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1 Introduction and scope

1.1 Rationale behind the BOREAS project

The new Climate Actior Energy for a Changing World of the European Commission
proposed several measures to fight climate opamand promaoe renewable energyOne of those
measures includes legally enforceable targets to increase the share of renewable in the energy
mix of each Member StateThe target of the renewable share in the European Union is set to 20%
by the year 2020, and the Eurcgpe Commission has sedividual targets for every Member
State.In the case of Belgium, the target is set to 13%, iehe the renewable share in 2008 was
only 3.3% (Eurostat, 2010).

Basically, this is the consequence of the (p#stdtoagreements. But @art from this,
consumption of energy is increasing year by year whilst it is proving increasingly difficult to find
and extract sufficient fossil fuels to cover the annual increase in consumption. Contributions to
the share of renewables are required fromrious sources, such as biomass, wind, hydropower
and sdar energy In particular, offshore wind has boosted during recent years.

Offshore wind energy is now at a stage where it is becoming a competitive energy source.
The cost of power generated from simore wind farms in the most interesting locations is now
reaching the level of most fossil fuel sources. During recent years a number of wind farms have
been developed in shallow seas around the European coasts. Offshore developments give larger
sites andthe advantages of economies of scale. Offshore sites also have the advantage of being
G2dzi 2F &aA3IKGXEZ 2dzi 27F YighgrRadImord yegular Rvidd énkrgyy’ (0 2
resources However, offshore wind developments are facing a number of techi@abghallenges
specifically related to turbine tower foundations, and maintenance of the installations.

Ocean energy is an unexploited sourceoffhore energy, and is getting more attention of
technology developers and policyakers.The main forms of @ean energy are wave energy and
tidal currentenergy.They both have several advantages over wind energy such as: higher energy
density, more predictableesourcesand less visible than windmilarms. Wave energy is also
more persistent than wind: wavesilWwtransfer energy from windier areas to coastal zones and
remain longafter the wind has droppedTidal current energy is extremely predictable, as the
most important drivingorce is the astronomical tide

Consequently, a number of different technolegi for waveand tidal current energy
conversion have been developed, but up to now few of them have resulted in commercial
development beyond the prototype stagBOREAS (Belgian Ocean Ené&ggessmentmade an
overview of the current technologies, andetin possible applications on the Belgian Part of the
North Sea BPNS).

1.2 BOREA®roject

1.2.1 Main themes

So far, the OPTIEP rep@Mathyset al. 2010, also funded by BESPO, was the only study to
made a first assessment of the resource of the wawe tidal current energy climate on the
entire (BPNS)BOREAS is building further on this study and aims at being a comprehensive study
regarding wave and tidal energy appliceits on the BPNS.
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This projectassessedthis potential and involved main themes:

e Makingy 20SNIWIASE 2F SEAAGAYT o6 £33 a7iMI0G DRIAS RC
scientific literature andpublically available information provided by the device
devdopers or third parties such as, Ocean Marine Energy Centre (EMEC), Ocean
Energy Systems Implementing Agreement {S), Electric Power Research
Institute (EPRI) and The Carbon Trésselection of the most appropriate converters
forthe specificcondit 2 ya 2y GK$ AatiE{d) ®4d3K2NMBE RA&0Odza a.

e Assessinghe wave and tidal current climate, and hence #nailablepotential. This
assessment will be based on numerical results from the coupled \USMERENS
model, that allows both wave antidal current modellingBased on d0 yearhind
cast it will be possible to determine yearly, seasonally and monthly variations.
Furthermore, the results will be verified against other numerical models (both for
wave and tidal energy).

e Selection of inteesting sitesBased on the current or expected space claims on the
BPNS (either fixed, such as navigation ways orfixed such as fishery) and the
knowledge of theavailableocean energyotential, a selection and description of the
most promising sitesn the BPNS can be made.

e Assessinghe extractablepotential, based on the limitations of the converters (the
GaKENEGEDL YR GKS 2LIAYIE aArAGaSad {4 NIAy
estimation of the cost of the electricity for several converteen be established.

Based on the extractable potential, a possible synergy between offshore wind, wind
and/or tidal current energy can be assessed.

e Further recommendations for the further deployment and potential exploitation of
wave and idal current ergy on the BPNS

UGentAfdeling WegSy 2 I 1t SND 2 dzé | dayVRGwaé tKedwedll-cFoidiSatiiofy
the BOREAS@roject. Together with the expertise dhe Management Unit of the North Sea
al GKSYF GAOFft aRMBVBQIhe Kakh8libkB Urivar@ S1a 4 [ S dz@ SKUIQ6 K S NE |
andCf I YRSNE | & RNJ dzf A EHR) theSiojdt doiidattiund a6 plE&senFaibfobd W
expertise in hydrodynamic knowledge.

Every individuat 2 NJ t I O1 I 3WRQ@as By la Baicald/Pieader, who was
the antractor and main responsible for a specific task. Every WP also had at leAstRreeiser.
The task of the WHReviser was mainly to internally verify the methodology and req#igurel).

The numerical modding with the stateof-the-art coupled WAMCOHEREN&d SWAN
COHERENSodek (operated by K.U.Leuven and MUMM) formed the core of the assessment of
the potential ocean energy¢ KS LINBFAE WwWO02dzL)t SRQ AyRAOIFGSa GKS
and WAM inteacted in both ways with the hydrodynamic modeODHERENShe numerical
approach wasclearly the most appropriate, as it could provide a continuous and coherent
dataset, both in time and in space.

The wave model WAM used a grid of approximatekilby 1 kn, which is quite coarse in
the nearshore area. It is clear that this nesinore area wagquite interesting, since visual
nuisance of wave and tidal current energy converters is not an issue compared to windmill farms.
So, acomplementary numerical moderr methodto quantify thewave climate in the neashore
was used.These complementary methods or numerical models were executed by the project
partner FHR. In order to verify the nesinorewave climate (ranging from approximately 20km
offshore to the neseshore region) FHR operated the smalledTransformation Matrix.

SSD- Science for a Sustainable DevelopmentNorth Sea 14



Project SD/NS/13Belgian Ocean Energy Assessment "B&IR

The hydrodynamic model COHERENS was not optimized for the Scheldt Estuary, as the grid is
too coarse, not curvilinear and the modahysicsdid not take into account the salt gradient due
to the fresh water discharges. Once aganzomplementary numerical model or methoathich
was capable of describing thecal effects in the Scheldt Estuary was udedorder to verify the
tidal currentclimate in the ScheldEstuary, FHR operates the hgdynamiecmorphologicalLong
TermVision Mud (LTV Mud) model

The model results were then processed by AW@hent University)to calculate the
resources and to perform the economical models.

1.2.2 BOREAS reports

This final report is a summary of the followingogts:

1. BOREAS Intermediate repariWave and tidal energy convertors and their suitability
fof the Belgian Part of the North S@dathyset al.20113;

2. BOREAS Technical repoitvave modellingFernandezt al.2010);

3. BOREAS Technical repoih comparison of numerical wave data at the Belgian Coast
(Delgadcet al.2010);

4. BOREAS Technical repoifidal current modellingvan den Eyndet al.2010);

5. BOREAS Technical repqrA comparison of numerical tidal models of the Belgian
Part of the North SeéDujadin et al.2010D);

6. BOREAS Technical repeisummary of model saip and validation(Mathys et al.
20119;

7. BOREAS Technical repqrtWave and tidal current resource assessmgviaithys et
al. 2011b;

Onlythis final reportis publically available.
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1.2.3 Link i nternational programmes

Since wave and tidal energy technologies are new technolotiiese were intensiveand
simultaneous, but independentgseard projects during theexecution of theBOREAS project
Thesewere financed bothby the private as well as the public sector. In the latter case, two
European funded projects are worthwile mentioning within the BOREAS framework. These
projects are Equimarral Waveplam.

The EquiMar website statgg€quiMar 2010 ¢The aim of EquiMar was to deliver a suite of
protocols for the equitable evaluation of marineeegy converters (based on either tidal or wave
energy). These protocols have harmonised testing and evaluation procedures across the wide
variety of devices presently available with the aim of accelerating adoption though technology
matching and improved nderstanding of the environmental and economic impacts associated
with the deployment of arrays of devices. EquiMar has assessed devices through a suite of
protocols covering site selection, device engineering design, the scaling up of designs, the
deploynent of arrays of devices, the environmental impact, in terms of both biological & coastal
processes, and economic issues. The series of protocols has be developed through a robust,
auditable process and disseminated to the wider community. Results frogthilar project will
establish a sound base for future marine energy standards. The project had a formal liaison with
IEC TC 1i4nd many of the protocol authors are technical experts on the teams developing
individual standards

During the executionfoBOREAS, two reports were of particular interest since they presented
protocols for wave and tidal current resource assessm&ufuiMaret al. 2010 EquiMaret al.
2011).

The websit of the other relevant European funded project, Waveplam, defines the project as
T2t t Zhé durposé of WAVEPLAM is to develop tools, establish methods and standards, and
create conditions to speed up iiatuction of ocean energy onto the European renewable energy
market, tackling in advance ndechnological barriers and conditioning factors that may arise
when these technologies are available for lasgale development, by means of a series of
activities geared towards supporting creation of an ocean energy market that will harness the
great potential of this kind of energy that exists in Europe, contributing to decrease European
external energy dependency and leading to a reduction in greenhouse gemiosi®i Waveplam
furthermore made a template to describe wave energy convertors, this was used as well for the
BOREAS proje@tvaveplam 2009

1.3 Report structure

Chapter 1 of this report describes the context of the BOREAS (Belgian Ocean Energy
Assessment project) and states the main themes and the expected results and outcomes of the
project.

Chapter 2introduces the reader tavave energy convertors (WEC) and tidal current energy
convertors (TECANn overview ofthe design requirements for marine energy convert@given
both wave and tidal. The concept of the Technology Readiness Levels (TRLs) is explained,
including the difficulties experienced when assessing different technologies based on partial
information when no standards or protocols are developed Yetthe last part of this chapter,

! International Electrotechnical CommissignTechnical Commitee 114 on Marine Energy, which is
setting out standards for the marine energy technologies.
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WEC and TEC that show interesting features for deployment on the Belgian PatNdrth Sea
(BPNS) are listedkurthermore, the efficiencies of the devices are discussed in the form of the
power matrix (WEC) and power curve (TER)ese wll be used in chapter 5 to assess the
extractable resource

Chapter 3provides an overview faa previous studyon the wave power resource based on
buoy data.lt gives the reader an introduction in the methodology and also provides wave powers
at buoy locations in the southern part of the North Sea.

Chapter4 introduces the reader briefly to theain numerical modelghat were used for the
resource assesmenand the main resultef the validation excercises

Chapter5 is summarizes the resultsf the available and extractable wave and tidal current
resource assessmenthe methodology is described atige assumptions are discussed. the
case of wave power, yearly and monthly trends are presented.

Chapter 6 makea quantitativeeconomical feasibilitwgtudy of a hypothetical wave or tidal
current project.The methodology is the same as in the OPTIE® str offshore windMathyset
al. 2010, but adhpted for wave and tidal current energy, based on the results from chapter 5.

Chapter 7 describes qualitatively ggible synergiebetween wave and tidal current energy
with e.g.offshore wind.

Chapter 8 concludes this report (and the other BOREAS reports) and gives recommendations
to support the wave and tidal current energy sector in Belgium.

The last 3 chapters argiving supplementary informatiorChapter 9 is an appendix with
yearly or monthly wave power maps that were not listed in the main refohapter 10 describes
the economical formulas used in chapter@apter 11 contains the references that were used fo
this report.
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2 Wave and Tidal Energy Convertors on the BPNS

This chapter briefly introduces wave and and tidal current energy convertors (respectively
WECs and TECs) and their conversion mechan&mse WECs and TECs that show interesting
features for aéployment on the BPNS are presentdd. order to calculate the extractable
ressources, the power matrices for 3 different WECs and one power curvegkmesic TEC are
presened and discussed.

2.1 Introduction Wave Energy Convertord WEC)

The main classifitian in WECs is based on their conversion technolddys conversion
technologytransfers the hydrdynamicenergy of the waves over mechanical or hydraulic energy
into electrical energy.

2.1.1 Conversion Technology

Before the description of the conversion teaogies, the 6 so calledegrees of freedorof
floating objects are explained. The motion of a rigid body is characterised by six components
corresponding to six degrees of freedom or modes of (oscillatory) mofigaré2). These modes
describe for example the 6 forms of ship movements (elongated body, with the main axis
according to x). For an azymmetric body (like most point absorber buoys), surge and sway are
ambiguous, just like roll and pitch. Howeverpirer to remove this ambiguity, the-axis can be
orientated along the incident wave. Note that with long crested waves, coming from the same
direction, a 2D approximation can be used by neglecting theoyement. The resulting 3 degrees
of freedom are suge, heave and pitclfFalnes 200R These 3 modes describe several WECs.
Examples are: oscillating wawarge convertor (e.g. Aquamarine Oyster), fgeaving point
absorber (e.g. Wavebob) or thgtching absorbers (e.g. the Salter Duaihich was one of the
SINIASad 29/ &8 RSOSt2LISR Ay (GKS SIEINIeé& ynQaovo

The 6 main conversion types for WECS are showhable 1. The variety amongst these
technologies is again clear. Examples of the devices can bwl fouthe factsheets irthe
Appendix (8.1and9.2).

Figure2: The six degrees of freedom of a ship, and by extensiarfloiting objec{Falnes 208).
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Table 1: Conversion Technologies of Wave Energy Convertors, definitions and pictures cited from
(CarbonTrust 2005Aquaret 2008EMEC 2010

Attenuator ¢ This is a long floating devic
which is aligned perpendicular to the way
front. The device effectively rides the wav
and captures the energy as the wave moy
under the floaters or tubes of the devici
forcing the hinges to flexA current example
for the attenuator is the Pelamis.

(Axisymmetrical) Point Absorber ¢ This is &
floating structure that absorbs wave energy
all directions by virtue of its movements at

near the water surface. It has small dimensiq
compared to the typical wavelength, tendir
to have diameters of a few meters. One crug
aspect of a point absorber its ability to focus
energy onto itself. To do this the devi
radiates waves, which in part cancels t
incoming waveg(Falnes 200R this effect is

called the antenna effect.

Oscillating Wave Surge Converters
(OWSC) ¢ This isa nearsurface collector,
mounted on an arm pivoted near the seabe
The arm oscillates as an inverted pendull
due to the movement of the water particles |
the waves.

Oscillating Water Column (OWC) ¢ This is @
partially submerged, hollow structure, whigs
open to the sea below the water surface

that it contains air trapped above a column o
water. Waves cause the column to rise &
fall, acting like a piston, compressing a
decompressing the air inside the chamber. T
air is channeled through amir turbine to
produce power. When properly designed f
the prevailing sea state, OWCs can be tuneq
the incident wave period in order to resonate

SSD- Science for a Sustainable DevelopmentNorth Sea 20



Project SD/NS/13Belgian Ocean Energy Assessment "B&IR

Overtopping Device ¢ This consists of i
slope that maximizes the wave overtoppin
The water is cllected in a storage reservoi
The incoming waves create a head of wat
which is released back to the sea throu
conventional lowhead turbines installed &
the bottom of the reservoir. An overtoppin

Submerged Pressure Differential i This is g
submerged device typically located near sh
and attachel to the seabed. The motion of th
waves causes the sea level to rise and

above the device, inducing a pressy
differential which causes the device to rise a
fall with the waves.

device may use collectors to concentrate t
wave aergy.

Overtopping devices are typically lar
structures due to the space requirement fi
the reservoir, which needs to have a minimd
storage capacity.

Based on these conversion technologi®8ECs convert the hyddgnanic energy of the
waves over mechanical or hydraulic energy into electrical energy. Depending on the conversion
technology andPower Take OffRTQ, several options are possibleigure3 shows some options
of the mnversion of the energy.

Notice the variety of technologies, and the introduction of storage of energy early in the
conversion chain. Storage of electricity is necessary both on the short term (order of wave periods
5-12 seconds) and in the long term (natas, up to hours). The short term storage (in the order of
20-100 seconds) is typically integrated into the device by means of build up of hydraulic pressure
(e.g. Pelamis) or hydraalhead (e.g. WaveDragprby using mechanical solutions (like flywhgels
or using electrical capacitors.
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= Fluid Power === Mechanical Power === Electric Power
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Figure3: Converter schematics (a) Pico Oscillating Water ColumnoMBCT (b) the original
submerged pressure differential WEC (200BAWS (c) Point Absorber WEC of Finavera AquaBuOY
(d) Ovetopping WEC of WaveDragon (e) Attenuator WERebdimis. Abbreviations: PM: Permanent
Magnet(IEAOESet al.20091).

Grid

2.1.2 PTO (Power Take Off)

The second conversion stefrom medanical or hydraulic energy into electricity, is
determined by the PTQA PTO exists out of many individual components,rmi all components
listed beloware present in one PTO.
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This is again an illustration of the variety of the different concepts tleavelopers can use
The main possible components of the PTO are:

- The driveshaft
- Gearbox
- Freewheel
- Permanent magnet (linear or cage) generators;
- Turbines:
o Air turbines (OWC), a Wells turbine (which rotates in the same direction
independent of the air fiw);
0 Hydraulic turbine (hydraulic motor);
o Low head water turbines (Kaplan or propeller type);
- Storage systems:
o Flywheel (rotating systems)
0 Reservoir (water or hydraulic) to keep the head or the pressure respectively
stable
o Capacitors
- Electronic components
o Transformator
o Capacitor
- Connection plug for grid connection.

2.1.3 Mooring or anchoring

The mooring is the connection betweanreference pointand the PTO of the WEC. Fixing a
WEC to a certain reference point is a design issue that has a strong mutual inftuetieepower
absorption.

[ SG§Qa O2yaARSNI I LRAYy(O |0a2NDSNE GKIFG Fftglea
resulting force and hence, no power production. However, in the case where the wave created by
the buoy cancels out the incident wave, thewer absorption (and hence power production) is
maximal. The moorings and the PTO play an important role to achieve toalled resonance
state.

WECSs can be:

- Moored to the seabed, different mooring options exiStgqured4):

o Catenary or slack moored: the mooring cables have a slack, the weight of the
cable provide freedom of movement for the WEC until the cable becomes under
tension;

o Tautmoored: the mooring cables have a pretension, the elasticity of the cable
provides freedom of movement for the WEC,;

- The mooring cabléxedat the seabedcan be attached to:

o Directly to the floating WEC,;

0 A submerged inertia plate, this inertia plate is then connected to the floating
WEC,;

0 A submerged buoy, which is then connectedhe floating WEC.
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- The anchoring in the seabed can be:
0 A gravity based anchor, mostly made of concrete;
o0 A monopile or jacket structure;
0 A specific type of anchor, depending on the bottom substrate.

Principal Location

Shoreline Nearshore Offshore
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Figure 4: Mooring options ér WECSs, depending on their location (se€2.8.4). Abbreviations: OWC:
oscillating Water Column, OTD: overtopping devices, WAB: Wave Activated Bodies, these might be point
absorber, attenuator or submerged pessure differentiaMWECgHarriset al. 2008).

2.1.4 Location

According to thecharacteristics of their deployment sites, wave energy technologies are
frequently divided into shoreline (or coastal), nedmore and offshore devices. The physical
conditions (e.g. water depth, power level, directionality, and hydrodynamics) relevantdoe
energy conversion are different according to the water depth and distance from shore.
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The waves travel in deep water almost without energy loss across the ocean, which is why
floating technologies moored in deep water are expected to have the lapggeential for large
scale implementation. Typical water depths for offshore technologies are in the range of 50m.
These water depths cannot be found on the BPNS. In shallower water, the waves suffer
increasingly from bottom friction, making such sitesslenteresting from an energetic viewpoint.
However as these are closer to shore (‘'nshore'), mooring and grid connection costs decrease,
and become more viable. Finally shoreline devices, which are typically integrated in the shoreline
or into an artifcial coastal defense structure, have lower incident power levels available but
facilitated access and different structural solutions. They can be integrated in new breakwaters,
like the OWC in Mutriku in Spain.

2.2 Introduction Tidal current Energy Convertors(TEQ

Like WECSs, it is difficult to classify TECs basezhesingle criterion.The main criterion is
again the conversion technology.

2.2.1 Conversion technology

TECs show a wide range of conversion technologies. The main technologies are based on
turbine design, but other, norurbines designs exist. A classification based on a review of the
conversion technologies identified 10 conversion technolo¢ffdsnet al. 2009, seeTable2 for
examples

- Turbine Systems:

1) Axial (Horizontal): Rotational axis of rotor is parallel to the incoming water
stream (enploying lift or drag type blades), better known as Horizontal Axis Tidal
Turbine (HATT);

2) Vertical: Rotational axis of rotor is vertical to the water surface and also
orthogonal to the incoming water stream (employing lift or drag type blades),
better known as Vertical Axis Tidal Turbine (VATT), see Rigare 5 for
subclasses of the VATT;

3) Crossflow: Rotational axis of rotor is parallel to the water surface but orthogonal
to the incoming water stream (employingt lifr drag type blades);

4) Venturi or ducted systems: Accelerated water resulting from a choke system
(that creates pressure gradient) is used to run abuiit or onshore turbine;

5) Gravitational vortex: Artificially induced vortex effect is used in drigingertical
turbine;

- Nonturbine Systems:

6) Flutter Vane: Systems that are based on the principle of power generation from
hydroelastic resonance (flutter) in frdowing water, flutter is basically a
resonance phenomenon with 2 degrees of freedom;

7) Piezoeletric: Piezeproperty of polymers is utilized for electricity generation
when a sheet of such material is placed in the water stream;

8) Vortex induced vibration: Employs vibrations resulting from vortices forming and
shedding on the downstream side of a blo&dy in a current;

9) Oscillating hydrofoil: Vertical oscillation of hydrofoils can be utilized in generating
pressurized fluids and subsequent turbine operation. A variant of this class
includes biomimetic devices for energy harvesting;
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10) Sails: Employs dragotion of linearly/circularly moving sheets of foils placed in a
water stream

Of these 10 conversion technologies, the VATT, (ducted) HAT Hlomss hydrofoils(Table
2 and Figure5) are common and several devidevelopers use this principléSome TECs are
developed not only for tidal currents, but also for river currents (sometimes with small
modifications in the design or anchoring).

Table2: Main conversion technologies of TE@guaret 2008 Blanco 20091EAOESet al. 2009 EMEC
2010.

Horizontal axis turbinework much the same as ¢ Vertical axis turbinease the same principle as
conventional wind turbine and some look very | the horizontal axis turbines (the lift force), bihie
similar in design. A turbine is placed in a tidal | blades are placed parallel with the axis instead
stream which auses the turbine to rotate and | perpendicular. A turbine is placed in a tidal
produce power. This is achieved by pitching thg stream which causes the turbine to rotate and
blades to a certain angle, whereby an incoming produce power. Originally developed for
current creates a lift force. capturing wind energy, these device are also
called Darrieus turbies.

Reciprocating devices (oscillating hydrofdilaye | Venturi effect (ducted) tidal stream deviceShe
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hydrofoils which move back and forth in a plane| tidal flow is directed through a duct, which
normal to the tidal stream, instead of rotating concentrates the flow and produces a pressure
blades. The oscillation motion used to produce | difference. This causes a secondary fluid flow
power is due to the lift created by the tidateam | through a turbine. The resultant flow can drive
flowing in either side of the wing. One design us| turbine directly or the induced pressure
pistons to feed a hydraulic circuit, which turns a| differential in the system can drive an-air
hydraulic motor and generator to produce powel turbine.

N

New ADCF Turbine In TGQU

Open centre tidhturbine. This device relies on th CrossFlow turbine. This device relies on the
AFYS LINAYOALX S I a (KS|same principle as the VATT, but it can differ in
horizontal axis, whereby the blades are connect| ways: the axis can be placed horizontally amd/
at the tips with the foundation. Developers of the blades can be curved along the periphery ¢
these devices claim this concept has two the device. In the latter case, this device is the
advantages: the blades are &ied to generate a | called a Gorlov turbine.

higher torque on the PTO and it facilitates the
passing marine species without damaging them|
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(a) Squirrel Cage Darrieus (b) H-Darrieus

(c) Darrieus (d) Gorlov (e) Savonius

Figure5: Different types of VATT (vertical axis tidal turbingd)anet al. 2009 .

2.2.2 Power take off (PTO)

Similar to wave energy, the conversion to electricity is a istelp conversion from
hydrokinetic power over mechanical into electrical power. Hydraulic conversion steps are rare in
TECsFigure6 represents some possible conversion steps of TECs (refféguoe3 for WECS).
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= Fluid Power === Mechanical Power === Electric Power

\\_____
I\

Axial-Flow  Gearbox Induction |nverter (for DFIG) Grid
Rotor Generator  Transformer

Cross-Flow Gearbox  Induction

Power Electronic Grid
Rotor Generator System
2 Ducted Axial- Power Electronic Grid
Flow Turbine Generator System

Figure6: Possible conversion steps for TECs a) HATT (SeaGen, Marine Current Turbines);floyvCross
turbine (Kobold), c) Ducted HATT (Clean Current). Abbreviations: PM: permanergtrgagerator; DFIC:
Double Fed Induction GeneratEAOESet al. 2009bH.

Most TECs use PTO technologies similar to the ones that are used in wind turbines. They can
consistout of a shaft, gearbox, freewheel, generator as the main components

2.2.3 Mooring or anchoring
TECs can be fixed to the seabed in different WBj}EC 2010

- Seabed Mounted / Gwity Basethe TEC is physically attached to the seabed or is fixed
by virtue of the weight of the foundation. In some cases there may be additional fixing to
the seabed.

- Pile Mounted:This principle is analogous to that used to mount most large windriag)
whereby the device is attached to a pile penetrating the ocean floor. Horizontal axis
devices will often be able to yaw about this structure. This may also allow the turbine to
be raised above the water level for maintenance.

- Floating (with three suddivisions):

o Flexible mooringThe device is tethered via a cable/chain to the seabed, allowing
considerable freedom of movement. This allows a device to swing as the tidal
current direction changes with the tide.
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0 Rigid mooring:The device is secured infgosition using a fixed mooring system,
allowing minimal leewague to the absence of cable slack

o Floating structureThis allows several turbines to be mounted to a single platform,
which can move in relation to changes in sea level.

- Hydrofoil Inducing Bwnforce: This device uses a number of hydrofoils mounted on a
frame to induce a downforce from the tidal current flow. Provided that the ratio of
surface areas is such that the downforce generated exceeds the overturning moment, the
device will remain iposition.

2.3 Designrequirements

2.3.1 Generic requirements for WECs and TECs

The design criteria for marine energy convertors (WECs or TECs) are quite extensive. The
reason for this is the character of the resource, which is variable, and the harsh enviroronent f
operation (corrosive seawater, wave impact during storms). This is a big difference with
conventional power plants, where the process control is abtays easy, but at least more
predictable and controllable.

Of course, every design criteri comes wih a cost. Although it is difficult to give generic
requirements, the following basic design criteria are valid for all marine energy convertors:

- Cost of electricity (CoE) needs to be low, the CoE is of course the prime driver;

- Survivability and structutalesign has to take into account the extreme wave forces: due
to the high impact of waves (and to a lesser extent, currents), the structural integrity is of
extreme importance. Special attention should be given to the effects of corrosion,
biofouling andear & wear to maintain the structural integrity and hull worthiness at sea.

- Quality, smoothing and storage of electricity output: due to the temporal variability of
these energy resources (wave periods in the order -d406seconds but also seasonal
variability, tidal currents in the order of 6 hours) energy storage and smoothing is critical
for injection into the grid;

- Easy installation and maintenance; preferably with existing infrastructure (existing tug
boats and barges, in order to keep mobilisatioerdobilisation costs low). If possible,
1SSLI ONARGAOL € O2YLRySyita Slraiate | O00SaaArots
much as possible onshore.

- Tuneable to a wide range of power conditions: being able to exploit a wide range of wave
heights or tidakurrents optimally;

- In order to assure an efficient manufacturing and good operation and maintenance, the
supply chain of components needs to be secured. Limiting the use of newly developed
components will benefit operation and maintenance. Using compth&om maritime,
offshore oil and gas industry is an advantage.

- Compatible with exisiting grid infrastructure, but ready for new grid developments, such
Fa 2FFakK2NB AYyiSNO2yySOil2NARI O2dzZL Ay3da gAGK
grid,...

- Synerges with other energy technologies, such as offshore wind, but also parallel
production of e.gpotable water, or aquaculture

- Visible (marker buoys) for navigation purposes and to avoid damage due to ship
collisions;
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- Low environmental impact, which hasita broad meaning:
0 Use of environmentally friendly materials like biodegradable oils, or anti fouling
devices that do not have toxicological effects;
o Small footprint or space occupation, both at the surface or at the seabed bottom
in case of pile or andhrs;
o0 Avoidance of underwater noise during installation, operation and maintenance
(marine mammals)

2.3.2 Requirements specific for WEC

Most WECs are placed at the sea surface, in order to capture the wave forces as much as
possible. However, in storms, the wafces are extremely high and the WEC has to withstand
these forces. This consideration brings us to the first design requirement:

- Survivability at the sea surface during stormshis can be achieved in several ways .
Some devices have inherent differe@®K I NI OG SNAAGA Oa 6fA1S t St
the big waves due to hydrostatic clippif@ruz 2008, others are controlled by their PTO,
either passive or active, others are (partially) submerged in order to avoid the spil and
impactforces ofbreakingwaves.

- Flexibility to the tidal range: in regions with a high tidal range, the mooring has to flexible
to account for the tidal variation.

2.3.3 Requiremerts specific for TEC

In the framework of this project, only tidal energy current convertors basekiigtic energy
(so current energy) are considered, and not the ones basegotential energyhead difference
due to low and high water)Further in this eport, TECs are defined as tidal enegyrent
convertors, unless stated otherwise. TECs differ fundamentally from WECs in the fact that the
blades need to submerged to extract the energy. TECs have the most of their components
underwater. This is a disadntage for maintenance: maintenance has to be done by (expensive)
divers or Remotely Operated Vehicles (ROVs) or the components have to be lifted above the
water. However, the advantage is that TECs will experience lower wave impacts, since the wave
forces decrease with depth. BHollowing requirements are specific to TECs:

- Easily accessible for maintenance, by lifting the whole TEC above the water line (like
Marine Current Turbines); by lifting the critical components of the TEC above the water
line with a barge or maintenance ship and do maintenance onshore; by ROVs (highly
depending on tidal windows, since these ROVs have to operate in strong currents), or
otherwise.

- Avoidance of cavitation: typically, WECs have rotating blades. The speed at the tips of
these wings can be high enough to induce cavitation. This induces vibrations and material
fatigue and hence decreases the lifespan of the blades.

- Avoidance of biofouling: Many devices installed in the sea become artificial reefs,
attracting a wide varietypf marine organisms. These cover the structures and can cause
significant fouling. Fouling of moving parts could affect the performance of devices. This
can be especially an issue in the shallow waters of the BPNS. Beside the obviuous
disadvantage that sillow waters provide less place for a tidal turbine, it is also more
exposed to sunlight, which promotes biological growth.
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2.4 The long list factsheet

In the Boreas intermediate reportV2 I @S yR GARFf SySNHeé& SySNH
suitability for the Be 3 A 'y t | NI 2 WathysfetSa. 20P141an overyidw ofithe most
common WECs and TEGBgresented, based on information templathat was adapted and
extended from the Waveplam proje€Waveplam 200p This template enables a standardized
and synoptic way of describing the devi¢gsseTable3 for the template and Appendicex 1 and
9.2), instead of describing it in full text. Notice that not all fields are as detailed across the
different devices fotwo reasons:

- Some developers give more detailed information than others;
- Sone devices are still in a conceptual phase, whereas others are further developed, up to
level of demonstration or preommercial phase.

The authors chose to describe some WECs or TECs that are industry leaders or WECs or TECs
which show interesting feature®r deployment on the BPNS. In the latter case, these devices will
form the basis of the further shodist. Contrarily, some developers give so little information
about their device or concept, that it is hard to make any assessment. These devices were
identified, but not necessdy described in the long list.

Environmental effects were not defined as a criterion, for several reasons. All the device
developers make claims about environmental friendliness, such as the use of biodegradable oils,
but theseclaims are difficult to assess in such an early development status. The most obvious
(local) environmental impact is the additional presence of hard substrate such as steel and
concrete(Langhamer 2009 These effects are likely to be similar to the effect of the introdunctio
of offshore windmill farms that were observed for thePGwer offshore windmill farnDegraer S.
et al. 2009. An important aspect is however the spatial occupation or footprint, this is given in
the dimension field. Some device developers have published environmental reports (enquiry
taken at the ed of 2008 (USDOE 200Q8these are:

- TECs: Marine Current Turbines, Ocean Renewable Power Company, Tocardo BV Tidal
Energy, IHC Engineggibusiness, Verdant Power;
-  WECs: AW Energy, Ocean Power Technologies, Seabased, Wavedragon.
¢CKS f2y3 ftAad FIFrO0GakKSSG R2Sa y2i LINBaByR (2
judge any of the devices that are currently under development and askelg based on
information that is available in the public domain.
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Table3: Template for the description of the WEC/TEC longlist.

Current corporate profile

Name of the company Name of the WEC or TEC
Official website of the compan Foundation year and nation
Company profile: describing the company (e.g. sr Projected Cost of Electricty, &
independent research groups, contains sometimes histot given by the developper (N
facts, etc.) third party verification)

Origin, and ipossible names, of investors

Pictures
Pictures of the device, concept or installati Additional picture
(in most cases official pictures from websites

Caption of the picture Caption of the picture

Device specifications

Conversion technology Power Take off (PTO Mooring or anchoring
information characteristics

w! YAldzS FSIFGdz2NBa | O0O2NRAY 3 Required water depth

verification) Dimensions of Full prototyp

(size and weight)
Information about the Powe
Matrix (no thrd party
verification)

Device Development history and future strategy
Field describing the history and prospects of the convertor, by means of their phases as def
the Technology Readiness Levels (TRLsgxg#anation below

Device evaluation
Device evaluation by the authors of this report

Suitability for the BPNS

Suitability for the BPNS, according to the authors of this report (partially based on the require
that the device developers provide on their website, partially based on adgejment)

The wave and tidal current energy market experienced a high pressure to produce electricity.
Due to this high pressure and the lack of standards, developers sometimes veefaistato the
open sea, with sometimes disastrous consequences. Examgole the sinking of the 2MW
Archimedes Wave Swing in 2004, the Finavera Aquabuoy 2.0 in 2007 and more recently the
sinking of the Oceanlinx precommercial prototype in 2010.

Although marine energy can only become a reality following full scale testMtiEafs or TECs
at sea it is important that the correct engineering procedures are followed leading up to the first
sea trials. Although difficult, political and business concerns must resist applying pressure to
deploy new devices prematurely. Therefore, thiydraulics and Maritime Research (HMRC)
applied the TR{Technology Readiness Lewshedule to Wave enerdifolmes 2009
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CKAA | LIINRFOK Aa 0SO2YAYy3a Y2NB L}RLJzZ NI & Ad
energy development. TRHevelopment programmes are standard approaches product
advancement in established industries such as NASA and American military equipment industry. It
must be stated that HMRC is not the only institution that is involved in the development of the
TRLs. Furthermore, the TRLs can provide a blueprinhé international standards. However, it is
unsure if these TRLs as such will be integrated in the international stan@&adsau 201 The 5
main TRL phases aftdolmes 2009

1. TRL 1Proof of concept: provide the basic concept of the proposed WEC in regular
waves and obtain an estimate of its power performance in irregular, real sea waves.

2. TRL 2Partscale (Tank)Testing of 1:10 (approximatelygae model in a wave flume
that allows component testing in more seaways, including those expected to be used
at the sea trial test. There are less design options to investigateithTRL1.

3. TRL 3: Paitcale (Sea)testing of 1:4 scale model in a benigffshore location. This
device should be a fully operational unit, but the required budget should be an order
of magnitude less.

4. TRL 4. Fulcale ¢ Prototype model: Prototype testing, which enables a full
FaaSaaySyd 27 (oS NBX) anisiNGFRiRNSEge the&Bquired
investment rapidly increase. It is however not expected here that for this single (or
perhaps 23) unit(s), the project can make profit at this stage. Test centers and
external funding are almost essential to pass this. TRL

5. TRL 5 Fullscale¢ Precommercial model: when a device successfully completes the
rigorous technical sea trials, the solo geduction converter of TRL 4 should have
evolved into a precommercial machine ready for economic demonstration in TRL 5.

2.5 Corversion efficiencies: mwer matrix (WEC) and power
curve (TEC)

2.5.1 Power Matrix for WEC

The translation from wave climatévave height and period)and henceavailable wave
power, to producedextractablepower is done by the soalled power matriXsee also %.2.1).
The power matrix gives the relation between theave height andperiod with the produced
power. If the produced power is at its maximum, the®d- f { SR WNJ} GSR L2 6SND A A

This power matrix can tlaube used to translate the resource into produced powin.
example is given imable4 (Pelamis WECThe rated power is achieveat 750 kW Below 0.5 m
wave height, no power is produceBelow 1 m wave height amall amount of power is produced
between a wave period of 5.5 and 11.5 secontdse wave height is clearly the dominant factor,
the period is of secondary importancghis is also reflected in the available wave power
calculation, see §.1). Table5 and Table6 give the power matrices for the Protth Straumekraft
25 kW point absorber and a single floater dVave StaWWEC.
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Table4 : Power matrix used for Pelamis,rated 750 KD&ltonet al. 2009 Pelamis Wave Pow@&010)

Tm10

Humo 3 4 5 6 7 8 9 10 11 12 13
0.5 0 0 0 0 0 0 0 0 0 0 0
1.0 0 0 0 29 37 38 35 29 23 0 0
1.5 0 0 32 65 83 86 78 65 53 42 33
2.0 0 0 57 115 148 152 138 116 93 74 59
2.5 0 0 89 180 231 238 216 181 146 116 92
3.0 0 0 129 260 332 332 292 240 210 167 132
3.5 0 0 0 354 438 424 377 326 260 215 180
4.0 0 0 0 462 540 530 475 384 339 267 213
4.5 0 0 0 544 642 628 562 473 382 338 266
5.0 0 0 0 0 726 707 670 557 472 369 328
55 0 0 0 0 750 750 737 658 530 446 355
6.0 0 0 0 0 750 750 750 711 619 512 415
6.5 0 0 0 0 750 750 750 750 658 579 481
7.0 0 0 0 0 0 750 750 750 750 613 525
7.5 0 0 0 0 0 750 750 750 750 686 593
8.0 0 0 0 0 0 0 750 750 750 750 625
8.5 0 0 0 0 0 0 0 750 750 750 750
9.0 0 0 0 0 0 0 0 0 750 750 750
9.5 0 0 0 0 0 0 0 0 0 750 750
10.0 0 0 0 0 0 0 0 0 0 0 750
10.5 0 0 0 0 0 0 0 0 0 0 0

It is important to stress that this extractable resource is vldida single WEC at a specific
YSGUK2R2ft 238

arisSs
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WEC and waves, or between one WEC with another WEC (@R&/EGarm).
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experimenally proved power productionin the original referencéor Wave StafMarquiset al.

20103 Marquiset al. 20100, not the power matrix but a power cwe (produced electricity in
function of the wave height for an average wave period of 4.5 seconds) is given.

2y

There are already some remarkable differences when comparing power productions based
on typical wave conditions for an average day on the BPNsuifees a Kof 1.25m and a Tof 5

seconds, which corresponds with a common sea state at Westh{Baels 2009. Pelamis would

be producingl6kW (interpolated valuge)whereas the Straumekraft would produel kW and
the Wave Stai7.75kW. The Pelamis iglearlydeveloped for higher wave climatésan the BPNS.
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Table5: Power Matrix for Protech Straumekraft. (rated 25 kW, based on computer simulations by the
developerand PrototechStraume 201}

Tm10

Himo 0 2.5 3.5 45 55 6.5 7.5 8.5 9.5
0 0 0 0 0 0 0 0 0 0
0.25 0 0 0 0 0 0 0 0 0
0.75 0 0.1 0.3 04 0.4 0.3 0.3 0.3 0.3
1.25 0 0.5 2.1 3.2 3 2.7 2.3 2.1 2
1.75 0 1.6 6.8 10 9.7 8.6 7.4 6.9 6.6
2.25 0 0 8.7 15 15 14 13 12 10
2.75 0 0 9.9 19 20 20 18 16 14
3.25 0 0 0 22 24 25 23 20 18
3.75 0 0 0 22 25 25 25 23 21
4.25 0 0 0 24 25 25 25 25 24
4.75 0 0 0 0 25 25 25 25 24
5.25 0 0 0 0 25 25 25 25 25
5.75 0 0 0 0 25 25 25 25 25
6.25 0 0 0 0 25 25 25 25 25
6.75 0 0 0 0 0 25 25 25 25
7.25 0 0 0 0 0 25 25 25 25
7.75 0 0 0 0 0 25 25 25 25
8.25 0 0 0 0 0 25 25 25 25
8.75 0 0 0 0 0 0 25 25 25
9.25 0 0 0 0 0 0 0 0 0

Table6 : Power Matrix for a Wave Star (3VWkrated for a single buothe only data given by Wave Star are
the produced power for a period with 4.5 seconds (indicated in b@thrquis et al. 20108. The other
values of the power maix are filled in by the authors based on the comparison with the Protech
Straumekraftand Pelamis Power Matrix trends

Tm-l,O
Hmo 0 2.5 3.5 4.5 55 6.5 7.5 8.5 9.5
0 0 0 0 0 0 0 0 0 0
0.5 0 0 0 1 1 1 1 1 1
1.0 0 1 2 4.5 6 8 6.5 4.5 4.5
15 0 2 6 9.5 11 12 11 9.5 9.5
2.0 0 5 13 17 17 17 14 11 9
2.5 0 0 20 27 27 27 25 20 15
3.0 0 0 0 37 37 37 37 37 37
3.5 0 0 0 0 37 37 37 37 37
4.0 0 0 0 0 0 37 37 37 37
4.5 0 0 0 0 0 0 37 37 37
5 0 0 0 0 0 0 0 0 0
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The power matrix is thus a crucial aspectagsess the power production. However, only a
few device developers have published their power matrices. Furthermore, since no standards
exist to make this power matrix, it is extremely difficult to compare these power matrices over
different devicesand ewaluate them Applying these power matrices to the wave conditions on
the BPNS$s necessary to obtain axtractablewave power but Pelamis was never developed to
be installed in wave conditions that are similar to the ones at the BPNS.

2.5.2 Efficiency & power curve for TECs

The power curvefor a TEC gives the relation between the current velocity and the electrical
output power (see also %.3.2. It is the multiplication of the kinetic power associated with the
undisturbed flow at the centre of the device with the efficiency curdde mathematical
formulation of the available tidal current energy is discuséadher in the paragraph of the
calculation of the available tidal poweg %.3).

Figure 7 shows an idealized efficiency curve for a generic tidal kinetic energy converter
(neglecting the influence of the current directiand thus assuming a 0° angle of atfackhe
term efficiency curve isised here to refer to the relationship between the power generated by
the device and the kinetic power associated with the undisturbed flow at the centre of the device.
For this hypothetical device, the efficiency is zero for flow speeds below 0.5 m/atarved 3.6
m/s, and varies between 30% and 43% over the range in velocity from 1.5 to 3.5 m/s. The peak
efficiency of 43% coincides with a flow speed of 2.75 m/s. This idealized efficiency curve was
developed for high velocities to demonstrate the prediatiof generated power from the time
series of current spee(Cornettet al. 2010). It might not be the idealized efficiency curve for the
conditions on the BPNS, because the maximum currents determined by previous studies indicate
relatively low flow currents at spring tide, in the order of 1.7 ifyan Lanckeet al. 2007)

CKS GSNYQ WDWB SR Ol ¢from Biguet. 1aid thedthreRHSINIp&e8 to start
0KS GdzZNDAYS YR ISYSNIG2NI 02N YPREADSHHRMI & & ( KK
limit to produce electricity. Above this upper limit, the TEC tries to avoid possible damage due to
high forces and torques and does not produce electricity. Similar efficiency curves exist for wind
energy turbines.

b2 (8 GKS O 5NIVaUETIRNIESTY WYSINBNIMPOr cifve N fiidtidh loffonlyd y & NB &
one variable (the current velocity), whereas the power for wave energy is a function of both wave height
and wave period.
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Figure7: Efficiency curve for a generic energy convertor (so developed for higher tauthem that
occur at the BPNSYource{(Cornettet al.2010.

2.6 Suitable WECSdsfor the BPNS

As mentioned in 8.5 3 WECs were selected due to the availability of their pawatrix,
without specifically taking the suitability for the BPNS into account (Pelamis is not St
Star and Protech Straumekraff are better). In this paragraph, WECs that shonteresting
characteristics for deployment on the BPNS are briefly discustmaever, nocurrently existing
29/ OFy ©6S GF1Sy W2FF (KS aAKStFQ T2NJ RSLIX 28 YSy
are too specific.

In the OPTIEBCP report, 3 WEGEere presented that showed interesting features for
deployment on the BPN@®Mathyset al. 2010. These were Wave Star, Power Buoy and the B1 of
Fred Olsen. Afterhie analysis of BOREAS, other WECs were selected, due to new concepts,
developments or insight&Vave Star is still discussed here and the B1 of Fred Olsen is replaced by
the FlanSeabuoy (which is an indirect continuation of the project SEEWEQNker Buoyis
however replacedy Seabased and Wavetreader (Point Absorb&sabased wagreferred due
to the simple concept and development in the Swedish coast (with similar wave powers as on the
BPNS) and Wavetreader was selected due to their synergetic effeiths offshore wind
foundations.This is again an example of the rapid development that charaetttis market.

The WECSs presented here are:

1. Seabased: a PA buoy developed by the Electrical department of Uppsala University Sweden.
It is a simple mecharat system, putting more design effort in the electrical design and
control;

2. Wave Treader: a point absorber which is explicitly designed to be attached to monopile

foundations of windmill farms;

Wavegen: an OWC integrated in a breakwater in Mutriku, Spain.

Wave Stara jackup structure with individual point absorbers attached.

5. Flartea a point absorberbuoy that is explicitly designed for low domoderate wave
conditions The project team consist of DEME Blue Energy, Electrawinds, Cloostermans,
Spiromati¢the harbour of Oostende€zontec and 4 research groups of the Ghent University;

»w
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2.6.1 SeabasedWECz Lysekill (Sweden)

2.6.1.1 Introduction

Seabased is a spinoff of the Uppsala University from Sweden. They developed a point
absorber with a linear generator, without gémxes andew moving parts. The developers thus
chose to have a very simple mechanical system, but a rather advanced electrical system (since it
was the Electrical department of Uppsala who started the development).

2.6.1.2 Concept and design

A unigue feature oftheir design is the fact the PTO module is not situated in the buoy,
instead it is mounted directly on the gravity based anchor plate. Thei$a@irectdriven, linear,
synchronous thregohase generator. The technology of the linear generator was asstiméed
somewhat depth independent and the unit size of 10 kW for power conversion was assumed to
match a significant wave height in the range of 2 m, found in near shore and sheltered waters
typical for Swedish conditions. However, the generator and thechramical structure of the
generator are designed to handle great odeads in terms of electrical power and mechanical
strains. This makes it possible to e.g. change the buoy to a buoy with larger diameter in the
offshore experiments without damaging tMéEQLeijonet al.2008).

The PTO is a linear generator with little moving panart froma cable andh permanent
magnet. The concept of the PTO remained the same during the test period, but the shape and
draft of the buoys did change. Four different buoys were tested, one of them was a donut shaped
buoy.
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12m X <
Biology Wave Wave i
buoy measuring buoy energy converter m
| 80m WA D, e
S m‘mi:a!@ﬂ <5
Tower am P
Rope
25m End stop
Stator
Translator
Springs
)
Conceptual drawing of the Seabased PA WEC deployed at Ly The Inear generator,
Sweden(Leijonet al.2009 mounted on a gravity
based anchor.

Figure8: Concept (left) and picture (right) of the PTO of Seabased.
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Furthermore, the Lysekill project executed environmental studies from the beginning of the
project, and althe results of the environmental monitoring are documeni{gdnghamer 2009

2.6.1.3 Considerations for deployment on the BPNS

The Lysekill testsite has similar wave conditiohthoseon the BPNS. The Lysekill testsite has
an average wave power of 2.6 kW/m, a depth of 25 m, aifstggnt wave height with 100 year
return period of 4m, and a maximum wave height with a return period of 100 years of 6.2 m
(Waterset al. 2009. These characterigts, especially the wave power, are representative for the
conditions on the BPNS. The developers chtse site because of the existing research
AY FNIF & i NHzO (i dzNBue tf Sslrehdivély Idwrei§y flixt theXvavé climate at the Lysekil
test site would not be ideal for commercial wave power production. That was, however, not the
Y2GAOS FT2NJ OK22aAy3d GKS aAixidST Al o a(ledfwe@ 3 Sy Rdz
al. 2008).

Howe\er the tidal range is less than 25 cm, which is in sharp contrast with the BPNS where
the tidal range is up to 4.5m. The latter is a disadvantage for deployment on the BPNS, as the tidal
range uses the full stroke length of the generator. An alternativdccbe to install a drum in the
buoy to account for the stroke length differences caused by the tidal range.

Other problems that can expected based on their design are:

- the friction and heating of the cable, and consequently, tear and wear of this cable;
- the sealing of the chamber has to be extremely good, since maintenance is only possible
with divers, ROVs, or lifting the whole PTO wisHfdundation outside the water.

2.6.2 Wave Treader WEC(Green Ocean Energy 2010)

2.6.2.1 Introduction

Wave Treader is a unique wave energy device wisicitached to the supporting pilef an
offshore wind turbine Combining Wave Treader to an offshore wind farm shares the offshore
infrastructure and also increases the yield from the sea afeaording to Green Ocean Energy,
Wave Treader also assists in power smoothing in the offshore wind farm and offers improved
personnel access to the turbinglaim by developer)both of which are major benefits to site
developers.

2.6.2.2 Concept and design

Wave Treader concept utilizes a fore and after arm and sponson which react through an
interface structure onto the foundation @fn offshore wind turbineKigure9). Between the arms
and the interface structure hydraulic cylinders are mounted and as the wave passes the machine
first the forward sponson will lift and fall and then the aftgosison will lift and fall each stroking
their hydraulic cylinder in turn. This pressurizes hydraulic fluid which is then smoothed by
hydraulic accumulators before driving a hydraulic motor which in turn drives an electricity
generator. The electricity if1ien exported through the cable shared with thvnd turbine.
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_' Image courtesy of Green Ocean Energy

Figure9: Conceptual design of the Wave Treader of Green Ocean Eratgghted to the monopole of an
offshore windmill.

Periodically the interface structure movesriieally to allow for the effects of tidal range, and
it also can rotate to ensure that the sponsons are optimally aligned with the wave direction.

An initial study commissioned by the company indicates that the additional loads placed on
the foundation ¢ an Offshore Wind Turbine from Wave Treader are relatively small, and
therefore Wave Treader will not adversely affect the stability of the Wind Turbine. However, this
point will certainly need furthe8™ party verification

2.6.2.3 Future market deployment

Wave Treader is primarily aimed at the UK RouffcaBd Scottish Territorial Water offshore
wind farm sites. The company estimates that between 2015 and 2023 7g58(B00 offshore
wind turbines will be installed in the UK waters and claims that their degicatso be retrofitted
to existing windmill foundationsThe company is building a full scale prototype in220012for
deployment at a UK test centre. The Green Ocean Energy indicates on their websitbethat
want to develop the same technology furthfar standalone WECS, so independent of the pile of
offshore windmills.

2.6.2.4 Considerations for deployment on the BPNS

The Wave Treader device has one obvious advantage: it connects to an offshore windmill
pile, but, although the Green Ocean Energy claims tdkenan easily accessible Wave Treader,
they do not specify how they would implement thidccording to the BOREAS authors, adding a

*Wave Treader did not mention the reference for this study.
* This is the new tender round for grang offshore windmill parks in Scottish waters.
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structure to an existing windmill foundation would just make accessibility har8er.the claim by
Green Ocean Energy ohlganced accessibility needs further verificatidave Treademdoes

make use of the infrastructure of windmill farms (foundation, grid connection, etc.). Furthermore,

it alsocan profit from thetime lag and intermittent character of both wave and wind ege High
windspeeds and big waves do not always occur simultaneously, especially in exposed locations.
However, even in the sheltered BPNS, the waves continue to go on after the wind drops. Equally
important in a Belgian context, is the fact that it malkesoptimal use of space possible.

However, some disadvantages need to be mentioned as well. This device is developed for,
highly energetic, Scottish seas and has a rated power of 500 kW, so scaling down will be
necessary. How much scaling down is harteth but the Wavetreader should be more or less in
equilibrium with the installed power of a windmill. Combining a 10 kW Wavetreader with a 5 MW
windmillfarm does not seem very logical, because it adds complexity to the structure, operation
and maintenage (boat access) with only a little marginal energy production. Adding the
2 gSGNBI RSN (2 SEA&GAY3I LAfSE OWNBINRTFAOGGAYIQ
geotechnical and structural requirements were not foreseen in the design of the current
windmills.

2.6.3 Wavegen Voith OWCWEC Mutriku breakwater

2.6.3.1 Introduction

In the Basque county in Spain, a new breakwater was designed for the small harbour. EVE
(Ente Vasco de la Energia) chose to integrate 16* 18.5 kW OWC turbines into the design of the
breakwater, by building the air compression chambgrdront ofthe breakwater(Figurel0).

FigurelO: Construction of the Mutriku breakwater and air compression chambers (left).
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2.6.3.2 Concept

The Mutriku breakwater is a nice example of a combined use of a breakwater: on the one
hand it protects the harbour against waves, on the other hand it is a 300 kW OWC wave energy

O2y @SNI SN hNRIAYEFEte GKS LIy T2 Miutite ®WO,NBI | 6|

but soon after the first concept, thielea of an OWC was integrated.

The waveat a location in front of Mutriku in deep wateontairs approximately 26 kW/nof
wave energywith a seasonal variation of 44 kW/m in winter, 19 kW/m in springuagumn and 9
kW/m in summer. Just in front of the breakwater (30 m deep) the wave climate is 18 kW/m in
winter, 8.8 in spring or autumn and 4.4 in summer. It is expected that this installation can produce
600 MWhlyear, corresponding to the energy requitents of 250 households in the Mutriku

town. According to the investor, the civil costs are estinddted n ®n YA 2 €3 GKS St S
Oz2ada d modp YA2Z2Z €I YR GKS 2 wilinde(raghadodp of A OSy ¢

2.6.3.3 Considerations for deployment on the BPNS

The double function of a combined breakwater and energy production igrinciple an
interesting feature for deployment on the BPNS. However, the capital cost of these prajects
high. It is therefore unlikely that these projects can be retrofitted to the existing coastal defence

a0NHzOG dzNBa ySIFENBK2NB® 'y AyiGSNBadAyd FyR az2yvys$s

FFASYQd LG A& Fy AydSaNF (S RBPNSdnitezhdf (dvigatiormly 2y

and coastal) safety, sustainability, attractiveness, environmental and general development
(Vlaamse Baaien 20)1.0Ten projects were presented as ideas to support this future vision. One of
them, the idea of a multifunctional island at the Gootebank, could be combined with this
technology It is conceived as a test site for sustainable marine energy, a shelter harbor, offshore
services or transfer of bulk materials. The integration of different functions is interesting and can
only be achieved if the initial design does take into accotnié function. Furthermore, the
Gootebank is situated in a zone outside the Flemish banks, and experiences higher wave energy
than nearshore. The project team behind the Vlaamse Baaien gives an indicative frdomafwor
20202050 for this island.

2.6.4 Wave Star WEC

2.6.4.1 Introduction

Wave Stais currently one of the wy few devices that actually pvides electricty to the grid
with a 2 float (eactbm diamete) 110 kW test unitThe price of the electricity produced is not yet
competitive to the market according t®Wave Star, but the next steps, two full scale units
(Marquiset al.2010b, one600 kW with 20 floats obm diameter (for water depths from @5m
and a Hof 2.5m)and the second & MW unit with 20 floats of 10 m diametéfor water depths
from 20-30m and a Elof 5m) each should significdly drop the electricity price Kigurell). This
price projection is based on 3 parameters: increasing energy production, decreasing investment
cost and decreasing maintenandateresting to seén the roadmapis that in 200 Wave Staiis
LINE RdzOAYy3 St SOGUNAROAGE |G |NRdzyR mnnn e€ka2K3
(although the latter comes of course with higher uncertainties).
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Furthermore, Wave Star has a very transparant and open communication strategyrding
to Wave Starpver 500 visitor visited the Wave Star test unit at Roshage, in close collaboration
with the Danish Wave Energy Center.

Figurell: Road map for cost of energy for Wave Star WEC (based on average energy potentiapehi
sites, WEC lifetime: 20 years, interest of investment: ®ajirce (Marquiset al.2010H).

2.6.4.2 Concept and design

Wave Staris using the point absorber technology, but integraiesn a uniquejackup
platform. Most ol K SNJ WOf dzi G S NB R Qlikesthe@I8 SHEPVREG/Buldra madomh S NA
based on floating platforms which are moored and anchored to the seelpethe full scale
design, it is the intention that a jaekp platform will hold 2 row®f 10 floatseach(acting as20
point absorbes). All electromechanicainoving parts are lodad on the platform, which remains
at all timeabove the waterlineln storm survival mode, thé&/ave Stacan liftthe floaters alscout
of the water into a safety positiofiThe PTO system is hydraulic, whereby each float is pumping
hydraulic fluid to a hgraulic motor, which drives a generatdnstead of having 20 small hydraulic
circuits for each float, a combined hydraulic PTO is used, to tnoat hydraulic peak pressures

2.6.4.3 Considerations for deployment on the BPNS

A general disadvantage for deploymemt the BPNS, ithe jackup structure to hold he
floaters, because it increases capital cdstis unlikely that these devices can be combined with
with offshore windmill foundations, and Wave Star have not explicitely released information
about researh in that direction.
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