better boundary conditions.

Pico plant might increase the local accuracy asede

an



V. ARTIFICIAL NEURAL NETWORK more flexibility in the algorithm choice), i.e., HBir and Te
at the ADCM location.

Artificial Neural Networks are specialised at reniing B.efore its appli.cation, the network is required#otrained.
patterns without necessarily having knowledge of tHt aims at reducing the global error, between tie¢work
underlying physical process. In other words, arifigel ©Output and the actual observation at a given outpdie, by
neural network enables the creation of a complensfer Updating the network weights and biases. The nunber
function only based on a set of in and output dathich fraining vectors was set to 75% (_malnly due to $meall
correspond here to the Buoy and ADCM data. amounts of comparable _data ava|_la_ble). 15% are _ueed

A backpropagation neural network, based on a feedplidate that_the network is genera_llzmg and tupdraining
forward algorithm, was used in this study. The atiata in Defore overfitting and the remaining 10% are usedaa
the simulation is not only linked to one wave meament at completely independent test of generalization. fraing is

the time, but to several previous wave measurentertd, t- Stopped when the validation errors increased fdtet@tions.

acquired in different batches, there is a cert&k in using tested on the basis of the entire data used imtresurements _
this kind of network. The ADCM was not acquiring?Omparison (678_ wave ensembles). Its accuracy is
continuously and a ‘bad’ input (for instance ifngivalues in demonstrated by simulating properly new inputs tied not
both WMeas5 & WMeas6) can be misinterpreted byel. been used for its training (WMeas8 is currently nbei
The training function that updates the weights biages in Measured and will complete this validation). .
the network was set to the default Levenberg-Mandfu@.M) In the present study, the ANN response is satisfpcas
algorithm optimization function. As the problem waefined the regression analysis significantly improves (Fig) when
by three-element target vectors, (3-1) = two hiddeyers Compared to the one obtained through the applicatfothe
composed by 10 and 14 neurons are used with theffne SWAN model. The regression analysis is better ti@none
ANN function of the Matlab toolbox. carried out with the measurements as the diredtiona
In order to increase the accuracy of the resultsevant coeff_icient analysis is definitively less diffusendh finally
information that is available is used to compossetof 678 POSitive (0.613). Improvement of the Te and Hs Resqd
five-element input vectors. Namely Tp, Dir, Te, THs Value can also be seen (first and third plots df. Fi0).
measured at the buoy location. Only the relevafurination However, lots of improvements are still necessargrder to
composes the set of target vectors (it increasesiimber of conclude on the quality of the ANN in estimatinge th
degree of freedom involved in the nodes and theeefiows ~MISSING” wave parameters.
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Fig. 10 Regression analysis between ANN Output &CADdata (Target)




To get more accurate results, the following appneac

could be tried:

- Optimization of the amount of layers and neurons.

- Improvement of the training algorithm (Conjugagedient
Fletcher Reeves update (CGF), Broyden, Fletchetdf@nty
and Shanno update (BFG)...) [10].

- Try to improve the relevance between in and dutfata,
e.g. use the whole wave spectrum as input instéatheo
processed parameters such as Tp, Te and Tz. A oomg®
between precision and computational time will hawebe
done.

- Use in and output data at former time steps (t-2...)
without missing data in between.

- Use different kind of Artificial Neural Network.

The variability of the results makes it a difficutiol to
optimize as the network will reset its weights didses as
different values are used for its training. A stid¢al approach
will be followed in the process of optimizing thesural
network in order to take into account the non-ritipeness of
the tests. This will
parameter/algorithm instead of another. For inganbe
backpropagation network (‘newff’) was used insteddthe
pattern recognition network (‘newpr’ ANN functiorf the
Matlab toolbox). Both are based on a feed-forwdgbrithm
and the difference lies in the transfer functioedidor the
output layer (‘tansig/logsig’) and in the algbrit
optimization function used for training. The resutibtained
with the newff function are most of the time bettert not
always and it explains why the stability of an ANMNst also
be assessed.

Nevertheless, it appears to be within reach of ANN
abilities to retrieve incident wave information traoincides
with Pico plant operation periods.

VI. CONCLUSIONS

The present paper is the first step of a comprehessudy
aiming at recovering wave information for the poais years
of the Pico plant operation by the use of two défe
numerical models. Several improvements still needbé
carried out in the methodology to improve the gasdnof the

fit between the results of both models and the ADCKILIMARCOST

measurements.

A first improvement would be to perform a measuretme

campaign where specific set-up could be changedelyathe
sampling schemes and the time synchronization eftito
different measuring devices.

The use of a bottom-mounted ADCM for measuring tr[

waves implies the establishment of a high frequencut-off.
The weight of wind waves in the local wave climatast be
established to quantify the uncertainty created this
approximation in the comparison. The
methodology presented in [11] might represent aualslke
tool.

Other known limitations due to its location (preserof
currents, local turbulence and nonlinearities ire tivave
regime) as well as the measurements of the reflegtave (by
the coast of Pico) still need to be studied comgnstvely.

allow justifying the use of en

partitioning;]

SWAN is very sensitive to a bathymetry that hasnbee
interpolated. A finer bathymetric survey will inase the
resolution of the model. Therefore, the use of WAN
nesting option combined with the implementation tbé
currents will improve the understanding of the loeave
concentration and refraction phenomena.

SWAN is much more time consuming than the ANN when
working on its improvement but at the moment theNANIns
only with parameters and not the entire spectrfarination.
Moreover, in spite of being faster and providingamuetter
results, the ANN works as a black-box and its ojtation is
difficult due to its independence on physical pssEs. A
specific statistical methodology will have to beedsn order
to assess the ANN stability.

The insertion of the SWAN model in a global gridr(fed
by external data) will lead to a better understagdof the
directional problem. For instance it will provideetter
boundary conditions and allow the identificationtloé biased
measurements of the DWR buoy.

The regression analysis can be improved by theofise
different coefficient of determination that does depend on
the number of the sample (adjuste®.Rt will allow testing
independently the three different angular zonegaim more
sensibility in solving the directional problem. will also
allow using the backpropagation network in contimio
periods without needing the exactly same numbeoofts.

The raw files of the DWR buoy (still not availaldimce the
buoy last recovery took place in 2009) will perttie use of
the coherence function in order to refine the caispa
between numerical and measured wave spectra.
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Abstract: The WEPTOS wave energy converter (WEC) is a novel device that combines an
established and efficient wave energy absorbing mechanism with a smart structure, which
can regulate the amount of incoming wave energy and reduce loads in extreme wave
conditions. This adjustable A-shaped slack-moored and floating structure absorbs the
energy of the waves through a multitude of rotors. The shape of the rotors is based on the
renowned Salter’s Duck. On each leg, the rotors pivot around a common axle, through
which the rotors transfer the absorbed power to a common power take off system. The
study investigates the required capacity of the power take off (PTO) system and the
structural forces on a WEPTOS WEC prototype, intended for installation at Hanstholm
(Denmark), based on large scale experimental tests using a highly realistic laboratory
model of the complete device. The results hereof includes the rotational speed and
transmitted torque (and hereby power) to the PTO system using different PTO control
strategies, the impact of fluctuations of the available mechanical power and the effect of
limiting the PTO capacity on the annual energy production. Acquisition of structural forces
includes mooring forces and structural bending moments in both production and extreme
wave conditions, illustrating that the regulation of the angle in the A shape ensures that
extreme forces on the structure can be kept in the same order of magnitude as in
production conditions.

Keywords: WEPTOS; wave energy; marine structure; generator capacity; structural
forces; ocean technology; mooring force
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Nomenclature
AEP Annual (mechanical) energy production
Contrib  Contribution to the available wave power
H, Significant wave height
H,0 Significant wave height estimated from the spectrum (m), 4\Vmj
M, Structural bending moment around the horizontal axis
M, Structural bending moment around the vertical axis
Mpial Combined structural bending moment
PTO Power take off
Prech Mechanical power
Prob Probability of occurrence
Pave Wave power
T, Peak wave period
WEC Wave energy converter
WS Wave State
n Non-dimensional performance (or ND performance)
0} Rotational speed of the axle
T Torque measured on the axle between the rotors and the PTO system

1002

[GWh]
[-]

[m]
[m]
[Nm]
[Nm]
[Nm]

(kW]
[-]
[kW/m]
[s]

[-]
[rpm]
[Nm]

1. Introduction

In September 2011, extensive large scale laboratory tests were performed at CCOB in Santander,

Spain, on a highly realistic complete model of the WEPTOS WEC (Figure 1). The performance as well

as the structural forces on the WEPTOS WEC has been assessed in various wave conditions, enabling

to estimation of these parameters for various locations and scaling ratios, as reported in [1]. Based on

this report, it was decided that the next step in the development would be a 15:1 scale prototype

relative to the laboratory model intended for installation on the Danish west coast in front of

Hanstholm. A comprehensive description of the test setup and experiments are given in [2].

Figure 1. Picture of the WEPTOS WEC model operating during laboratory tests at CCOB.
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The WEPTOS WEC is a floating and slack-moored structure, composed of two symmetrical frames
(“legs”) connected at the front, which support a large number (20) of identical rotors. The shape of
these rotors is based on the shape of Salter’s duck WEC (invented in 1974 and intensively developed
since then [3]). All of the rotors connected to the same leg drive a common axle. Each axle is
connected to an independent power take off system (PTO) located in the front compartment. The
torque, resulting from the pivoting motion of the rotors around the axle, is only transmitted on the
upstroke motion of the rotor through a ratchet mechanism (Figure 2, left). The accumulated torque and
rotation of all the rotors on one leg were measured (on both legs) in between the end of the axle and
the system acting as PTO. The PTO systems were PLC controlled electrical motors, connected to the
main axles through a 1:3 gear.

By adjusting the position of the cross beam in the A shape the angle is adaptable between 30° and
120° (Figure 2, right). The angle between the legs (the A shape) of the device entails that the
interaction between the waves and the rotors are not in phase, which leads to a smoothening of the
power on the axles. The adaptability of the shape also means that the device can increase its width
relative to the incoming wave front in operating wave conditions and reducing its interaction with
excessive wave power in larger and extreme wave conditions. This enables the device to have smaller
variations in energy production under different wave conditions and to significantly reduce the forces
on the structure.

Figure 2. Side view illustration of the working principle of the ratchet mechanism (left)
and illustration of the opening angle of the structure between 30° and 120°.
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This paper aims at estimating the required design specifications of the Hanstholm WEPTOS WEC,
based on the results of the WEPTOS model tests. It will therefore focus on the specifications of the
PTO system, i.e., mechanical power (P.), rotational speed (w) and torque (r) of the axles and
individual rotors, and on the mooring forces and structural bending moments.

Hanstholm is located on the west coast of Denmark facing the North Sea and is the site of the Danish
Wave Energy Center (DanWEC). Wave data has been gathered by a wave rider buoy located in front of
the harbour at a water depth of 18 m and indicates an average available wave power of 6.1 kW/m [4].
The majority of the wave conditions are in the range of 0 to 3 m of significant wave height (H;) and
between 3 and 7 s of peak wave period (7)), while most of the wave power is in the wave condition
range between 1.5 and 3.5 m H; and between 5 and 8 s 7. In this analysis, the scatter diagram of
Hanstholm harbour was limited to events occurring at least 0.5 %o of the time (~4.4 hours per year).
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A scaling ratio of 15:1 is used relative to the WEPTOS laboratory model, for the various
estimations of the Hanstholm WEPTOS WEC. This assumes an exact geometrical scaling of the
device, enabling the use of non-dimensional parameters and of the Froude scaling law [5]. Thereby,
the Hanstholm machine would consist of 40 rotors each of 14 tons, 25 m’ and a width and chord of
3.6 and 4.9 m. The combined width of all the rotors on each leg would be 72 m and the length of the
legs of the device 114 m long. The large difference is due to the sizing of the laboratory model and
leads to the conclusion that the design might be adapted for the 15:1 scale device in order to increase
the ratio between the effective width of the rotors to the length of the leg. As the # is calculated
relative to the effective width of the rotors, the change in length of the leg is not expected to influence
significantly the performance, however it will change the hydrodynamic behaviour and possibly in a
beneficial way. A linear PTO loading (PTO controlled to keep a constant ratio between rotational
speed and torque on the axles) that has been used during some of the experimental tests are the most
representative for the Hanstholm WEPTOS WEC, therefore all the estimations will be based
upon them.

2. Experimental results from the WEPTOS prototype
1.1. Overview

The performance of one rotor of the WEPTOS WEC model was investigated at Aalborg University
prior to the extensive tests on the complete model at the Cantabria Coastal and Ocean Basin site (CCOB,
Spain) in September 2011 [6].

Table 1. Overview of the non-dimensional performance (7), rotational speed (w) and
torque (7) in the power production wave states tested with an optimized linear and constant
PTO loading in long-crested irregular waves [1].

Target Waves Constant Loading Linear Loading

WS H, T, n H,, w T n H,, w T
[m] [s] [-] [m] [rpm] [Nm]  [-] [m] [rpm] [Nm]

1 0.047 1.06 0.39 0.041 4.19 2.94 0.43 0.042 3.81 3.51

2 0.084 1.28 0.26 0.074 8.2 4.6 0.32 0.077 7.0 6.5

3 0.118 1.51 0.17 0.104 9.2 6.3 0.21 0.102 7.7 8.0

4 0.165 1.72 0.11 0.143 9.4 8.4 0.11 0.147 8.2 9.6

5 0.212 1.92 0.08 0.171 8.5 10.0 0.06 0.207 7.5 12.7

6 0.043 1.16 0.34 0.037 2.7 33

7 0.085 1.45 0.19 0.078 5.8 5.8

8 0.128 1.74 0.11 0.113 6.2 7.8

9 0.171 2.03 0.06 0.143 6.2 8.8 0.06 0.162 6.2 9.2

10 0.214 2.32 0.03 0.171 52 9.5

11 0.085 1.72 0.12 0.074 2.8 6.8 0.13 0.078 3.9 6.2

12 0.128 2.03 0.07 0.103 3.7 7.9

0A 0.04 0.97 0.48 0.035 3.5 2.6 0.37 0.033 2.9 23

0B 0.035 0.9 0.57 0.027 2.4 2.2

These experimental tests were performed with 14 different power production wave states and five
extreme wave states [2]. However, the performance has only been assessed in seven of the 14 wave
states with a linear PTO loading, while all of them have been used with a constant PTO loading (PTO
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controlled to achieve a constant torque on the axle for any rotational speed). In the assessment of the
experimental data, the wave conditions are characterised by the target peak wave period, 7, and the
estimate of the significant wave height, H,,, obtained through 3D wave analysis.

As it can be seen in Table 1, the prototype performance is in general better with a linear PTO
loading, except in the smallest wave conditions (WS 0A). The optimal performance with both PTO
loadings will be used to estimate the performance of the WEPTOS WEC for in Hanstholm, while only
the tests performed with a linear PTO loading will be used to estimate the @ and 7.

1.2. Performance of the WEPTOS Prototype

Based on the 14 production wave states in which the performance of the WEPTOS prototype was
investigated, a 3-dimensional surface representing its non-dimensional performance (7), which is the
ratio between the mechanical power from all the rotors (two legs of 20 rotors, each of 0.24 m width)
and the available wave power, has been created (Equation 1). This is then used to assess the
performance of the Hanstholm WEPTOS WEC in all the different wave conditions occurring at this
location [5]. The wave conditions at Hanstholm have been down-scaled by a ratio of 15:1, in order to

find the corresponding performance of the Hanstholm WEPTOS machine:
¥ mech

P x2x20x0.24 (D

wave

77:

In Figure 3, the # surface is presented with the laboratory test results (blue dots). For lower wave
periods than the most optimal #, the anticipated evolution of # has been set to be decreasing rapidly,
which is very conservative, as no experimental tests have been performed in smaller wave conditions.
However, it is conceivable that the # increases with lower wave conditions.

Figure 3. Non-dimensional performance surface of the WEPTOS prototype with
laboratory test results (blue dots).
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It appears that the performance of the WEPTOS WEC is mostly dependant on the peak wave period
(T,) rather than the significant wave height (#;), as the 5 decreases significantly with increasing 7,
while # remains nearly constant with different values of H,. This was to be expected as the # found in
the test on an individual rotor of the WEPTOS prototype was already showing this tendency [7].

1.3. Maximum-to-Mean Ratio of the Mechanical Power

The maximum-to-mean ratio of the P,,..;, in normal operation of the WEPTOS model is presented in
Figure 4 for five different wave states. Besides the measured and reference case, where Py, was not
limited (outer right marker of each sample), the impact on limiting the maximum P,,..; of each sample
to2.5, 2.3, 2.1, 1.9, 1.7, 1.5 and 1.3 times their mean value has been analysed. This corresponds to
having a limited PTO capacity, which is relative to the average P,..; in the corresponding time series
of a wave state. So, the unlimited and limited maximum-to-mean P, ratios are given in function of
the relative average Puech (Pmecrh With limitation/Py,.., of the reference).

Figure 4. Impact on the performance in normal operating conditions, for 5 wave states

with linear PTO loading, by limiting the maximum P, relative to the average Py, of the
unlimited case.
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The drop in performance is approximately the same in all the different wave states and it is
considered quite low. In the case where the maximum-to-mean ratio is unlimited, the ratio is
approximately 5, while if the ratio is forced to 1, between the maximum P,,..;, and the average P, in
the unlimited case, only a drop in performance of 25% is experienced. This power levelling is

considered small, especially as setting a limit to P, in WS 5 will only induce a drop in performance
in WS 5, but will almost not be felt in WS 4 [8].

1.4. Rotational Speed and Torque on the Axle

The rotational speed (w) and torque (7) on each axle of the WEPTOS model have been measured
with a linear PTO loading in eight different wave conditions. Although the data points are less
abundant (only eight instead of 14) than those performed with a constant PTO loading, they still enable
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a good representation of @ and 7 for the Hanstholm wave conditions. This can be seen in Figure 5,
where the wave states representing the wave conditions in Hanstholm (green squares) fall in between
the tested wave conditions (blue dots). A surface fitting based on the experimental data points has been
created in order to estimate the average w and average t for the wave conditions given in the scatter
diagram for Hanstholm.

Figure 5. Surface fit of the average rotational speed [rpm] (left) and average torque [Nm]
(right) of the WEPTOS prototype with a linear PTO loading, based on the experimental
data points (blue dots) and the scaled wave states representing Hanstholm (green dots).
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The average values of r and w appear to be dependent on the /H,as well as on the T, as there does
not seem to be any clear dependency relative to one or the other parameter. However, the distribution
of @ and the distribution of 7 appear to be similar, which is also to be expected as the 7 is set as
function of w as they are obtained with a linear PTO loading. However, in this case even the absolute
values (but not the units) are similar, which is a coincidence and will change when applying a different
scaling ratio.

Table 2 presents the maximum, mean and maximum-to-mean ratio of @ and 7 for 5 different wave
states (tested with linear PTO loading). Wave state 1 and 11, in which the linear PTO loading was also
assessed, are not included as the linear PTO loading did not perform better than the constant PTO
loading in these wave conditions. This was most likely due to the response delay and setup of the
linear PTO loading.

It appears that the maximum-to-mean ratio remains relatively constant, approximately 2.7 and 1.7
for w and 7 respectively. The average and maximum @ and 7 are slightly scattered but generally of the
same order of magnitude. The average values given here are significantly higher than the overall
average w, of 1.3 rpm, as these values are given for wave conditions in which the device would operate
while the average also includes periods were the device is not operating.
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Table 2. Summary of the maximum, average and maximum-to-mean ratio of the rotational
speed and torque for five different operational wave conditions of the WEPTOS model.

WS Rotational Speed [rpm] Torque [Nm]
Maximum Mean Maximum/Mean Maximum Mean Maximum/Mean

2 17.8 7.0 2.5 10.9 6.5 1.7
3 19.9 7.7 2.6 13.6 8.0 1.7
4 23.8 8.2 2.9 17.0 9.6 1.8
5 21.7 7.5 2.9 22.6 12.7 1.8
9 15.6 6.2 2.5 15.8 9.2 1.7

Average 2.7 Average 1.7

1.5. Mooring Forces and Structural Bending Moments

The mooring forces and structural bending moments have been assessed during 14 power
production and five extreme wave conditions. In one of these extreme wave states the effect of
changing the directional spreading and peak enhancement factor have also been investigated, which
will be referred to as “alterated wave conditions” in the figures. The measured mooring forces and
structural bending moments are presented in terms of the average of 1 out of 250 largest (positive and
negative, when applicable) peaks relative to the measured significant wave height.

The mooring line was connected at the bottom of the front hinging point of the legs of the
WEPTOS model by a hawser to a buoy, which was connected to the seabed. The resulting mooring
stiffness in surge of the whole setup corresponded to approximately 1.56 kN/m. The axes around
which the structural bending moments were measured are passing through the centre of the tube in
between the second and third section of the prototype (between the 8™ and 9" rotor), where a
measuring flange equipped with strain gauges was installed, see Figure 6. The horizontal bending
moment M, (positive) corresponds to the bending moment resulting from a vertical downward force
applied on the location of the flange, while the vertical bending moment M. (positive) corresponds to
the bending moment resulting from in-side-out force on the flange.

Figure 6. Indication of the location of the measurement of the mooring force (F,) and
structural bending moments (M, and M.) on the design of the WEPTOS WEC model.
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In case of the mooring force, the number of peaks that were recorded was limited (due to the slow
motion response in surge) and therefore the 1/250th force corresponds to the largest event. The
mooring forces are grouped relative to the corresponding opening angle of the device and are given for
a large number of tests, regardless of other parameters such as the type of PTO loading.

Figure 7. Measured 1/250 mooring forces (F,,) for different opening angles of the structure
(with corresponding trend lines, values are given for A90 and A30).
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The mooring forces seem to follow an increasing linear trend with H,,, which is different for every
opening angle of the structure. The linear trend lines for the different opening angles seem to have
roughly the same steepness and to be translated with increasing H,, for decreasing opening angles.
The mooring force (given in kN) trend line for an opening angle of 30° follows the relationship with
Hy of: F,, = 1.75 X Hyp — 0.17. The largest mooring force of 0.775 kN was found in the largest
extreme wave test, which had a H,, of 0.466 m. The alterations to the wave conditions in extreme
waves did not appear to have a significant impact on the mooring force; however, having an opening
angle of 45° in extreme wave conditions increased the mooring forces significantly, by about 35%.

The horizontal, vertical and combined structural bending moments (M, M, and M,,,;) are given as a
function of the opening angle of the device and for various tests in Figure 8. Values of the resulting
bending moment from a vast amount of tests are calculated by applying Equation (2) to the time series.

Mtotal:VMj_'_Mj (2)

It can be seen that the M, increases linearly with H,, independently of the opening angle. The
maximum negative peaks of M, are mostly in the same range as their positive counterpart and more
precisely about 6% smaller for an opening angle of 30°. The influence of the spectral shape (G1 and
G7) is again very limited, while here the directional spreading (S5) has increased M, by about 15%,
which corresponds to the highest recorded M, of 2151 Nm.
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Figure 8. Measured 1/250 M, (top left), measured M. (top right, trend lines for A90 and
A30) and combined 1/250 bending moment (bottom plot, trend lines for A90 and A30) in
production and extreme wave conditions.
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Remarkably, M. is significantly greater under power production wave conditions (large opening
angles) than under the extreme wave conditions (characterized by a device with a 30° opening angle).
This can clearly be seen by the decreasing steepness of the trend line of M. relative to H,o for each
opening angle. The maximum M. (positive) are on average 19% smaller than the negative maximum
peaks for an opening angle of 30°, but 33% larger for an opening angle of 90°. The spectral shape (G1
and G7) has almost no impact on M., while directional spreading (S5) can approximately double M.
with an opening angle of 30°, still resulting significantly lower than the M. in power production wave
conditions. The influence of alterations to the wave conditions are very coarse as only a very few
amount of tests has been made.

The combined structural bending moment appears to be slightly larger in the power production
wave conditions (2700 Nm) as in the extreme wave conditions (2218 Nm, they are characterized by a
device with a 30° opening angles). This is due to the significant decrease in M. with a decreasing
opening angle. This is remarkable, as the need to over-dimension the structure to survive extreme
conditions is as a result unnecessary. Directional spreading still appears to have a significant impact on
M,ya; however, the overall moment still appears to be lower than the moments in power production
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wave conditions. This shows that the survival mechanism, based on regulating the opening angle of the
structure, is effective and can diminish the structural bending moments significantly. Note that the
structural bending moments were only measured at one location on the legs and that they are believed
to be very dependent on the location of the transversal beam. As the transversal beam changed position
with the opening angle, the measured and given bending moment is probably not representative for the
maximum bending moment on the whole structure, however it can be used for further calculations.

2. Hanstholm WEPTOS WEC Design Specifications
2.1. Generator Capacity

Determining the actual size and type of the generator depends on various factors, such as the
available P (short and long term variations) and the characteristics of the PTO system itself (type of
generator, rotational speed and torque range, efc.) [9,10]. This section will mainly focus on the
capacity of the generator and on the performance of the WEPTOS WEC.

In Figure 9, two plots are given of which the left one presents the power matrix of the WEPTOS
WEC with a maximum Py, of 250 kW, while the plot on the right presents Ppe., X Prob of the
different wave conditions, to present the contribution to P,.., of the different wave conditions in
Hanstholm. The blue circles on the plots correspond to the tested wave conditions with the WEPTOS
model in the laboratory and the green squares correspond to the five wave states representing the wave
conditions in Hanstholm.

The Ppecn % Prob graph (Figure 9, right) shows how much each wave condition contributes to the
annual energy production (4AEP) of the device. Notice that the largest and smallest wave conditions do
not contribute significantly to the 4EP, while the largest contribution can be found for average wave
conditions of around 2 m (/) and 6 s (7},). The left plot of Figure 9 presents the power matrix of the
Hanstholm WEPTOS WEC with a maximum mechanical PTO capacity of 250 kW.

Figure 9. The power matrix with a maximum P,,..;, of 250 kW (left) and P,ecn X Prob of
the WEPTOS machine for the scatter diagram of Hanstholm, complemented with the wave
states (green squares) and scaled laboratory tested wave conditions (blue dots).
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For the wave conditions with the highest P, * Prob, P is around 250 kW (around wave state
3 and 4 indicated by the green dots), the increase in AEP by having a greater generator capacity would
be limited. Therefore, limiting the average P,..; that can be absorbed by the PTO system (= Max
average P,..;) to the average P,.., of wave states that contribute the most would only have a small
impact on the AEP, while increasing the load factor (LF) and reducing PTO capacity requirements.
The consequence of limiting the maximum average P.., on the AEP and LF is presented in Figure 10.

Figure 10. Representation of the impact of having a limited generator capacity on the
annual energy production (4EP) and load factor (LF).
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The reduction in maximum (average) Py, has only a small impact on the AEP, but significant on the
LF. For a maximum P, of 439 kW and average P,.., of 107 kW, the estimated AEP is 0.93 MWh,
while for a maximum Py, of 250 kW, the average Py, and AEP are 103 kW and 0.89 MWh. This
corresponds to an increase in LF of 68% from 0.24 up to 0.41, for a drop in AEP of only 4.3%.

The fluctuations (maximum-to-mean) in P, are expected to be similar to the one found on the
WEPTOS model as long as the same conditions are maintained and scaled following the same scaling
ratio. However, limiting the maximum average P,..; (or installed PTO capacity) will most-likely result
in a maximum 7 that can be applied by the PTO system. The (short-term) excesses in Pe., Will then
result in an increase in w. Note that due to the natural behaviour of the primary power absorption by
the rotors, there is no risk at having “runaway” rotational velocities and that, during tank testing, no
rotor has ever made a complete rotation around the axle.

2.2. Rotational Speed and Torque

The rotational speed, w, and torque, 7, are given for one leg of the device, without introducing any
limitations on the PTO capacity, together with the trend line putting w in relationship with P,c;,. The
trend line is weighted against the Py, X Prob of each bin of the scatter diagram (indicated by bubble
size in right graph), as given in Figure 9.
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Figure 11. Representation of w (left), average torque (middle) and @ in function of P.ecn
weighted against P, X Prob (right) for each axle of the WEPTOS WEC operating in
front of Hanstholm harbour with a linear PTO loading of unlimited capacity.
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The average w ranges from 0.5 to 2.5 rpm and the 7 from around 100 to 600 kNm, while the yearly
average o is 1.29 rpm and the yearly average 7 of 288 kNm. Their highest values can be found for
similar wave conditions, which is due to the characteristics of the linear PTO loading (7 is set relative
to w) and can be found for wave heights ranging between 2 and 3.5 m and wave periods of 6 to 8 s.
The number of rotations a year, however, is much more dependent on smaller wave conditions, as
these are more frequent. Each axle of the WEPTOS WEC is estimated to rotate around 676,450 times a
year, with most rotations occurring under wave conditions of approximately 1.5 m (H,) and 6 s (7},).

The same maximum-to-mean ratios can be expected for the Hanstholm WEPTOS WEC as for the
WEPTOS model (Table 2) as these values are non-dimensional, however, in condition that the wave
conditions, PTO settings and other parameters remain equal or are adapted accordingly to the
scaling ratio.

2.3. Mooring Forces and Structural Bending Moments

The mooring forces and structural bending moments are calculated based on the corresponding
trend lines for the parameter of interest and opening angle of the device. These values are first obtained
for the WEPTOS model and then scaled to the size of the Hanstholm WEPTOS WEC. This
corresponds to multiplying the mooring forces values found for the laboratory model by 15 and the
structural bending moments by 15* [11]. For the power production wave states, an opening angle of
90° was chosen (as an illustration); however, this can of course be adapted as desired, especially if
structural forces need to be reduced.
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Table 3. Overview of the 1/250 mooring forces and positive structural bending moments for

the 5 wave states presenting the wave conditions in Hanstholm and extreme wave conditions.

Wave Angle F,, M, M, M1
State [°] [KN] [KNm] [KNm] [KNm]
1 90 146 9352 22014 30282
2 90 367 16919 39427 62684
3 90 570 23882 55447 92493
4 90 764 30541 70771 121007
5 90 1025 39471 91319 159241
10 years wave 30 2022 97138 22021 89569

From Table 3 we can deduce that the highest mooring forces will be found in extreme conditions,
which are almost twice as large as in power production conditions. However, the structural bending
moments are at least as important during power production wave conditions as in extreme wave
conditions, as the M, is as large in wave state 3,4 and 5 as for a 10 years wave.

2.4. Individual Rotor Specifications

The experimental tests performed on a single rotor of the WEPTOS model [4] with a constant PTO
loading showed that under the Danish North Sea wave conditions [5], on average, the rotor is in
rotation around 40% of the time and there is (some) 7 in the power transmission lamellas
approximately 75% of the time. The amount of time torque is present is substantially higher than the
time the rotor is in rotation as the constant PTO loading set a threshold for the minimum z at which the
rotor starts to rotate. The ratio between the average t over the whole time series and the required 7 for
rotation was 0.54 on average.

The PTO system of the complete WEPTOS model behaves in a relatively different way, as in this
case 20 rotors are connected to the same power transmission axle, which is in connection with the PTO
system. This induces that the axle is (almost) always in rotation and thereby a minimum @ of the rotor
is required, instead of 7, to transmit power. Moreover, the PTO loading is linear, which makes the
resulting 7 on the axle being in function of w of the axle.

In Table 4, an overview is given of P,..;, @ and 7 for the whole device, one leg of the device and
for one rotor of the device. The conversions of the parameters from one case to the other are based on
ratios that were obtained in previous experimental tests on a single rotor equipped with a constant PTO
loading and on the full prototype having a linear PTO loading.

Table 4. Overview of P,..;, @ and t for the whole device, a leg of the device and for one
rotor of the device.

Device 1Leg 1 Rotor Assumption/Comment

Average Pecn [kKW] 108 54 2.7 * every rotor contributes equally

Overall average o [rpm] 1.3 1.3 0.5 * rotors are in rotation 40% of the time

— mean o when engaged 1.3

Average w in operation 1.8 1.8 0.7 * rotors are in rotation 40% of the time

— mean o when engaged 1.8

Maximum (average) w 2.9 2.9 1.2 * Highest average rpm in any wave conditions

— mean o when engaged 2.9
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Table 4. Cont.

Device 1Leg 1 Rotor Assumption/Comment

Absolute Max w (engaged) 7.8 7.8 7.8 * maximum-to-mean ratio of 2.7 (Table 2)
Rotations per year 683310 273324  * rotors are in rotation 40% of the time
Overall Average 7 [kKNm] 576 288 14.4 * every rotor contributes equally

— mean 7 when in rotation 36.0 * rotors are in rotation 40% of the time
Average 7 in operation 1012 506 253 * every rotor contributes equally

— mean 7 when engaged 63.3 * rotors are in rotation 40% of the time
Maximum (average) 7 1294 647 324 * Highest average torque in any conditions
— mean 7 when engaged 81

Absolute Max 7 (engaged) 2200 1100 137 * maximum-to-mean ratio of 1.7 (Table 2)

*based on Matlab surface fitting with linear PTO loading data and unlimited PTO capacity.
3. Conclusion

The WEPTOS WEC model is a highly realistic scale model representing a real sea power producing
WEPTOS WEC. The model includes all main elements of the real target WEPTOS WEC, as it
consisted of all the same principal components, even the two electrical motors acting as power take off
(PTO) system. It performed very well during all the laboratory tests that have been performed,
resulting in a vast amount of high quality data and enabling a good representation of the performance
of the device in a wide range of wave conditions.

Estimations for various parameters of the PTO system and structural forces have been made for a
WEPTOS WEC to be installed in front of Hanstholm harbour at a scaling ratio 15:1 larger than the
model. The main estimations are summarized in Table 5.

Table 5. Overview of the main estimations regarding the PTO and structural forces for the
Hanstholm WEPTOS WEC. The mechanical power (P,..) represents the average available
mechanical power to the PTO system, which was limited to 250 kW.

HanstolmWEPTOS WEC
Wave H;, T, Angle p Pooen w* T* F, M. * M * My *
State [m] [s] [°] [l [kW]  [rpm] [kNm] [kN] [kNm] [kNm] [kNm]
1 1 54 90 0.40 68 1.2 210 146 9352 22014 30282
2 1.5 6 90 0.23 133 1.8 345 367 16919 39427 62684
3 2 6.6 90 0.16 187 1.9 428 570 23882 55447 92493
4 25 72 90 0.11 220 1.8 487 764 30541 70771 121007
5 3 7.8 90 0.07 248 1.8 558 1025 39471 91319 159241
Overall 0.12 103.5 1.3 288
10 years wave 6.6 14 30 2022 97138 22021 89569

* Values are given for individual axles/legs of the device.

The main results are:

e The non-dimensional performance (#) is the ratio of the mechanical power (P..;) available to
the power take off (PTO) system, divided by the wave power over the effective width of all the
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rotors. This means that increasing the length of the legs will not have an impact on # but will
increase P,,..; for each axle in accordance.

e The maximum 7 that has been obtained during laboratory test is 0.57, which was in the smallest
wave conditions, and the # tends to decrease with increase wave conditions (values of H,,o and
T,,). This indicates that the # could even be increased in smaller wave conditions and that a larger
scaling ratio will result in a higher overall .

e The maximum-to-mean fluctuations in Py, can be reduced from around 5 to 2.8 without any
significant loss in performance, while the fluctuations during operating conditions of w and 7 are
around 2.7 and 1.7, independently of the wave conditions. These values are very low compared
to most other WECs, which results from the combined power transmission axle for 20 rotors.

e The annual energy production (AEP) only decreases slightly (~4%) when the maximum P, is
limited from its theoretical maximum of 439 kW to 250 kW (a drop of ~75% in installed PTO
capacity). This results in a long term average Pe., of 103.5 kW, a load factor of 0.41 and an
AEP of 0.9 GWh, for a WEPTOS WEC being installed in Hanstholm (6.1 kW/m).

¢ In the Hanstholm WEPTOS WEC a typical rotational speed of the main axles of around 2 rpm is
expected. Gearing solutions for bringing the rotational speed to a suitable level for use of
standard wind turbine generator equipment has been identified.

e The survival mechanism, which relies on reducing the angle between the two legs of the
structure down to 30°, enables bringing the structural bending moments in extreme wave
conditions below the level of the structural bending moments in normal power production wave
conditions. Also the mooring forces are significantly reduced, however in extreme wave
conditions they will be above normal operation levels. This illustrates that the mechanism is very
effective and that the dimensions, and there by economics, of the structure is not determined by
some rarely occurring extreme wave conditions, but by daily operating conditions which are also
responsible for generating the revenue of the WEC [12].

An important aspect in the development of this device is its scalability. When customizing a
WEPTOS to a given location with a given wave power potential three main parameters are available
for the optimization (in terms of achieved Cost of Energy); the installed length of the legs (increased
length results in roughly the same # but higher P,..;), rotor dimension (increased rotor cross section
increase the # (up to a certain level) and thereby also P,..;) and at last, as shown in this paper, the
generator capacity. This indicates that the technology is suitable to be developed to handle high power
ratings and presents the option of gradually growth, which is an appealing feature in terms of raising
the necessary funds for the concept development. Regarding the absolute numbers of Cost of Energy,
accurate calculations are yet to be done but preliminary estimations are providing promising results.
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