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1 Introduction

The Engineering and Physical Sciesié&search Council (EPSRC) Sustainable Power Generation and
Supply (SuperGen) programme is the flagship reseanitiative shaping the future fothe United

Ki n gd o mo sesearohandscape. It contributes to the UK's environmental emission targets by
conducting research that leads to radical improvement in the sustainability of the UK's power generation
and supply. The first of a total of 13consortiawaslaunched in October 2003The mission of these
consortia wa to establish a platform for the develaarhof new and improved devicés efficient and
sustainable power generation and supphhe researchof the Marine EnergyConsortiumfocuseson
devebpingthe potentiafor future exploitation of the marine energy resource.

1.1 Phasel

SuperGerMarine Fhase 1 (October 2003 Septembe2007) brought together research staff from the
Universities of Edinburgh, Robert Gordon, Lancaster, H&klatt and Strattlyde. Together hey
undertook generic research with the following ldagn objectives. To:
1. Increase knowledge and understanding of the extraction of energy from the sea;
2. Reduce risk and uncertainty for stakeholders in the development and deplof/teehnology;
3. Enable progression of marine technology and energy into true positions in future energy portfolios
In order tomeetthese objectives, thirteen research work packages (WPs) were undertaken:

WP1 Appraisal of Energy Resource & Convertdgsvironmental Interactign

WP2 Development of Methodologies for Device Evaluation and Optimisation

WP3 Engineering Guidance

WP4 Offshore Energy Conversion and Power Conditioning

WP5 Chemical Conversion and Storage

WP6 Network Interaction of Marine Engy;

WP7 Lifetime Economics

WP8 Moorings and Foundations

WP9 Novel Control Systems for Marine Energy Converters

WP10 Full-scale Field Validation

WP11 Assessment of Testing Procedures for Tidal Current Devices

WP12 Economic, Environmental and Socialgatt of New Marine Technologiges

WP13 Dissemination and Outreach
Phase 1 trained 13 PhD students that took up employment across the sHEwmtoroutcomes and
publications of this work are recorded in a preceding monograph, copies of which are available to
downloadat the SuperGen Marine websitbttp://www.supergemmarine.org.uk/drupal/

1.2 Phase?2

SuperGen Marine Phase 2 (October 20@&ptember 2011) brought together research staff from the core
Uni versities of Edi n b u-Watth Lanca3tereardnSirathclyBle | Thea corisortiuntd e r i
included affiliate Universities dburham, ExeterHighlands and Island#&)anchester, Robert Gordon and
Southampton.Together they undertook generic reseavith the following longterm objectives
1. Increase knowledge and understanding of desé@einteractions of energy converters from model
scale in the laboratory to fedize in the open sea, subjected to waves and currents.
2. Build human and physical capscto carry out research and development to address remaining and
new challenges as the expanding sector works towards the targets set.

3. Internationalise its articulation, activities, perception and influence.
Thereweretwelve work streams (W$s

WS1 Numeical and physical convergerce

WS2 Optimisation of collector form and response

WS3 Combined wave and tidal effects

WS4  Arrays, wakes and near field effects

WS5 Power takeoff and conditioning

WS6 Moorings and positioning

WS7 Advanced control andetwork integration

WS8 Reliability;

WS9 Economic analysis of variability and penetration

WS10 Ecological Consequences of Tidal & Wave Energy Conversion
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WS11 Training and Development

WS12 Dissemination, Engagement and International Articulation
Through its Doctoral Training Programme, Phase 2 has traved30PhD students.Many have taken
employment in the sector with, for example Vattenfall, AWS Ocean Energy, BetNorkseVeritas,
Garrad Hassan and Open Hydidany others have joined thesearch staff in universities across the UK
and Europe.

Phase 2 was advised by an Industry Reseadvisory Forum that includeblarine Current Turbines;

Open Hydro;Pelamis Wave Power; Ocean Power Technoldggottish&Southern Energy; Scottish
Power; Ed; E-On; NPower ETI; Carbon TrustEMEC; NaREC;Crown EstatesScottish Natural

Heritage

Phase 2 collaborated with the following international partners: HMRC €drkland, TU Delft-

Netherlands Ecole Centrale Nautigue NantesFrance Dalhousie Univergy-Canada Oregon State
University, Florida Atlantic UniversityUMas$ USA; Universities of Osaka City and Hokkaidkapan

Harbin Engineering Universityand Dalian University of TechnologyChing National SunYat Sen,
National Taiwan Ocean Universjtiational Chen Kung Universifyaiwan.

1.3 Phase 3

The Marine consortium secured continuation fundioig Phase 3, supportinga further fiveyears of

researchfrom October 2011andthis brings together staff from theore Universities of Edinburgh,

Queer® s B eStrdthalygdéand Exeter The consortium includes associatailérsitiesof Plymouth,

HeriotWatt, LancasterManchesterSwanseaOxford and SouthamptonTogether they form the UK

Centre for Marine Energy Researefhose core membership and managemem tgdl aim toensurea

joinedup regional, disciplinary and thematic effort to meet the challenges in accelerating deployment

towards and through 2020 targetsxd maintain the international brand image and UK woéelad in

marine energyvith the fdlowing long-term objectives

1. Conduct worldclass fundamental and applied researtttat assists the marine energy sector to
accelerate deployment and ensure growth in generating capacity through 2020 targets.

2. Expand and operate an inclusiwearine networkof acagmic researchers, industry partners and
international collaborators.

3. Continue to provide the highest quality d@dctoral training and knowledge transfarpartnership
with industry to build intellectual and human capacity for the sector.

This document cosists offive sections and contairisree appendices. Sectiors@mmarises research in
Phase 2over the secondfour years of the programme. Théms of thefuture researclin Phase 3are
presented in section. 3 The Doctoral Training Programme anDissenination, Engagement and
International Articulatiorare summarised in sections 4 andZetails of the individuals involved in the
programme, abstraxtof the research outputs fromhd®e 2grouped by worktream and then
alphabeticdy, are contained it\ppendicesl-3.
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2 SuperGen Marine Phase 2

WS1 Numerical and physical convergence

WS1 workedclosely with WS3&4 to improvehe theory for modetscale wave creation, refine
experimental measurement, and extend device numerical CFD modelling to aid convergenee betwe
numerical and physical modellindgt has-

1 Produced and established the first pesiewed and accepted p&uiropean system of protocols for
evaluation of wave and tidl energy converter performancdnvited paperWS1.3introduces the
collaborative European EquiMar project (coordinated by Ingrawhere Supefzen partners have
extendedtank testing, resource characterisation, environmental and economic impact assessment
methods to propose a European system of protocols for the equitable evaluatiom whbetand
tidal energy converters. Invitgghper WS1L8 describes the best practices developed in SuperGen
marine for the testing of wave energy converters. The new methodology described there has been
included into the EquiMar protocols and is beingsidered for inclusion ithe 62600 series IEC
standard on tank testing.

1 Developed and implemented new free surface and Cartesiareltumodels for the open source
ACode SATURNEO f kb year Framhewaldgreamend with EdF R&D.In paper
WS1.4 SuperGen authors present a new boundary condition treatment, based on the ghost fluid
method, which exactly satisfies the z¢éangential shear condition at the free surface. The method
builds on a leveket approach to locate the fregrface. Undethe ETI funded PERAWAT project
the methodology described in this paper is being incorporated
into Code SATURNE In papeWS1.17 acompanion paper
to WS1.4 the numerical methods appliedto study the
splashing of a secondary jet.

1 Extended the Cartesiamethods to capture and model sub
surfaceand freesurface fluid flow in wave energy ceerters
and offshore structuresPapers WS1.1&16 describe the T
extension of the fresurface capturing methods developed by
the authors, for the inviscid Euler equaspmo solve the full
NavierStokes equations, and their subsequent application to
violent wave overtopping on sea walls, breakwaters and
coastal structures. The methodology described in the p
has also been extended for wave impacts on shoratide
breakwater installed OWCs and to the predecessor of
OYSTER wave energy converter. The second paper
provides a detailed validation of the use of {fseeface
capturing methods which utilise a Godurtgpe method to &
capture the density discamtity at the free surface. :

9 Advanced the science and practice of numerically mode
and physically measuring the creation and absorptén
combined waves and currentsPapersWS1.12, 21 & 29
describe a consistent approach to the selection of cort
methodologies for absorbing wave makers. These papers highlight that the novel wave maker shapes
can be tuned for optimal performance at one frequency while the control algorithm can be tuned for
another, giving much enhanced absorption over a wider k#rigeident wave frequencies.

1 Invented and developed the wofidst floating wavetape to measure wave shapaperWwS1.20

> - i v " i B
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describes a worldirst reattime floating fibre optic sensor, its data processing methodologies and
software, and proof of cwept field testing across a range of scales in European tanks. SuperGen
staff won consequent funding from the UK a@ndustry support from Measurai@hnada to develop
and exploit this technology.

1 Coinvented and developed a dynamically calibrated lasse gauge that has created a step change
in the resolving of surfacehape and motion in wave tank?aperWS1.13 describes another
measurement technology to be created in and around SuperGen. Capture of reflected laser beams
from the surface of wavea test tanks is now allowing the namvasive reatime measurement of
cnoidal waves and enables greater understanding afirear effects in tanks.

1 Applied nonlinear boundary element methods to model the respof complex collector shapes.

WS2 Optimisation of collector form and response

WS2 developed and applied genetic algorithm techniques/abe new shapes of wave energy
converters thatvere tank tested to prove that they are better than those that human imagination or
experiment could have suggedt Applying biologically inspired evolutionary design to device shape
and performanceNS2worked with WS7 anthas:

1 Evolved novel device shapes fpitching'surging wave energy converters using genetic algorithms
PaperWS2.13describes a strategyrfoptimisation of wave energy working surface shdpam a
clean sheetwith no presupposition or human bias. Staff developed a parametric description of the
wave energy collector geometry that is
compatible with a wide range of CAD/CAM file
formats. To reduce the size of the solution spa
that required to be searched, complsurfaces
were generated from a small number of contr
points and their response tested rapidly witr
WAMIT to seek breed improvement or
degradation that could tsibjecedto penalty in
performance cost functions.

1 Testedmanyradical newand perhaps unimaginableollector shapes for wave devices that can be
bred into different forms for different wave climat&escriptions of these usually intuitive collector
shapeswvere initidly visualised in softwaréut thenexported
to a rapid prototype moulder to producé4 scale models
whose response and performances wested and confirmeg
in the wave tank at Lancaster.

1 Provedthat GA basecvolution can suggestew shapes of
wave caoverters that could increase energy yieRhpers
WS2.3, 9, 11 & 13escribe how the primary drivers of th
cost function in the optimisation can be customised to incl
ambient wave climate and constraints on system variable
give a more realistic appa i s a | of each
Constraints and variablegere ncluded in the algorithm
itself so that the routine became able to optimizeables
such as displacement limits and externally applied damping and stiffieegsg greater freedom to
accommodate nelinear effects that may not be included in the cost function it6kH. formulation
of the cost function haislentified several aspects which ndedbe considered whegvaluatingthe
collector shapes. Statistical methods may need to bdiesp to obtain a truly representative
equivalent of a sea state, in terms of the number and distribution of waves with different phase
groups. Power atracion can only be simulated whesome form of control is applied and
implemented efficiently withinhte cost function. Oneush design is described PaperWS7.6 The
inclusion of secondary considerations, such as ease of manufacture or mainteaamiso be
implemenéd within the genetic algorithm structurelowever maintainingthe balance betweehe
primary goal of energy absorptioand such secondary considerationsas shown to be critical
Differentiating between shapes whennsore realistic, constrained regimse imposed on the
optimisationbecamamore difficult as onlyalimited numberof collector shapes produdexceptional
resultsand many weresimilar in performanceBetter and bestlevice shapes have been found to
change by evolutionary processes to perfbatier indiffering wave climates andl differ from the
first-generation shapesrantly at, or on their way to, sea.

ance.
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WS3 Combined wave and tidal effects

WS3 hasextenad te understanding of how the design of wave and tidal current generators is
influenced by the combined actionfwaves and currentfn addition to the core activity, ¢hnature of

the research has also enabled contributions to publications relating to resource assessment, marine energy

policy and even tidal barrage applicationdfhe workstream has worked very closeijth WS4

throughoutandits significant contributionkaveincluded:-

1 Improved geographic resource assessment techniques leading, for the first time, to ropust and
working in collaboration with Black & Veatclmcreased estimates of the tidal energy productivity of
UK coastal watersThese improved estimatare 50% higher than previously predicted

1 PaperwS3.1and several predecessor papers from Phase 1 formulated a robust procedure used to
assess tidal energy potential, taking into account the nature of the resource and energy extraction
effects. It destbed, in detail, the formal, three dimensional nature of the tidal energy extraction
process. Unlike the earlier publications, there wasdimensional simplification. HAis allowed the
anomalous behaviour of tidal flows, subject to artificial extractitm,be assessed directly.
Application of the methods in this paper allowed formal and rigorous resource assessment and
physical environmental impact to be assessed.

1 Advising UK policy formation on the opportunities for and constraints on developing ther sect
towards the 2020 targets for marine eneRgperWS3.2won the 2007 ICIivE David Hislop Award
for defining the enabling needs of the sector at a crucial time and the impact of underpinning
research. Pap&VS3.9wascommunicatednore widelyin an invited presentation to the House of
Commons Parliamentary Group for Energy Studies and presented a rigorous statement of potential
for a marine industry and a clear identification of anticipated constraints to the development of both
wave and tidal sectors.

1 Development ofa framework for environmental impact assessimégmonstrated by case study of
the Straits of MessinaThis has led to the first ever journal publication focussed on the interaction of
tidal turbine arrays with sedimentation proces$teperWS3.10was the first academic paper to
describe the procedures necessary to assess the environmental impact in the anticipated large scale
tidal current developments of Crown Estates Rounds 1&2, specifically understanding the effects of
energy extractionyomachines in extended arrays and the direct physical consequence &fapés.
WS3.10evolved after initial modelling of Messina, when it became obvious that effective modelling
of the hydraulic conditions would require a broad understanding of thesmimmnditions if the
models were to be useful faider development purposes.

1 Collaboraton with Bangor University (School of Ocean Sciences) leading to the first journal
publication focussed on the interaction of tidal turbine arrays with sedimengatioassesPaper
WS3.17demonstratedor the first time that tidal energy extraction will alter the hydrodynamics of a
tidal region, analogous to increasing the bed friction in the region of extraction. It identified that the
energy extracted by tidal asymatries due to interactions between quati)) @nd semidiurnal (M,)
currents will have important implications fo
largescale sediment dynamics. Simulations
showed that energy extracted from regions
strong tidal asymmetry will have a much mone
pronownced effect on sediment dynamics than
energy extracted from regions of tidal symmetny
Indeed this could lead to a 20% increase in {hg
magnitude or bed level change averaged over
length of a large estuarine system, compared w
energy extracted fromegions of tidal symmetry.
However energy extraction was still shown
potentially reduce the overall magnitude of be
level change compared to the-developed site.
This has serious implications for many intended development areas such as the I@siu Sea
Bristol Channel.Further work in this area has expanded the analysisdoag@plication and to
additional generic geometries (e.g. around headlands and islands as well as estuary dynamics)

1 Designand assemplof a multijet current injection systerthat allowed the exploration of wave
current inleractions in existing wave tankBhis system can be installed, in principle, in any wave
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basin with depths beyond 1m. A parallel system has also been developedr&irgsfgectiveeurrent
capabilities imarrow wave flumes.

§ Staff have ield tested anovel 1/10" scale tidal turbinen Montgomery Lough irNorthernireland.

This hasimmensely increaskappreciationand understandingf the flow in close proximityto a

horizontal axis rotor and increasednfidence for the development of a twin rotor system developed

for the ETI PeraWatt programme

Creatal robust protocolsworking with DECC,to evaluate marine energy systems in the MRDF.

Provided advice, working with EME®©n scalingssues for theewYs scdel p-ESMECO f aci | i t

Identified a key limitation of ADCPs for measurement of turbulent fldork will continueto

understand and address timsollaborativeresearch programmes.

1 Analysedthe variability of expected design extremes and common tastanus waveurrent
interactionsthat havenow been applied to the expected load patterns on a tidal current turbine. The
approach is being further developed to consider the-termg resource characteristiand hence
loading patternsassuming standasdave climaesappropriate for early stage tidakrbine projects.

1 Analysd the detail andnterpreed the temporal nature of turbulence in tidal flows, including
developing aquantitative appreciation of the implications of using Doppler profilers. This w
initially based primarily on data from EMEC but hrasently been extended USA in collaboration
with the University of Washingtor'{(S3.29.

1 Developedwavecurrent impact guidance tmform two separate strands of the developing IEC
TC114 InternationaStandards.The first considers appropriate means of data collection and analysis
to characterise the resourc&he second provides best practice guidelines on how to implement the
resource characteristics identified in the context of device desigmgthiam increased understanding
of the variability of load patterns at various different tisoales.

1 Performed ield tests in Strangford Loughat will continue to assess the influence of curmnthe
behaviour of wavelevices at a large model (1/AGcale andenable the effect of marine current on
the motions of freely floating bodies to be measured remotely.

1 Designed and deployed a unique buoy and ADCP array off the North Cornwall coast @petific
providesupport to the Wave Hub, additionalrappraisingvave clmate data for the site.

= =4 =9

WS4 Arrays, wakes and near field effects

WS4 has enhancednderstanding of the interactions between individual devices in wave or tidal
arrays, and how the arrays themselves interact with the hydrodynamic envitohmerked with WS3

and has

1 Established new understanding of wake effects in tidal current turbine.aRrapeWS41 described
the application of CFD techniques to tidal turbines at model scale so that laboratory methods could be
subsequently ap@d for verificationbeforefull scale data was availablePaperW$4.6 closed the
modedling-experimental loop and gave confidence to the application of wake modelling methods for
array interaction modelling of tidal current turbine arrays.

1 Developed new>perimental techniques for measuring muftbde spectral waves in array®aper
WS427 reports a major step that allows greater understarafitige outputs from laboratory tests.
Hitherto, robust, multimode spectradirectional wave measurements havesrbalifficult, if not
impossibleto performin laboratory facilities This paper challenges conventional wisdom and shows
how the pseudo random nature of laboratory waves can be used to the advantage of experimentalists
and how the application of modifiagrsions of techniques originally developed in the 1980s could
be extended t@nablea new generation offi ——————b—
testing. In addition, papetWS4.25 details :
the analysis of a wave basin to determine
suitability for testng wave energy converte!
arrays andshows that the homogeneity of
the wave basin is critical.

9 Identified that the neahore wave resource
is far more energetic than previousl
realised PapeWS4.5was the first to relate
the significance of the @arshore resource
and introducedhe 'exploitablevave energy
resource' as a more realistic waycoimparing the offshore amearshore wave resource relevant to
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energy extraction. It showed that the exploitable nearsh@@umee is only 23% less than that
offshore even when there is a shallow sea hggbssuch as South Uist. The reduction is less where

there the seabed is steeper. The analysis takes into account the directionality of wave power device
arrays andighlightsthat using an omrdirectional wave resource value aadunlimited installed
capacity in wave poweassessmens very misleadindecause it camake offshore sites look much

more energetic than shallower nearshore sites.

1 Developed the first spectral model that suitably represents wave energy conveepes\WS4.19
reported orthe development of a spectral model which incorporated a suitable representation of wave
energy converters. It is an extension of a frequency domain model which includiseaoriorces
without the high computational cost of a time domain model. A bottmged flap type wave energy
converter was used in the analysis. The development of a spectral model of wave energy converters
enables their inclusion in coastal modelling tools such as SWAN and Mike 21 SW leading to the
modelling of environmental impaand energy yield of wave farms in the coastal zdreper
WS4.20analyses the accuracy of using phageraged interactions between wave energy converters
and it is shown that except where the devices are very close to each other -avphaged
represetation is a reasonable approximatidPaperWS4.24 provides wavdank validation of a
spectraldomain model of an oscillating water column.

1 Field tested a 1/1Dscale novekemisubmersibletidal turbine in adedicatedopen sea test site at
Portaferryin Strangford Narrows in Northern Irelanid association with WS3In addition the tidal
turbine was towed from a purpose built catamaran with an integral instrumentation platform to
measure its performance in steady uniform conditions as well as mafspimgkie. The steady state
performance was then compared with that in real tidal flows

WS5 Power take-off and conditioning

WS5 developd design tools which incorporate structural, magnetic, thermal and electrical
understanding, to allow cost effective deyetent of next generation power take off systems for marine
energy converters. \orked with WS7 anthas:

1 Completed an analysis of hydrostatic bearing needs and designsofieroied and aicored
machines

1 A doublesided ironcored permanent magnetdar synchronous generator in a direct drive system
needs a bearing system that is designed to react agalimst drive forces and quadrature clamping
forces between the stator and translator that are up to 10 to 20 times higher than the generators shear
forces. Staff designed and built a wet linear test rig for assessing bearing materials for linear
generators, in which the bearing materials are installed into a scaled linear generator and loaded with
realistic magetic forces. PapersWS5h.7, WS5.9 & WS.14 describethe design of noveluid film
linear bearings and tHall-size structural loading and drive rig.

1 Developed combined electromagnetic
structuraithermal  design  tools that /
optimise the design of lowspeed direct -
drive generators. Papers WS81,
WS5.14 & WS5.17 describe the tooks b
developed, and WS5.33 illustrate ho! = 4
these tools were used to develop a NOw—s
lightweight permanent magnet generato

1 Integrated hydrodynamic models of buo
into the design optimisation of direct
drive linear electdal generators, taking into account the etsotgnetic and structural design.
Electromechanical and hydrodynamic simulation was combingaaper WS5.21t0 simulate the
behaviour of a novel generator connected to a heaving blioyerical modelsvere drven by data
derived from an electromagnetic finite element analysis and from the WAMIT to simulate the
integratedsystem in the time domain.

1 Analysed the thermal performance of generators in OWCs to shovgehatatorscould operate
overloagd without exceeding the thermal limits, increasing the yield on investment. This work was
donein collaboration with WavegenPapersWS5.11 & WS 5.22eportedathermal model for an
induction generator in an OWC where the thermal resistances used are found frgrstateaesting
in the working environmenfThe cooling available in this application is inherently better than that

o
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normally experienced by this type of generator and thus generatop®teantiallybe undeirated to
cost less, take up less room and ruhigher plant capacity factors.

1 Investigated direct control of wave energy converters uairtirect drive linear generatorThis
pioneering work was among the first to explore direct driveatireectrical generators for wave
energydriven by themechaical complexity and low conversion efficiencies offered by hydraul
and pneumatibased system3 he work established that direct drive power taecould be a viable
alternative provided that a control scheme based on reaction force control wde aidgimi®
energy extraction PaperdVS5.2 WS5.5 & WS5.23efer. PapelVS5.2is 10" most downloadeih
thelET Renewable Power Generation journal.

1 Investigakéd fault mechanisms igenerators and power converterscmllaboration with NCKU in
Taiwan ad the University of Technology SydneyThereis little data on component reliability for
wave and tidageneratorsThis workincreasedinderstanithg of the -
potential component failure modeand informed design for ¢
reliability. In addition control methodsereinvestigated to mitigate:
the impact of such faultsas referred to irpapersWS5.31 and
WS5.35

1 Developed a novel Permanent Magnet GeneratGES! for direct
drive applications.Two patents have been filed geatents 1&2 -

1 Attracted Converteam testablish an Advanced Technology Grog
at Edinburgh to work on power electronics and electrical mach
for renewable esrgy.

1 Formed spin out company NGenTec to develop this technalody
successfully raised £4m from VCs, industrial investment, anu «
grart from DECC.

WS6 Moorings and positioning

WS6 explored the influence of mooring design and performance on the individual and multiple
responses within arrays of wave converters simultaneously subjected to wave and tidal duments.
involved physical modeksts and scale prototypests in Strangford Lough. WS6 staff:

T Won consequent funds from EU Hydralab to support access to the Marintek Ocean Basin in

Trondheim to test an array of 1:20 scale heaving moored buoys with poweptairs- this wasthe

first array test of its type in the world. These tests showed that: currents acting orthogonal to the

wave direction had limited influence on device responses; power capture could be enhanced by array

configuration; severe resonant roll responsg A

can be exited in regular wavesi these |

interactions were not observed in irregular

shortcrested waves; shetctested seas can lea

the motion responses and moorifogces for a £
single device broadly  correspond wit
predictions of a commercial software packagis
The implications of these findings are th
devices intended to be moored in arrays sho
be tested in arrays in a wide rage of conditio
spanning both poer recovery and survival
conditions, as discussed inagers WS63,
WS66, WS68 andWS69.

1 Completed basin testing on mooring damping and stiffness with University of Ex&gtsts on
different mooring configurations have quantified that relatively lasgdace buoys are effective
shock absorbers which limit the peak loads in the mooring system. This implies that mooring design
should consider the total behaviour of each mooring leg as well as individual components and that
sufficiently robust shock abdming components should be included in the overall design to limit
mooring loads in survival conditionBapeWS6.11refers.
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Completeda simulation study of the interaction between mooring ground chains and the sea bed.
This analysis has quantified thefluence of tidal range and wave conditions on the-bssh
interactionsPaper WS6.1@efersto how moorings in particular can scour the sea bed

Developed a novel inertial motion monitoring methods for field measurements of moored.devices
Designed, costructed and deployed a moored wave energy device in Strangford Lough including
measurement of motions and mooring fordéislike previoustests in wave basinthese opemvater

trials resuledin mooring force measurements combining wave and currenhfpweith strong tidal
influences. The force timseries are highly nestationary and nonlinear necessitating the
development of nostandard analysis methods in both time and frequency domain.

Contributed mooring load cells and inertial motion measuréhevice to the EVOPOD tidal energy
project (Oceanflow Energyiials in Strangford Narrows

Designed, constructed and deployed a mooring test buoy in Falbveuth

Won consequent funding from TS$SBn collaboration \ith Ocean Power technologyo support
development of the PB50@ndwith Fred Olsen to develofhe FO device for installation at Wave
Hub; and with Bauer, Voith Siemens and Mojo maritime to develop marine installation methods.

WS7 Advanced control of devices and network integration

WS7 has developd a realtime wave to wire model of an array of moongdve deviceseach with

power takeoffs and control systemthat is connected to@nfigurable electricity network. It has

f

Extended the understanding of simple device control and respBaperWS7.7extendshe theory

on capture width of a linear WEC and shows it to depend on two properties: the spectral power
fraction (a property introduced in this paper), which depends entirely on the sea state, and the
monochromatic capture width, which igtdrmined by the geometry of the WEC and the chosen
power take off (PTO) coefficients. For the first time capture width was shown to be a measure of how
well these two properties coincide. The paper considered the effects of PTO control on the capture
width and distinguished between this and geometry control. It listed the assumptions made in the
formulation of capture width and highlighted the limitations of capture width as a design tool for
estimating annual power capture of a wave device.

Developed amay planning tools thatanincrease power smoothing and network integratiReper
WS7.4describeshe development of a generic, time domain, wiweire model used to explore the
effects of: increased device numbers, array size and physical positardngdjustment of control

h Pin m i i
Sea >  MEC& » Storage & »| Generator > Ogrsiz%r‘e »  Onshore
Model - PTO Smoothing (converter) | Link - Network
X
0y) ¥ v v
A A
Pacc Ve
e
P,r V,Q
control control

parameters. The threBmensional wave fieldvas modelled as nomrstationary, with statistical
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characteristics that are extracted from measured wave elevation time series to simulate increasingly
realistic sea conditions. Each heaybuoy has higipressure oil power take off with dyoard energy
storage, drivingdoubly Fed Induction GeneratorsThe results obtained show the overall effects of
storage on real power production, and the effects of imaginary power control on netltage v

profile. The opportunities for increased yield and power quality through array layout, improved
control and network integration are identified and discussed/S7.12 goes on to explore the
operation of wave arrays using four different controllessduto improve voltage quality (constant
voltage, constant power factor, automatic voltage:power factor and fuzzy logic). The responses under
these cotrol algorithms were tested ghly, moderately and weakly energetic seas.

9 Built and integrated a nurieal wave to wire array
model in with applied state space techniques
embodying refraction and diffraction between al
number of any device forms in any geomdtrinside
the loop control timesteps ofthe models WS7.13
describesa waveto-wire model of a large array of
wave energy converters and demonstrates the ov
effects of storage on real power production a
imaginary power control on network voltage profil
Opportunities for improved network integration we
identified and discussed.

1 Devdoped novel linear and neimear control algorithms to control device motion for optimal energy
capture. PaperdaVS7.5 WS7.6 andWS7.14 continueto develop techniques for the advanced control
of power take off in a point absorber wave energy converféae motion of the hull is simulated
using nonrlinear techniques under hydrodynamic excitation and mecharydshulic reaction forces.

The set point in the power take off control system is adjusted conshuto optimise power capture
according to dewie response. A ProportiorategralPlus (PIP) methodology has been developed
and applied to the PTO controller. HoweMeIP controllers are demonstrated not to falbcount for

the inteconnected system variableshel work has continuedo develop newfeedforward' and
“statedependent’ forms of PIP control, in which the actuator piston velocity is appended te a non
minimal state space representation of the system. This has been shoansitterablyimprove
response, sqioint tracking and controlkality.

WS8 Reliability

WS8 hasestablisked an effective method to quantify the reliability of marine energy converters even

with the scarcity of industrgpecific component failure rates and environmental data. :It has

1 Developed functional block diagrams darassessed the reliability of various tidal devices by
interpretation of limited failure data from the wind sector and other squaisediscussed ipapers
WS8.8andWS8.17

1 Developed a methb for quantifying failure rates of mechanical components inimeaenergy
converters using generic failure data and new information from deployed deagcesferred to in
papersWS8.10and WS8.11  This establishes tool for systematic and consisteabmparative
reliability assessment of tidal current devices wdifierent architecture® provideinformationthat
canimprowve the reliability of existing devices and develop new devices with higher reliability. It also
provides a meant® carry out preliminary reliability assessment of a device at the designastdge
then constantlypdate it after deploymeras referred to ipapersVS8.2and WS8.7

1 Developed mods for reliability analysis of structural components (e.g., blades, mooring systém
marine energy converters, with results that can be used ®&thigre direct reliability assessment of
such devicesor for the calibration of partial safety factors their design; papergvS8.10 and
WS8.13 refer. The work in papersWS8.3, WS8.4 and WS8.bnplementst he 6i nfl uenc
Omul tiplyi ngoth evdlumte faitlure satesn@ técladical components in tidal current
turbines. It uses generic failure data presented by the basic failure rate which is multiplied by the so
called oO6influenced factors to ac c ondiobs off ter act
component. The work carried out within the project creates the opportunity to apply the general
methodto mechanical components (elgarings, seals, shaft) of tidal turbines so that the failure rates
predicted can be used for the relidgpihssessment of the turbines.

12
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1 Begun to define maintenance regimes for tidal current technologies, contributing to the development
of efficient maintenance policies for arrays of such devices

1 Establisheda test rig for components of wave energy convsrtekccelerated ife testing of the
components isiow underway to provide data about their failures and contribute to the reliability
assessment of such devicas referred to ipapers WS8.6/V/S8.7 WS8.9 and WS8.15

WS9 Economic analysis of variability and penetration

WS9 xaminel various aspects of the economics of marine energy, including the economic effects
associated witincreasednarine energy penetration, recognising the significance of the variability of the
resource. In this workstreaRhase? stdf have:

1 Delivered economic analysis, fundedthg Scottish Governmenthat informed tle Scottish Climate
Change Billusing energgeconomyenvironment computable general equilibrium models (CGES)
PapenWS9.3reportedthe first application o£GE modeling to the development of the wave energy
sector. The paper analysed the likely economic and environmental sntpacthe installation of
3GW of marine energy <capacity, required t o me
targets would have on Satland. The paper showed that the development of a marine energy sector,
with strong encouragement éstablishan indigenous supply chaimpuld have substantial effects on
GDP, employment and the environment. It also demonstrageddtential forsubsa nt i a | Al eg
effects that persist well beyond the life of the devices.

1 Shown that the levelised cestf tidal current technology amempetitive with offshore windPaper
WS9.13 calculatedthe private levelised costs of one wave and one tidal enecipadlogy for UK
electricity generation and compared them with ten other electricity generation technologies whose
costs were identified by the UK Government. Sensitivity analysis showed how these relative private
levelised costs calculations are affectgdvariatiors in key parameters, specifically the assumed
capital costs, fuel costs and discount rate

1 Analysed the impact of banded ROCs forrima generation. PaperWS9.13also consideredthe
impact of theintroduction of technologgifferentiated finanial support for renewable energy on the
cost competitiveness of wave and tidal power in Scotland and theTh& findings suggest that the
Scottish Governmentds ROC b atidatldurregt sechhotogies highly i n e
competitive with ofshore wind,but that thelevelised costs of wave energy remain high. It also
suggests that portfolio analysis, rather than standalone levelised costs calculations, is a more
comprehensive method for assessing the contributions of marine energies to thkedti€ity
portfolio.

1 Shown thatwave and tidal technologies coutiffer 6 por t f ol i o benefitsdé in
electricity portfolio risks at no additional cost relative taamge of 2020 scenarios for UK and
Scottish electricity generation potifis. Levelised cost calculations ame important indicator of the
economic viability of energy technologies, but they omjicderiially important contribution that
renewables can make to a broader electricity generation poiitfthat ofreducing thevariability of
portfolio costs due to thebsence of coetation with fuelprices.PaperWS9.12is thefirst systematic
application of portfolio theory incorporativgaveand tidal technologies. It examilékely drivers of
the generation portfolio oubt2020 and assessa range of scenarios against the mearance
efficient portfolios thathe analysis identifies. Electricity costs were shown to be higher with greater
renewable energy content, but the pagdeo establishethat wave and tidal tecbtogies can reduce
portfolio risks without increasing cost.

1 Developed and applied new methods for analysing the econagucegate and sectoral GDP and
employment effec)sand environmental impacts cenewable energy developmentBaperWS9.9
developeda social accounting matrixpproachand reported work that demonstrated the potentially
crucial influence of community benefits and emwvnershipon the scale of the local economic
development impacts of renewableBhis was illustrated usintpe example othe Viking windfarm,
but the methods transferabldo coastal communitieexperiencingmarine developmentsn other
applicationsCGE modelling took full account of induced supply side impacts on the host economy
with applications to wave and tidal cent technologies in the UK and Scotland.

1 Conducted cost benefit analyses for illustrative marine energy installations, and demonstrated the
potential benefits of tidal energy over coal, gas and onshore wind energy plants from a welfare
perspective Phase 2staff calculatel the costs and benefits of illustrative wave and tidal energy
developments, incorporating monetary values for both private and social costs and benefits, and
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compare the net benefit of wave and tidal energy projects to alternative wasdagd coal power
installations. The analysis founbtential net benefits of tidal energy over coal and gas plants due
partly to the existence of positive externalities associated with emissions savings, and net benefits
over onshore wind power areident i ed due partly to the avoidanc
with wind turbines.

1 Developed anew CGE framework for analysing the importancecapital subsidies and learning
effects in helping to achi eve inanre reBegvable erergyh Go
generation. This modelling framework represents a significant contribution to the literature, being
the first example of a forwasdoking CGE model for Scotland, and the first attempt to incorporate
an explicitly disaggregated mae electricity sector. Thignabledsimulations that deepened
understanding of what measures could conceivably allow the Government to achieve its (implied)
target for marine renewables.

WS10 Ecological Consequences of Tidal & Wave Energy Conversion

WS10aimedto establish the sensitivity of marine environments to the artificial extraction of energy
from tidal currents and wave® enabé the quantification of the risk from device developments and for
subsequent mitigation, monitoring or avoidance strasagide evaluatedt has
1 Completeda 5 year dataset of seal, porpoise and seabird activity around Séa®&enStrangford

Narrows and made detailed video surveys of benthic communities at four locations downstream of

turbine

1 Shown that energy extracti@nd the presence of SeaGen has had no significant biological tmpact
date on the benthos or on seal, porpoise and seabird activities adjacent to.Seagjars of
observational data on seal, porpoisd aeabird activities and the benthic communitycture have
been obtained over @year period adjacent to the turbing@wo new grants have been obtained to
implement a generic studgf the relationship between current velocity and benthic community
structureand to itvestigate, using a turbulenoesolving model, the small scale relationship between
local patterns of velocity fluctuations and benthic structure

i Obtained a detailed yedong dataset on a range d
physical variables and biological parameters relatec
the population responses siiltidal and intertidakelp
beds toa range of hydrodynamic environmenis.core
programme component has focussed on ghewth
response of field populations of theubtidal kelp,
Laminaria hyperborea to differences in the inciden
wave field. The invest@tion has measured a wid
range of biological and physical parameterswalve
exposed and sheltered sites in the field, emphasising
derivation of physical parameters as routinely obtained
by engineers, of direct relevance to the bioldggsults
sugges minimal differences in the physiologic
properties of the plants from the two sjtelsut
significant differences in theydrodynamic parameter
between sites Another component of the resear
focussed on the growth response of an intertidal kel
digitata, to gradients in waves and currents climate.
investigation also measured a wide range of biolog
and physical parameters in the field over a year. Re
indicate an inverse relationship between growth r
and hydrodynamic activitywith the highest growth
rates occurring in areas with the slowest currents.

1 A series of laboratory experimentswinter and summehas been carried out gavenile plants of
thekelp L. digitatato compare the influence of oscillatingrsusunidirectionalflow on growth and
nutrient uptake ratehere were a significant differences growth ratebetween the two treatments
in either winter or summer. There was no significant effect of treatment on nutrient uptake rate,
however results suggest that increasestew velocity increased nutrient uptake in low nitrogen
summer periods but not in winter when nitrogen is found in high concentrations.
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1 Made a suite of direct measurements of incident wave energy absorbed by kelp beds. An ongoing
suite of measurements igihg made to quantify the absorption of wave energy by beds of the kelp,
LaminariahyperboreaThe programme relies on close integration of detailed physical measurements
and the biology. Kelp beds are ecologically important and are extensively distrilmytacto 1520
m and are thought to be significant absorbers of wave energy. There is a possibility that the structure
of these beds wilbeaffected by the establishment of inshore wave energy devices.

1 Recorded acomplete littoral baseline for west coastt Orkney
Mainland including extensive cliff areas never previously access
Baselines for future biological monitoring have been establis
using a new methodology of paired species, enabling in future
impacts of energy extraction to be differat¢d from those of
climate change. Sentinel species, likely to be sensitive to en ,
extraction have been identified. — — e —

1 Informationonthe rare seawedelcus distichuandits distribution F‘ .
in Orkney has been improved, allowing identification ——
environmeral features associated with its occurrence and hez :
improved ability to predict its respomsto future changesThe
characterisation of the sublittoral from nediore to 50m dept
(using ROV and drop frame), following consultation with mari
energy deglopers in selecting target areas, is nearing completion.
Software has been developed for quantification of marine biotopes based on digital stills
photography.  Further development of pho&pdic image analysis softwarlor automated
processing of datandittoral biotopes is now being considered

1 Charactesed tirbulent flow in theEMEC Fall of Warness test site
and publishedhe effects of this on distribution of specieA.turbine
collision detection system, developbg Supefen staff has been
trialed and is now being used by a device developer on the SRT 3
prototype tidal turbine during its ¢bs at the Fall of Warness B A
EMEC. It will make significant measurementsgoovide robust data ol
on the perceived threat to sifa.

1 Developed and field sted the Terduoy which provides prox
quantitative measures of shoreline energy exposnggrovided an
18 month dataset of baseline measurements recorded at
locations on west coast of Orkney Mainland. It is magressing #
to commercialisation Similarly the Sonobuay developed for
underwater noise measurement in wave and tidal cu
environmentshasnow been usebly Voith and Scotrenewabldesr
noise surveys in the Fall of Warnesbhe knowledge gained during
this work has been used in the dmpment of a stud
commissioned by SNIFFERS¢otland and Northern Ireland Foru
For Environmental Research

Much of the output from WS10 is based on analysis of data collected over long periods of time. The
publicationsprofile WS10.1 to WS10.20efleds this, with many important findingstill in preparation
for submission.
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3 Doctoral Training Programme

The Doctoral Training Programme continussd will train over 30 PhD students across the core and
affiliate Universities, including six studentsrided by Highlands and Islands Enterprise eigtit DTA
students.Many have completed their research, gained their PhDgakad employment in the sector or

in partner universities.Others starting later are finalising and nearing submission.

The DTPworkshops below were attended by all SuperGen studantés many more studying marine
energy at other universities in the UK or around the world. Many of the workshops were jointly delivered
by SuperGen academics and industry partners.

Feb 2008 Wave Hydodynamics Edinburgh
Jun2008 Marine Ecology and Field Work Orkney
Sep 2008 Economics Glasgow
Feb 2009 Electrical Networks, Connection and Conditioning Edinburgh
Jun 2009 Tidal Hydrodynamics Belfast
Sep 2009 Electrical Machines Edinburdn
Feb 2010 Control Lancaster
Jun 2010 Moorings and Fixings Exeter

The students, their area of @yt) and status are listed below.

Sarah Caraher. Bearings for Linear Direct Drive Generat@y's Uni ver si tiy of Edi
completed; Current place wiork: Open Hydro

Eoghan Maguire. Nuinerical modelling of Absorbing Wavgaker$ ; U n iolvEelinbsrght vy
completed; Current place of work: Vattenfal

Jorge Lucas Dyé@amics of a Cylinder with an Gfentered Axis of Rotation as a Wave Energy
Converted ; Uni ver si itopmpteted; Gudentrplaae ofgki GL Garrad Hassan

Remy Pascal Quantification of the influence of directional sea state parameters over the
performances of wave energy converdfers Uni v er s i i gompefed; Ewknt pldce of gdrk:
University of Edinburgh

Anup Nambiar: Co@rdinated control and network integration of wave power farms Uni ver si
of Edinburghi finalising.

Aby Sankaranlyer. 6 Met hodol ogi es for Evalwuating Tida
Edinburghi finalising.

Laura Finlay: Nudnerical modelling of tidal resonance in response to the construction of a tidal
barragéd ; Uni ver si ifipalising; Clgrdnit phabewfwgrk: University of Edinburgh

Richard Crozier: De8ign optimisation dfnear electrical generato®; Uni ver sity of
T in progressCurrent place of work: University of Edinburgh

Sam Euridge Wave Forecasting for Shetérm Power Predictiod ; Universiiy of
in progress.

Mairéad Atcheson Inuvestigatig the Hydrodynamic Performance ofTédal Turbiné ; Queens

University Belfast in progress.

Damien Scullion Maddphology and Ecology of the Kelp Laminaria digitata in Relation to the
Hydrodynamic Environmeat; Queens Uni finalisig; Curgent Baed of wakt Queen's
University Marine Laboratory, Portaferry
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Adam Bedford: Str@ngth in Flexibility- Research in Innovative Flexible Permanent Magnet
Generator Desigri ; L a nc a st iecomplgted;Cureent place pf work: University of Ceatr
Lancashire

Andrew Good: Andlysis of the near wake of a horizontal axis tidal turbine Q u mversity U
Belfasti in progress.

Philip Cross: Cobitinuoustime PIP comntol of marine energy convertéyg ancaster University
T finalising.

Jon Wincheste: A rumerical investigation into torque ripple and power in vertical axis tidal
turbine® ; Lancastieompléledi ver si ty

Philip Thies: Rediability of marine energy convertérs Uni v e r sii completedf E x e
Current plae of work: University oExeter.

Andrew Vickers: Nuimerical implementation of experimentally derived damping
properties of mooring lines for Wave Energy Convefters Uni v er ¢ tompleted.f Exet er

Michelle Gilmartin : Matlelling the potential economimpact of developments the UKtidal
energy sectdy ; Uni ver si ti gompeted; Edrrerd glabecof worll: &niversity of Strathclyde

Matthew Winning: Ecénomics of climate change, carbon policy and renewable ehergy
University of Strathclydé finalising.

Sam Rose Chdaracterising downstream wake development and propagation in horizontal axis
tidal turbine$ University of Strathclydé finalising.

Bob Beharie Exploring Lirks between Wave Regime ChangebBiotic Assemblagés; Heri ot
Watt Universityi in progress.

Patricia Okorie: Scale Effects in Tidal Current Deviédes T h e GoRl@nkJriversityi
finalising.

Armando Alexandre: Wabve energy strings for electricity production and coastal prote&tion
University of Manchester finalising.

Matthew Harrison: CF® Techniques for Modelling Wake Effects in Tidal Turbine AGays
Southampton University finalising;

Tatania Delorm: rafiBtion of the Reliability d Tidal Stream Devices Using Surrogate [Bata
Durham University in progress.

Matthew Eastont Andintegrated modelling framework for Environmental Impact Assessment of
Large-Scale Tidal Array8 ;Environmental Research Institute, Universitytloé Highlands and Islands
in progress.

Andrew Commin: Refiewable energy in the Pentland Firth E n v i Resenrote|mstitugel,
University ofthe Highlands and Islandsin progress.

Astrid Harendza: Ecological impacts associated with renewable energy devices in extreme
marine environmenids ;Environmental Research Institute, Universitytied Highlands andslandsi in
progress.

Karen Alexander: Thé impacts of offshore power:méiipn through habitat provisidiScottish
Association for Marine Science UHIin progress.

Adrian Macleod: Thé impacts of marine renewable energy structures on the invasion of
biofouling nonrnative specigs Scottish Association for Marine Science UHh progress.

Raeanne Miller. Offshore marine renewable energy structures as artificial islands: implications
for dispersal, population connectivity abtbgeography of coastapscie® Scottish Association for
Marine Science UHI in progress.

Copies of the theses a@ will be,available from the universities.
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4 Dissemination, Engagement and International Articulation

4.1 Dissemination of Output
The papers listed by workeam and alphabetically in Appendices 288/edisseminaté results.

4.2 Industry Engagement and Knowledge Exchange

Industry engagement and knowledge exchange has been building stdddiliResearch Advisory
Forumincludesrepresentatives from: Pelamis VéaRower, Ocean Power Technolodjarine Current
Turbines, Open Hydro, Scottish Power, Scottish & Southern Ener@n, BNPaver, EdF, The Carbon
Trust, ET| EMEC, NaREC, The Crown Estates and Scottish Natural Heritage

There have been a number of collabemmventuresestablishedn Phase 2and many otherduring
its programme, ppored by TSB, ETI, Carbon Trust andRegional Development Agencies to connect
effort of SuperGen staff with industry colleagues in Marine Current Turbines, Aquamarine, Roks Royc
GL Garrad Hassan, Black and Veatch, Nortek, ORCINAMjnburgh DesignsMeasurand Canada
Fountain Design LtdWavegerand Scotrenewables Ltd.

Conwerteam haveestablished their Advanced Technology Group at Edinburgh to develop high
voltage DC power eleémnic control and novel generatorbinder a 5 year riameworkAgreementwith
EdF R&D, Phase 2 staff anenplemening new free surfacand Cartesian cutell modelsfor the open
source fiCode SATURNEO fl ow sol ver.

The spinout company NEaTech attraetdinvestment to establish manufacture of the patent&ike@
technology and increase the rating of this novel dideise slow speed permanent magnet generator for
wind and marine generation.

4.3 Engagement with Policy, Standards and Regulation

Staff have led orantributed to the following to engage with policy, standards and regulation formation.
1 Scottish Executive (2006); "Academic Study: Matching Renewable Electricity Generation with
Demand: Full Report". Produced by University of Edinburgh by Boehme, T.,iTdyl®Wallace,
A.R. and Bialek, J. ISBN 0 7559 502tp://www.scotland.gov.uk/Publications/2006/04/24110728/0

1 Smith, G.H. & Taylor, J. (2007): "Preliminary Wave Energy Devieddtmance Protocol". Research
commissioned by the Department of Trade and Industry,
http://www.decc.gov.uk/assets/decc/what%20wed62@ uk/ic_business/env_trans fund/marine fund/file389
89.pdf

T Couch S.J. & Jeffrey, H.F. (2007): "Preliminary Tidal Current Energy Device Performance Protocol".
Research commissioned by the Department of Trade and Industry,
http://www.decc.gov.uk/assets/decc/what%20we%20do/lc_uk/ic_business/env_trans fund/marine_fund/file389
91.pdf

Both the above documents have also been adoptgavgynment and submitted as UK input to thedEA

OES sedttp://www.ieaoceans.org/publications.asp?id=geport T02 3.1 and T02 3.2.

9 Carbon Trust (2004): "Phase | UK Tidal Stream EnergyBRee Assessment”.

1 Carbon Trust (2005): "Phase Il UK Tidal Stream Energy Resource Assessment".
http://www.carbontrust.co.uk/SiteCollectionDocuments/Various/Emerging%20technologies/Technology%20Di
rectory/Marine/Other%?20topics/PhasellTidalStreamResourceReport.pdf

Both of these Carbon Trust reports were prepared by Black & Neaith SuperGen staff delivering the

underpinning scientific methodologies. They have very recently developed the methodology that has

been used by Black & Veatch to reappraise the UK tidal current resource.

9 Sustainable Development Commission (2007)drPower in the UK: Research Report3evern
nonbarrage options”. An evidendrmsed report by AEA Energy & Environment for the Sustainable
Development Commissiorhttp://www.sdcommission.org.uk/publications/downloads/TidalPowertK4
Severn_notbarrage options.pdf

1 Sustainable Development Commission (2007); "Tidal Power in the UK: Research Rep#it 5
Case Studies". An evidenbased rport by AEA Energy & Environment for the SDC
http://www.sdcommission.org.uk/publications/downloads/TidalPowert6 case_studies.pdf

SuperGen staffrepared the above reports which were also used (along with the other 3 commissioned
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reports) as inputs to the SDC "Turning the Tide" document.
SuperGen staff lead or contribute to four of six of the EU teams that are delivering

1 IEC Standard TC114 MarnEnergyi Wave and Tidal Energy Converters
http://www.iec.ch/dyn/www/f?p=102:7:0::::FSP_ORG 1D:1316

SuperGen staff have produced or contributethe production of the following

1 UK Energy Research Centre Marine Energy Roadmap (2007)
http://ukerc.rl.ac.uk/Roadmaps/Marine/Tech_roadmap_summary%20HIMWMM.pdf
1 UK Energy Technologies Institute MaérEnergy Roadmap (2010)
http://ukerc.rl.ac.uk/Roadmaps/Marine/ETI_UKERC Roadmap_2010.pdf

1 DECC UK Marine Action Plan

http://www.decc.gov.uk/en/content/cms/what we do/uk_supply/energy mix/renewable/explained/wave_tidal/fundi
ng/marine_action_/marine_action_.asp

1 Scottish GeernmentRoadmap for Marine Enerdyevelopment (2010)
http://www.scotland.gov.uk/Resource/Doc/281865/0085187.pdf

9 Oceans of energyeuropean Ocean Energy Roadmap 22060

http://www.eu
oea.com/euoealfiles/ccLibraryFiles/Filename/000000000827/ocean%20vectorise%2010%20mai%202010.pdf

1 European Science FoundatidMarine Board Vision Document (2010)

http://www.esf.org/index.php?elD=tx_nawsecured|&u=0&file=fileadmin/be_user/research_areas/marine/pdf/Public

ations/MB%20VD2_Marine%20Renewable%20Energy web.pdf&t=1291724787&hash=2657c57acbha5c496f4c7c9

542102964e

T The 2011 ORECCA European roadmapdiishore wind wave and tidal power

1 The IEA international Vision for Ocean EnergpdrepresentedECC on the International Energy
Agency implementing agreement for Ocean Energy .

4.4 International Articulation

International articulation has continued towgras follows.

Europe: There are many collaborative projects between SuperGen staff and colleagues across
Europe,including EQUIMAR, MARINET, ORECCA, MARINA, ADORET, SNAPPER, BioMara and
WaveTrain.

Supern staff established andow leadthe European Emgy Research Alliance in Marine for the
UK, this is currently the only EERA discipline to be led by the UK (April 20#t0ncludesresearchers
from the University of Edinburgh (UK), Wave Energy Centre (Portugal), Tecnalia (Spain), HMRC
(Ireland), SINTERMARINTEK (Norway), IFREMER (France), Fraunhofer IWES (Germany) and ENEA
(Italy). UKERC member Henry Jeffrey, a senior researcher based at the University of Edinburgh will lead
the project. The EERA programme supports the emerging marine renewable eneygpys@roducing
coordinated and strategic underpinning research that will allow the sector to be incorporated in to the
wider European energy stratedgyurthermore, it willassist the sector in achieving successful commercial
deployments and growth. THEERA Joint Programme in Marine Renewable Energy fesan six key
themes: Resource; Devices and Technology; Deployment and Operations; Environmental Impact; Socio
economic Impact and Research Infrastructure, Education and Training.

USA and Canada Memoramla of Understanding and research collaborations are established with
several universities including thgniversity of WashingtonFlorida Atlantic and Oregon Stasad the
New England Marine Renewable Energy Cenfreademics and research staff regularlgrkvwith US
partners to facilitate events and scope marine hydrokinetic R&D programifieere is extensive
cooperation with Dalhousie University, OREG and FORCE in Canada.

Asia: There havdbeenmany outward anthward missions bysuperGen and@aiwan acadmics and
industrialigs, including a series of R&D : , . -
scoping workshops. SuperGen staff ng T ¥ —
work on joint projects with colleagues i
three Taiwaruniversities and host academ
exchange visits. There are establishec
collaborations with Chinese universgje
with British  Council funding student
exchange with the Key State Marine Labs
Dalian. .



http://www.iec.ch/dyn/www/f?p=102:7:0::::FSP_ORG_ID:1316
http://ukerc.rl.ac.uk/Roadmaps/Marine/Tech_roadmap_summary%20HJMWMM.pdf
http://ukerc.rl.ac.uk/Roadmaps/Marine/ETI_UKERC_Roadmap_2010.pdf
http://www.decc.gov.uk/en/content/cms/what_we_do/uk_supply/energy_mix/renewable/explained/wave_tidal/funding/marine_action_/marine_action_.asp
http://www.decc.gov.uk/en/content/cms/what_we_do/uk_supply/energy_mix/renewable/explained/wave_tidal/funding/marine_action_/marine_action_.asp
http://www.scotland.gov.uk/Resource/Doc/281865/0085187.pdf
http://www.eu-oea.com/euoea/files/ccLibraryFiles/Filename/000000000827/ocean%20vectorise%2010%20mai%202010.pdf
http://www.eu-oea.com/euoea/files/ccLibraryFiles/Filename/000000000827/ocean%20vectorise%2010%20mai%202010.pdf
http://www.esf.org/index.php?eID=tx_nawsecuredl&u=0&file=fileadmin/be_user/research_areas/marine/pdf/Publications/MB%20VD2_Marine%20Renewable%20Energy_web.pdf&t=1291724787&hash=2657c57acba5c496f4c7c9542102964e
http://www.esf.org/index.php?eID=tx_nawsecuredl&u=0&file=fileadmin/be_user/research_areas/marine/pdf/Publications/MB%20VD2_Marine%20Renewable%20Energy_web.pdf&t=1291724787&hash=2657c57acba5c496f4c7c9542102964e
http://www.esf.org/index.php?eID=tx_nawsecuredl&u=0&file=fileadmin/be_user/research_areas/marine/pdf/Publications/MB%20VD2_Marine%20Renewable%20Energy_web.pdf&t=1291724787&hash=2657c57acba5c496f4c7c9542102964e
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5 SuperGen Marine Phase 3 .
/" Academic Network

In thethird phasethe core onsortium now consistsf the University / %
. "‘-\-\‘_\

of Edinburgh, the University of Strathclyd®@u e e n 6 s Uni v
Belfast and the University of Exeter The consortium includes /
associate Wiversities of Plymouth, HeriotWatt, Lancaster,| /
Manchester, Swansea, Oxford and Southampton  Additional [

universities will join depending on their funding status from s ch
initiatives as the EPSRC Marine Energy Grand Challenlé;es\";\\‘\g 4
programme. S

. Internatianal Network

/ A |
| . 7 Indust)
| Edinburgh | KT Hiatwork

5.1 Rationale and Vision T—

There are agreed and adopted R&D, technology and deployment roadmaps, produced and maintained
by staff of SuperGen Phases 1&2. Based on these roadmaps the aims of the nestenck,and
capacity building of the third phase have evolved to support the sector at and beyond its current stage of
development. The aims of the consortium are
1 To conduct worletlass fundamental and applied research that assists the marine energyirséiogo

UK to reliably and dependably accelerate deployment rates and ensure sustained growth in

generating capacity to meet the 2020 targets.

1 To expand and effectively operate an inclusive network of academic researchers, industry partners
and internatimal collaborators.

1 To continue to provide the highest quality of doctoral training and knowledge transfer in partnership
with industry to build intellectual and human capacity for the sector.

SuperGen Phasetaisestablisied and willoperate th&JK Centre for Marine Energy Research.

5.2 Structure and Operation
The Centre Management Tedsn

Wallace Pl, Executive Director, Financial Management

Bryden Research Director, with responsibility for technology and R&D foresighting
Ingram Doctoral TrainingManage, with responsibility for EU liaison

Jeffrey Marine NetworkManager industrial liaison, and roaghapping

Whittaker Natural Environment & Deployment Infrastructure, Ireland and Wales liaison
Johnstone Knowledge Exchange, Economic Interface, Scotlaaddn

Smith Supply Chain, Picy Interface, England and SWison

The Marine Energy Networks openaccess and includeacademic, industry and international
partners, includingcontinuation of the Research Advisory Forum (RAF) to provide formal fegdba
input and steerage. The international network will develop and formalise extant relationships with
European countries and USA and Asia

The industry networkncludes existing collaborators aislopen taall interested and committed
device and compwent manufacturers, developers, utilities, agencies, regulatory bodies and government
departmentslt worksin close collaboratiowith theEnergy Generation and Supplyné&wledgeTransfer
Network

The academic network inclusistaff with research intests in or related to marine energy from
university and HE colleges that are not already core or associate members. The international network
includes all interested and committed researchers from outside the UK that are in a position to engage
with the work of the Centre. Themreidentified academics or industry partners in USA, Canada, Taiwan,
China, Japan, Hong Kong, Korea, France, Spain, Germany, Ireland, Norway and Portugal.

Doctoral Training continueacross core and associate universities awdisiny partners in a
Programme coordinated by the management tepemate in conjunction with the Industrial Doctoral
Centre in Offshore Renewable Energy (IDCORE) operated by the CeMdiditionally, as in Phase 2,
eight residential training schoolare planned each covering a distinct aspect of marine energy.
Coordinated by the DTP manager, courses will be delivered by experts drawn from the academic,
industrial and international parts of the network. These Schools will be open to any other UK doctoral
students in marine energy and their supervisors, additionally to all network members. CPD credits will be
awarded to participants.
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5.3 Technology Research Strategy

The marine renewable industry has developed road maps, includisgptiblished by UKERC. hiese
have highlighted issues posing significant challenges that may hinder or delay the development of an
economically viable industry, including: predictityi manufacturability; installabiity; operability;
survivability; reliability and affordability. These all require complementagevelopmentof new
industrial applications and underpinning research, where therepsergthe necessary knowledgbe
following initial themes as exampledpllow a gap analysis conducted over the roadmaps and develop
issues against currently funded research programmes. This dynamic mapping process will continue
throughout the project, building on an evolving appreciation of the issubseedsfed back through the
industrial network members.

Array Planning

Undestanding the nature of the interactions between waves and current on the behaviour of
energytechnologes remains a significangcientific andtechnical challenge. Enhanced understanding of
hydrodynamic processes will improverediction of system behaviguhe safe and effective installation
of devices; the survival oflevices once they are installeshd thequantification of the long term
reliability of systems by improved understanding of fatigue resulting from improved appreciation of long
term statigts of forces and strains.

Turbulence

Turbulencenas highly significant impacts on marine energy systems. Eddies have been identified
with physical sizes of the same order as prototype tidal rotors, which will have influence on power
quality, control andatigue. Similarly eddies shed from mooring structures will have influence orn long
term fatigue. A better understanding of fatigue loading will lead to significant improvements in
reliability, and reduce the need for ondsign leading to improveaffordability.

Power Take Off Development

PTO systems in wave energy devices in particular are exposed to stochastic reciprocating loads
and must respond appropriately. There are débign challenges uc h a s : the undesi
s t o pnsitbe need dr weight and costreduction which need considered. Furthermore, there are only
three feasible types of secondary power convergiobine (both air and water), hydraulic motors and
direct electrical induction. Water turbines, hydraulic motors and dieémttromagnetic induction
machines are not normally designed for the stochastiprosziting input fronwave power.Maintaining
efficiency while reducing weight and cosiill be explored througlintegrated desigof novel directdrive
PTOs

Reliability

Many components in devices are being asked to operate well away from their design conditions,
for example hydraulic rams or linear bearings will rarely move over their entire range but will make
millions of smaller oscillatory motions during their liféeThe fatigue life of components is often very
rapidly exceeded bgperating withl0 second loading cycles with a high dynamic range. These issues are
critical for driving down costs by improvinganufacturability, operabilit andmaintainabilityof devices
and fundamentaind appliedesearctwill develop novel solutionsubjected t@ccelerated testing.

Mooring and Foundations

In existingdemonstration projects the mooring and foundation systems are specifically designed
for each deployment site. As tkector expands, it is critical that more general fixing technologies are
developedandan important preursor to this is to extend the previous work mapping resource against
deployment constraints to include geotechnical information about the sea floorintegrated GIS
system willbe established tallow developers to identify similar sea bed types at locations suited for the
deployment of large scale farms, leading to reduced installation costs and igplestidity.

Environmental Impact

Technolog has an impact on the natural environment. This includes the physical effects on the
wave and current conditions, with consequent influences on, for example, sedimentatiers alser the
possibility ofon-going impact on the indigenous flora and fawtdch may range from immediate effects
associated with possible collisions between marine mammals and marine structures or their components,
such as tidal turbine bladés more subtle longerm changes of ambient ecosystemBhae capacity
developed in Pdse 2 will continue to monit@and develop new technolofgr monitoring the ecosystem.

The research staff in Phase 3 will operate flexibly to establish pathways to solve these and other

challenges identified across the sector, and to work in partnaessthipndustry collaboratorso raise
additional funds and deliver the necessary research outcomes.
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Appendix 1 Staff and Students of SuperGen Phase 2

Academicand Admin Staff

Prof. A. R. Wallacé University of Edinburgh
Prof. I.G. Brydeni UoEd

Prof. D. M. Ingram UoEd

Dr. M.A. Mueller- UoEd

Prof. T. Whittakeri Queens University Belfast
Dr. G. Savidgé QUB

Mr. B. T. Linfoot i Heriot-Watt University
Prof. D. Val- HWU

Prof. J. Side HWU

Prof. P. McGregor University of Strathclyde
Prof.K. Swales- UoS

Dr. G. A. Allan- UoS

Mr. C. JohnstoneUoS

Dr. G. A. Aggidisi Lancaster University

Dr. J. Taylor- LU

Prof.G. H. Smithi University ofExeter

Dr. L. Johanning UoEx

Prof. P.K. Stansby University of Manchester
Prof. A.S. Bahaj University of Southampton
Dr. A. Oweni Robert Gordon University
Prof. P. Tavnet Durham University

Dr D. Woolfi University of Highlands& Islands
Dr. B. Wilson- UHI

Ms. Pauline Clark UoE

Research Staff

Mr. Henry Jeffreyi UoE
Dr. S. Couchi UoE
Dr. G. Paynei UoE
Dr. D. Forehand UoE
Dr. M. Topperi UoE
Dr. J. Shek UoE
Dr. A. McCabei LU
Dr. M. Stables LU
Dr. K. Turneri UoS
Dr. M. Ibrahimi UoS

Research Staff contd
Dr. M. Folleyi QUB
Dr. L. Kregtingi QUB
Dr. A. WantT HWU
Dr. C. llievi HWU

Dr. V. Krivtsovi HWU

Doctoral Students
Eoghan Maguire
Jorge Lucas
Remy Pascal
Anup Nambiar
Aby Sankaran lyer
Laura Finlay
Richard Crozier
Sam Euridge
Mairéad Atcheson
Damien Scullion
Adam Bedford
Andrew Good
Philip Cross

Jon Winchester
Philip Thies
Andrew Vickers
Michelle Gilmartin
Matthew Winning
Sam Rose

Bob Beharie
Patricia Okorie
Armando Alexandre
Matthew Harrison
Tatania Delorm
Matthew Easton
Andrew Commin
Astrid Harendza
Karen Alexander
Adrian Macleod
Raeanne Miller
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Appendix 2 Publications by workstream

\ WORKSTREAM 1 - Numerical and physical convergence
WS1.1 GAO, F.,INGRAM, D. M., CAUSON, D. M. & MINGHAM, C.G. : AThe devel opment
cut cellmethod for incompressible viscoys o w sliternational Journal for Numerical
Methods in Fluidsvol. 54, (2007)pp. 1033063.
http://onlinelibrary.wiley.com/doi/10.1002/fld.1409/pdf

This paper describes the extension of the Cartesian cut cell method to applications involving unsteady
incompressible viscous fluid flow. The underlying scheme is based on the solution of the full Navier
Stokes equations for a variable density fluid system using the artificial compressibility technique together
with a Jamesotype dual time iteration. The cqmtational domain encompasses two fluid regiand

the interface between theis treated as a contact discontinuity in the density field, thereby eliminating
the need for special free surface tracking procedures. The Cartesian cut cell techniquecdisfitsag f

the complex geometry of solid boundaries across a stationary background Cartesian grid which is located
inside the computational domain. A time accurate solution is achieved by using an impligimeual
iteration technique based on a sldipeited, highorder, Godunowype scheme for the inviscid fluxes,

while the viscous fluxes are estimated using central differencing. Validation of the new technique is by
modelling the unsteady Couette flow and the Rayiéiglylor instability problems. Final| a test case for

wave runup and overtopping over an impermeable sea dike is performed.

WS1.2 OKORIE,PO., & OWEN, A.: fiTurbulence: Characteristics and its Implications in Tidal Current
Energy Device Testingd OCEANS 2008, M T8ebdc Eity,E8naBa, B8 e e d i n g
September 2008.
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5151900&tag=1

This review paper presents the differences between highly idealised case of isotropic, homogenous and
stationary turbulence and how it deviate from real flénwsn observations made in a tidal estuary from

past studies. The scale of turbulence within tidal current pervades scales larger than the energy containing
scale of turbulence. Scales other than the Kolmogorov scale of turbulence observed from preiresus stu

are reported and the principle of dimensional analysis as a traditional tool to assess the effect of scaling
tidal current energy devices is introduced.

WS1.3 INGRAM, D. M., VILLATE, J.L., ABONNEL, C. & JOHNSTONE C.. AThe devel opment
for equitabletesting and evaluation in ocean energg  t hr e e vy el@earnatisnalr at e g
Journal of Fluid Machinery and Systerwsl. 1, (2008), pp. 337. Invited paper.
http://www.ijfms.org/

EquiMar (Equitable Testing and Evaluation of Marine Energyrdexion Devices in terms of
Performance, Cost and Environmental Impact) is one of the first round of energy projects under the
European Commissions 7th Framework Programme (FP7). The three year EquiMar project aims to
deliver a suite of protocols for theaduation of both wave and tidal converters, harmonizing testing and
evaluation procedures across the wide range of available devices, accelerating adoption through
technology matching and improving the understanding of both environmental and econondts impa
associated with the deployment of devices. The EquiMar protocols will cover site selection, initial design,
scaling up of designs, the deployment of arrays and environmental impact assessment as well as
economic issues. EquiMar will build on existingofmcols, e.g. UK DTI Marine Renewables
Development Fund (MRDF) protocols for wave and tidal energy, and engage with international standards
setting activities, e.g. IEC TC114.

WS1.4 WATANABE, Y., SARUWATARI, A. & INGRAM, D. M. : fRumMrdeace powsngunder
d r o p UaurnmaobComputational Physi¢csol. 227, issue 4, (2008), pp. 232365.
http://www.sciencedirect.com/science/article/pii/S0021999107004640

A numerical method which fulfils the fresurface boundary conditions and extrapolates the Vieliokcity
into empty grid cells outside the fluid region on a fixed Cartesian grid system is presented. The complex,
threedimensional, vortex structures formed via surface/vortex interaction and induction between vortices
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have been computed using the pregmb technique implemented within a leget method for both
vertical and oblique droplet impacts in incompressible fluids. The present results have been validated
through numerical tests which confirm zero tangential shear at theurizee and compadas with
experimental observations of cavity and vortex ring formation underneath the impact location. In some
cases, transitions from a concentric vortex ring to a fully tbdme®nsional vortex structure has been
confirmed. Whilst the primary vortex ring initiated at the highly curved contact surface between the
droplet and receiving surface, azimuthal instabilities are manifested in the shear layer around the cavity
crater developing after the vertical impact, resulting in axial cowntating vortcity between the cavity

and descending vortex ring. Underlying mechanisms which induce local deformation of tberfaee,
creating a saalled scar, due to the sshrface vortices at the oblique impacts are also discussed.

WS1.5 PAYNE, G.S.,TAYLOR, J.R. M., BRUCE, T. & PARKIN P..fi Assessment-elemént boun
method for modellingafreel oati ng sl oped wave energy devi
Ocean Engineering, vol. 35, issu&3(2008), pp. 33341.
http://www.sciencedirect.com/science/eldipii/S0029801807002193

The boundanelement method has been widely used as a design tool in the offshore and ship building
industry for more than 30 years. Its application to wave energy conversion is, however, more recent. This
paper deals with the merical modelling of a frefloating sloped wave energy device. The power-take

off mechanism of the device consists of an immersed tube with a piston sliding inside. The modelling is
done using the boundaglement method package WAMIT. The model is fikstrked out for the case

where the axis of the tube is vertical. It is then derived for the tube inclined and successfully verified
against numerical benchmark data. A companion paper presents results of a detailed comparison with a
physical model study.

WS1.6 PAYNE, G.S.,TAYLOR, J.R. M., BRUCE, T. & PARKIN P..fi Assess ment-elemént boun
method for modelling a freBoating sloped wave energy device. Part 2: Experimental
v al i d@deand&mgineering, vol. 35, issu&l 3(2008), pp. 342357
http://www.siencedirect.com/science/article/pii/S0029801807002181

The boundanelement method has been widely used as a design tool in the offshore and ship building
industry for more than 30 years. Its application to wave energy conversion is, however, mord hisent.

is the second of two papers on a comparison of numerical and physical modelling dfcafieg sloped

wave energy converter. In the first paper the numerical modelling formulation for the poweiftake
mechanism was derived using the bounddeynent method package WAMIT. It was verified against
numerical benchmark data. In this paper, the outcome of the modelling of the whole device is compared
with experimental measurements obtained from model testing in a wave tank. The agreement is generally
good.

WS1.7 ORTEGA J.& SMITH, G.H. : AEmpirical a s s a-Muang trangfohnefor ths e o f
spectr al anal y ®ioceedings of the ASME 27th dntematianal Conference on
Offshore Mechanics and Arctic Engineering (OMAE2008ne 1520, 2008, Estoril, Portugal.
http://scitation.aip.org/getabs/serviet/GetabsServiet?prog=normal&id=ASMECP00200804819700041900
0001 &idtype=cvips&gifs=yes

TheHilbert-Huang Transform (HHT) was proposed by Huang et alag2g method for the analysis of
nortlinear, norstationary timeseries. This procedure requires the decomposition of the signal into
intrinsic mode functions using a method called empirical mode decompositiese functions represent
the essential oscillatory modes contained in dhiginal signal. Their characteristics ensure that a
meaningful instantaneous frequerisyobtained through the application of the Hilbert Transform. The
Hilbert Transform is applied to each intrinsic mode function #red amplitude and instantaneous
frequency forevery timestep is computed.he resulting representation of the energy in terms ofdimde
frequency is defined as the Hilbert Spectrum. In previemik [7] using the HHT for the analysis of
stormwaves it has been observed that the number of iIMEdd for the decomposition and the amount
of energy associated different IMFs differ from what has been observedteranalysis of waves under
“normal’ sea conditions by othaunthors. In this work we explore in detail the eftbet the sampling rate
has in the empirical mode decompositanmd in the Hilbert Spectrum for storm waves. The reshisv
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that the amount of energy associated to different IMdfges with the sampling rate and also that the
numberof IMFs needed for the empirical mode decosipon changes witrecord length.

WS1.8 SMITH, G.H.,ASHTON, |. G.C.& EVANS, M. J. : ASpatial Variation of
Speci f i Rrocekdingd of the International Conference on Ocean En&mgst, France,
October 2008http://www.icoe208.com/en/

This paper discusses aspects of the medium scale spatial variation in the characterisation of wave climate.
There have been relatively few investigations of simultaneous measurement of sea states at spatial
separations of the order of 1 km. Hoxe the authors feel that this is an area that deserves more
consideration and this paper will hopefully provoke a discussion of why such scale variations are
important. Firstly, there is increasing interest in estimating the downstream effect of ateaywaca
developments. Many of the studies to date have used modified wave propagation models such as SWAN
or Mike21 and the question of the physical basis for using such models must be considered. One possible
solution is to undertake physical measuremeiitabsorption at an operational wave farm to determine

the downstream effects of removing energy from the climate. Such physical measurements might provide
the means to tune the output from conventional numerical models. Secondly, the spatial vaciatisns a

a wave energy site will also influence the determination of the short term performance of WEC devices
and indeed the aggregated short term output from a small farm. This paper discusses some of these issues
with some illustrating data and examinés problems of implementing any measurement and analysis
program.

WS1.9 SMITH, G. H., BITTENCOURT, C. & INGRAM, D. : AEQUI MAR: The Develop
for the Equitabl e Eval ua tProoeadings fof thd AABMEN28th En e |
International Conferace on Ocean, Offshore and Arctic Engineerirtpnolulu, Hawaii, 31
May 2009- 05 Jun 20089.
http://scitation.aip.org/getabs/serviet/GetabsServlet?prog=normal&id=ASMECP00200904344400103700
0001&idtype=cvips&qgifs=yes

This paper describes a major collaboratigroject funded through the Europdamion which seeks to
accelerate the adoption of ocean enanxggtems through providing a rational suite of protocols that will:
() help to match technology and scale of deploymesitéospecific considerations; (iilefine acceptable
methodologies to evaluate tleavironmental consequence of deployment; (iii) develop techniques for
equitable comparisoof the economic potential; for the deployment of smathealium arrays. EquiMar
involves 23 European partners, inding scientists, engineees;ologists and developers. Funded through
the European Commissior FrameworkProgramme [1] (grant agreement 213380), tiis5 million
project aimdo produce a suite of protocols that will enabler@ad range of stakeholders to judge the
variety of technologiem wave and tidal energy on a level playing fiélthe protocols will reflect the
entire development cycle of maine device: resource assessment and site selection; fundamental
engineering desigrscaling up and deployment; environmental impact and economic assessment. The
project has now been running for 12 months. This papéews the intended work over the targear
project, buf ocuses on the devel op me ntdeseribe thehaimgdnd rengtwfe | 0
the individual protocols. Thieigh level protocols were conceived to meet two fundamental requirements.
EquiMar is an ambitious project in tes of both scopand number of collaborators. There is a need to
maintainconsistency and clarity as each protocol/ guideline is developedidtindevel protocols will
serve as a template for ttletailed specifications, clarifying content, identifyirgpg and links within the
overall work and finally will help to maintain focus dhe final goals. Externally the high level
documents will providea mechanism for engagement of the many stakeholders. Early feentbéuk
direction and coverage of the pwobls is fundamentéd achieving, where practical, a consensus from the
diverse oceaenergy community. Based on the practices of an international Certfg@acy (DNV) it

is intended that the protocols will ¢ for guidance and incorporation into gmosed international
standards. Thigaper aims to increase dissemination and provoke comment frometetional marine
community in order that that the final documewii be fit for purpose by reflecting the considered
opinionof as wide a body ofetevant contributors as jmssible, and act as a catalyst to help deliver the
potential for marine renewable energy on the international stage.
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WS1.10 FINLAY, L., COUCH, S.J.& INGRAM, D. M. : ANumer i cal model |l ing of
resonance tothe prese e of  &th BumopeamWaeedand Tidal Energy Conference
Uppsala, Sweden;¥0 September 2008ttp://www.ewtec2009.se/index.html

A tidal energy barrage has been proposed for the S&strrary, UK. In order to predict the effect such a
structuremay have on the tidal resonance in the charmeaimple two dimensional model has been
developedor a series of simulated estuaries, ranging feosimple box channel with a uniform flat bed
to a simplewedge shaped channel with a solid barrier actosa,simulation of the Severn Estuary with
topographicand bathymetric values. These mod#iew amplitudesnd phases of elevation and current
flow for each modelscenario. model outputs show that overall tidal resonalemeeases with the
construction ol barrier acrosa channel.

WS1.11 GRETTON, G.I., BRUCE, T. & INGRAM, D. M. : AHydrodynamic model ling
current t ur b3thiEwopeas \VavegandCTil& Bnergy Conferehimpsala,
Sweden, 710 September 2008ttp://www.ewtec200%e/index.html

Results from a computational fluid dynamics (CRDYdel of a vertical axis tidal current turbine are
presentedThis CFD model has been implementedtlie commercial code CFX and is a Reynelds
averagedNavierStokes solution with the&y SST turbulencenodel. The turbine simulated is a 15 kW
smalktscale prototype device being developed by Edinburgh Desigiis with independently and
continuously variable pitchlades.

A major focus of the present work is the thorough verificaiod \alidation of the numerical model.
This is based on a series of progressively more complex simulatieginning with fixed pitch

hydrofoils (airfoils), progressing to oscillating pitch hydrofoils, and finishimgh a complete time

dependent model of tharbine.

The paper concludes with a parametric study of turpe@rormance, comparing fixed pitch and variable
pitch operation and a fodnladed variant of the turbineith the threebladed baseline. It is found that
variable pitch operation both increas the peak power coefficieahd broadens the peak in the power
coefficient versus tigpeed ratio curve. An increase in the number of bladamtaining solidity) leads
to a slight drop in performanceommensurate with Reynolds humber effects.

WS1.12 MAGUIRE, E. & INGRAM,D.M. : A Hydrodynamics and absorptior
8th European Wave and Tidal Energy Conferetimpsala, Sweden;I0 September 2009.
http://www.ewtec2009.se/index.html

For most of the twentieth century naval hydrodynanmacg, more recently, wave energy hydrodynamics
havebeen limited to the realms of theory and physical experimBots. of these methods of fluid flow
analysisare constrained through scope, cost and size of facilig advent of high speed digital
compuing has broughwith it a new dimension for analysing fluid flows, thatnumerical modelling.
This paper aims to harness tpi®gress in computing power and established commerormaputational
fluid dynamics (CFD) codes to create numerical analogueo tthe physical test flumes thate in
operation in many hydrodynamic labs. Using nhumeneavemakers will allow for the use of different
shaped wavemakers that would be otherwise imposgibimplement in a physical waveflume, these
nonconventionashags will be investigated.

This paper presents the well established wavemdkeory. This is then adapted to obtain the
hydrodynamiccoefficients of added mass and damping for hewel shaped wavemakers. The different
wavemaker geometriegre compared othe basis of their theoreticalave absorption efficiencies at

various tuned frequencie¥Vavemaking simulations using ANSYS CFX dfeen presented and the

results are discussed.

WS1.13 PAYNE, G. S.,RICHON, J.,INGRAM, D. M. & SPINNEKEN, J. : ADevel celmmaynt and |
assessment of an8thd&prdpean Wave amé Nidal Empryy Gprefedence
Uppsala, Sweden;¥0 September 2008ttp://www.ewtec2009.se/index.html
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A description and preliminary results are presented for antamsive optical wave guge based on the
principle of optical triangulation. In the proposed implementation, a LASER source beaming vertically
downwards generates a spot of scattered light at the water surface. The spot is imaged Jaxian off
video camera, and instantaneousvevdneight measurements are obtained by processing of the spot
images. The spot position on the image is then transformed into a height value using a polynecfitial best
function established by an initial calibration. The gauge geometry is set to givesaremant range of
300mm. The calibration method and apparatus are described. A detailed statistical analysis of the
calibration results is presented both for the optical wave gauge and for a conductivity wave gauge used as
a comparison. Dynamic measurengefar regular waves of 25mm and 50mm amplitudes at 1Hz are
carried out with both probes. The resulting time series data are compared to a theoretical fifth order
Stokes solution. While overall agreement is good for both types of probe, optical wave gtugeed

found to provide a better fit to the theoretical solution, especially in the vicinity of wave crests.

WS1.14 SMITH, H. C. M., SMITH, G. H., VENUGOPAL, V. & DAVEY, T. : AAnal ysis of p o
output of a device using a wabg-wa v e a p Bth BEwopgehAndWave and Tidal Energy
ConferenceUppsala, Sweden; 10 September 2008ttp://www.ewtec2009.se/index.html

The assessment of energy production from a weawergy converter commonly uses a stochastic
approachFor shoriterm evaluations, a sea statn berepresented in the frequency domain by an energy
density spectrum. If a suitable frequesdgpendentransfer function for the device is defined, an
estimateof the total energy output for that specific sea statebmamade. However, using a spacttr
averaging of theea state in this way fails to account for sherevents that may significantly alter the
output estimatedising the spectral approach.hi s p ap er -bywsaevse 6a mewahvtied t o
potential energy production of a hypotleetidevice, using recorded time series of sea surdmetion.

The device is modelled as a damped linesillator, with the assumption that the device camapedly
6retunedd to maxi mi swaveiptopgerties.elhepnethad envolvesicatatihgatheg i n g
power output for each individual wave in the tiseries for a range of tuning rates and power transfer
function (PTF) bandwidths. The average power oufputeach time series is then compared with
estimatesmade using the traditional spedtrmethod. The resultBlustrate the extent to which the
estimates of powasutput differ depending on thiate of tuning antbandwidth of the PTF.

WS1.15 INGRAM, D. M., SMITH, G., VILLATE, J., JONSTONE C. & BITTENCOURT FERREIRA C. : AThe
development of techhmgy evaluation protocols for the equitable evaluation of marine
renewabl e e n eCoasis, Maroe Stractute® ang Breakwaters 2009: Adapting to
change Edinburgh, Scotland, UK, 183 September 2008ttp://www.icebreakwaters.com/

WS1.16 INGRAM, D. M., Gao, F., CAUSON, D. M., MINGHAM, C. G. & TROCH, P.: fi Nroerical
investigationsofwave ver t oppi ng at CaasiahBEngireedringsok 56 Ussue @,r e s 0,
(2009), pp. 190202. http://www.sciencedirect.com/science/article/pii/S037838390800077X

Undea the numerical modelling work package of the EU funded CLASH project, the time accurate, free
surface capturing, incompressible Navfstokes solver AMAZONSC has been applied to study
impulsive wave overtopping at Samphire Hoe, near Dover in the Unitegtl&m. The simulations show

that the overtopping process on this vertical, sheet pile, seawall is dominated by impulsive, aerated, near
vertical overtopping jets. In order to perform the simulations AMAZSD! has been extended to
incorporate an isotropiporosity model and for validation purposes the solver has been applied to study
overtopping of a low crested sea dike and a 10:1 battered wall. The results obtained for the battered wall
and Samphire Hoe tests are in good agreement both with predictédppimy discharges calculated

using the UK overtopping manual and with available experimental results.

WS1.17 SARUWATARI, A., WATANABE, Y. & INGRAM, D. M. : AnScarifying and fi
pl ungi nCpastpl &Ehginéering, Volume 56, Issues1P]l Novembér-December 2009,
Pages 11091122, ISSN 037%8839,DOI: 10.1016/j.coastaleng.2009.08.007.
http://www.sciencedirect.com/science/article/pii/S0378383909001227

The local surface deformation resulting from the oblique impact of a columnar water jet has been
computed, using a thredimensional large eddy simulation, as a model of the overturning jet of a
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breaking wave. The emergence of the secondary jet from the front face of the initial jet has been
examined and the organisation of the vortices within thehjatacterised. As the secondary jet emerges,

the vorticity field becomes unstable under the action of the strong shear beneath the jet surface and pairs
of longitudinal counterotating vortices stretched along the direction of the jet projection aredoiithe
presence of these longitudinal vortex pairs creates convergent surface flows, resulting in the formation of
longitudinal scars on the rear face of the projecting jet. Following significant growth of the scars on both
its upper and lower surfacesetfet decouples into fingers. The lateral widths of the longitudinal vortices
provide a minimum measure of the finger size. A horizontal Froude nufnpeaepresenting a measure

of strength of horizontal shear in a gravityminated impacting flow is defed, which characterises the
organisation of the longitudinal vortices occurring in the shear flow, and the resultant formation of scars
and fingers. For highdgr,, stronger longitudinal vortices and deeper scars are formed at longer lateral
intervals, ehancing the fingering process during the splashing event. Fundamental features of material
transport in the vicinity of the surface of jets (e.g. gas transfer across a sea surface) are related to the
entrainment of surface fluid by the longitudinal vorsicand is thus also characterised-y

WS1.18 PAYNE, G. S., TAYLOR, J.R.M. & INGRAM,D.M.: fiBest practice guidel i
wave ener gyJownalmof@ean dgacmaogy, vol. 4, issue 4, (2009), pp7B8
Invited paper www.journalofo@antechnology.com

Experimental tank testing is a key aspect of wave energy conversion research. The perfofmance
designs can be assessed in an accessible and controlled environment and at a fractmosiobtlsea
trials.

Wave energy converter (WB@ank testing is complex and has its own specificities compeitadnodel
testing of ships and offshore structures. This largely reflects the fact that thegumatity of interest is
wave energy: how much is available and how much is harvested bt

This paper provides an extensive overview of the various aspects of WEC tank testing. Ttr$gedre
into three categories: physical model, measurements, and wave generation. Fottlesoh airrent best
practice guidelines are given.

WS1.19 ORTEGA, J. & SMITH, G. H. : fi Hiulatnegr tt r ansf or m analppliedi s of
Ocean Research, vol. 31, issue 3, (2009), ppi 212
http://www.sciencedirect.com/science/article/pii/S0141118709000868

We use the HilbeiHuang transform (HHT) for the speatmanalysis of a North Sea storm that took place

in 1997. We look at the contribution of the different Intrinsic Mode Functions (IMF) obtained using the
Empirical Mode Decomposition algorithm, and also compare the Hilbert Marginal Spectra and the
classicalFourier Spectra for the data set and the corresponding IMFs. We find that the number of IMFs
needed to decompose the data and the energy associated to them is different from previous studies for
different sea conditions by other authors. A tentative redspo this may lie in the difference in the
sampling rate used.

WS1.20 SELLAR, B. G.,BRUCE, T. & BRYDEN, I.: iR e anle , wide area w&we fiel
of 20th International Offshore and Polar Engineering Conferend8OPE 2010, vol. 1, pp.
782-787,20thi 25th June 2010, Beijing, China.
http://www.isope.org/publications/proceedings/ISOPE/ISOPE%202010/data/papers/@@I8€llar. pdf

A novel ocean surface tracking sensor is being developed dntliersity of Edinburgh in collaboration
with Measurandinc. of Canada with the goal of measuring walea wave fielddynamics in
unprecedented resolution in both space and tPnevious results using a demonstration device show
regular wave period and wave height agreement with laboratory basedors to % and 5%
respectively. Preliminary irregular 2f@sts show spectral parameters, Tm01 and HmO, in agreement to
9% and 16% respectively. These results have led tddahelopment of several types of sensor based on
the floating ribbon concept. The suitabiitof optical fiber technology foBD short crested wave
measurement is investigated along wtitle implementation of ancillary motion sensing pods based on
inertial measurement technology. This paper summarisesdekelopment of the various ribbons,
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focusng on the aim ofintegrating them in to an array or lattice and the subseqmuuntered and
forecasted fdepl oyaréyimbarirtgwana méckasicalbshaviournc |l udi ng

WS1.21 MAGUIRE, A. E. & INGRAM, D. M. : i Wavemaki ng Prom Coastla@l@, 28thc o d e 0
Septembei 1st October 2010, Barcelona, Spaittp://www.coastlab10.com/

For most of the twentieth centaury, marine hydrodynamics has been limited to the two realms of theory
and physical experiments. These methods of fluid flow analysisnaited through scope, cost and size

of facility. The advent of high speed computing
flows, that of numerical modelling. Computational Fluid Dynamics (CFD) has the potential to offer an
invaluable dsign tool to marine engineers. One such tool that CFD offers, is the possibility for a
numerical wave tank. Physical wave tank are used in costal engineering, naval engineering, offshore
engineering and marine renewable engineering, but these facilitidsecaxpensive and are limited in

size and scale of the testing facility. A numerical wave tank can overcome these problems. But before and
confidence can be placed in numerical results from a CFD code, a verification process should be
conducted to asse$mth the coding and the mathematical calculations and the results should also be
validated against a physical model or a known analytical solution. In this paper a commercial CFD code
(ANSYS CFX) is assessed and verified for its suitability as a numevea tank. Both a temporal and
spatial convergence study is conducted and the appropriate metrics analyzed. A validation procedure is
implemented, comparing the obtained numerical solution to a known analytical solution using linear wave
theory.

WS1.22 OKORIE, P.O., OWEN, A, & HOossAIN, M..: filmplications of Froude Scaling in the Numerical
Testing of a Gen edrd loternStionalpConfetenc& anrOaeart Energs. 60
October; Bilbao, Spain; 2018ttp://www.icoe2010bilbao.com/ing/index.aspx

Numericalmodelling is complementary method to laboratory techniques commonly used in testing tidal
current energy devices. Using a classical flow over a cylinder as a case study, it was demonstrated that
numerical modelling of tidal current energy devices is insgago boundary layer behaviour of Froude
scaled models within the subcritical flow regimes.

WS1.23 Goop, A., HAMILL , G., WHITTAKER, T. & ROBINSON, D. :PIV Analysis ofthe Near Wakeof a
Tidal Turbin® Proc. of 21stInternational Offshore and Polar Enginéeg ConferencelSOPE
2011, vol. 1 pp. 7376, Maui, USA 19-24 June 2011.
http://www.isope.org/publications/proceedings/ISOPE/ISOPE%202011/data/papersf20T8G6od. pdf

Particle image velocimetry (P1V) has been applied to measure the velocity prdffile the near wake of

a laboratory scaled model of a horizontal axis tidal turbine. Measurements have been taken for a number
of arrangements to investigate the relative impact on the velocity profile of ambient conditions, the
support structure, and engrextraction by the rotor.

WS1.24 OKORIE, PO., OWEN, A, & POLLARD,P..i St udy of Coherent Structur
Testing of Tidal lEuUrempe &m eWagwe Dand cBisdall E
5-9 September; Southampton, UK; 20bftp://mww.ewtec.org/

Turbulence in open channel is random and contains vortices. An approach to generate significant vortex
structures suitable for testing energy devices submerged in turbulent flow has been demonstrated using
ADCP data integrated into LES of apen channel flow. The approach is based on the premise that
turbulent velocity profiles from real site averaged within a small time resolution is influenced by waves,
seabed roughness, shape of the coastline and other physical and natural processesnethie
experimental velocity profile.

Significant eddies were visualised from the numerical simulation results when results were compared
with simulations done by specifying the classical"jg@wer law and uniform flow profiles as boundary
conditiors. This study further demonstrates the possibility of representing a large scale flow process in a
small scale numerical domain.
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WS1.25 PASCAL, R., PAYNE, G.S.,& BRYDEN, |, G:fiPar ametri c model s for w
Proceedings of the 9th European Wave ahdal Energy Conference59 September;
Southampton, UK. 201ittp://www.ewtec.org/

Wave energy is an emerging and promising renewable energy technology. As the it prercial

and commercial prototypes are being tested at sea, there is a needelop@s, governments and
investors to be able to reliably estimate the energy production of devices as a function of the sea states
they are to be deployed in. This estimate has traditionally relied on only two sea state parameters, the
significant wave hight and the energy period, which do not account for frequency or directional
spreading. The present paper investigates the suitability of further parameters to refine performance
predictions. This is achieved through extensive wave tank testing of typee of wave energy
converters (WECs) with different directionality properties. Statistical analyses of the measurements show
the significant impact of frequency and directional spreading on WECs performance. Parametric models
of the devices performancegere devised for numerous sea states parameters. Those results suggest that
the traditional estimation method should be extended in order to include such parameters.

WS1.26 ToPPER M. B. R. & INGRAM, D, l.: fildentifying the Frontier of Knowledge for Marine
Reneva bl e En er g Procdeeirge af rthe 19th European Wave and Tidal Energy
Conference5-9 September; Southampton, UK. 2Qitth://www.ewtec.org/

Verification and validation techniques can provide a strategic framework for improving the predictive
capabiity of numerical models used in the marine renewable energy sector. In addition, it is proposed that
the adoption of open source community models make implementing such strategies more straightforward.
A technique of particular interest is the Phenomeéeatification and Ranking Table (PIRT). Such a table

can be used to quantify the current state of knowledge and the subsequent requirements for improving the
predictive capability of modelling software. After assessing and collating the current softwages us
trends within the wave and tidal numerical modelling community, an example PIRT is presented for tidal
energy converter hydrodynamics.

WS1.27 ToPPER M. B. R., FOREHAND, D. I. M., & INGRAM, D, l.: flUsing a Galerkin Method to
Calculate the Velocity of VorteWwa k e S 8yeposilenoof The International Association for
Boundary Element Methods (IABENByescia, 201 vww.iabem2011.it/

Boundary el ement met hods are commonly wusdad i n
calcul ate pows about bl uf f and |lifting bodies.
emanating from the 1lifting bodyds trailing edge
account for the lift. Low order discretisations, tmardarly for unsteady simulations, do not calculate
sufficiently accurate velocities on these sheets, which then leads to instabilities and erroneous solutions.
As such, many efforts have been made to develop boundary element lifting solutions usingrdigihe
discretisations. For the vortex wake sheet, only the difference in potential between the top and bottom of
the sheet is known and thus differentiating this quantity does not provide the required average of the
velocity between the top and bottomtbé sheet. The only available method to calculate the velocity of a
vortex sheet is to directly differentiate the boundary integral equation producing a hypersingular boundary
integral equation. Recent work has shown that a Galerkin limiting techniqueeassed to calculate the
solution to the hypesingular boundary integral equation at the edges and corners of high order piecewise
elements in three dimensions. This paper considers the application of the aforementioned Galerkin
method to solving for theelocity on vortex wake sheets in boundary element methods. Results will be
presented along with a discussion of various improvements that can be made in order to enhance the
stability of the method.

WS1.28 EMARAT, N., FOREHAND, D.I.M., CHRISTENSEN E. D. & GREATED, C. A.: fiExperimental and
numerical investigation of the internal kinematafsa surfz one pl un g Euragpearb r e a k
Journal of Mechanics B/FIuid®0I: 10.1016/j.euromechflu.2011.09.002. 2011
http://www.elsevier.com/wps/find/journaldescription.claeme/600738/description

Over the last couple of decades both the qualitative and quantitative understanding of breaking waves in
the surf zone have greatly increased. This is due to the advances in experimental and numerical
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techniques. However, few compsons between these two different investigative techniques fercuef
breaking waves have been reported.

In this study, a comparison is made between the experimental and numerical investigation of the internal
kinematics of a suszone plunging keaker. The fulfield velocity measuring technique known as Particle
Image Velocimetry (PIV) is used in the experiments. In the hybrid numerical scheme, the main model
solves the NavieBtokes equations using a Finite Volume method and theséndace issimulated using

a Volume of Fluid (VOF) method. An important feature of this work is that, unlike in most other
comparisons between numerical and experimental results, the exact geometry of the physical wave flume
and the exact motion of the physical wanaker are duplicated in the numerical wave tank. To achieve
this, an additional numerical model using a BoundatggralMethod (BIM) is employed to generate the

input conditions for the Navigstokes solver.

Very good agreemenwvas found for all companims: freesurface elevations, velocity vectormaps,
velocity profiles and velocitynagnitude contours. However, some small discrepancies were observed. In
the freesurface elevation comparisons a slight time lag was observed in the numerical results and it
suggested that this was due to the small amount of smoothing applied in the BIM to enable it to continue
to supply input data to the Navi8tokes solver well beyond the breaking of the wave. In addition, some
small differences were also found betweba humerically predicted velocity distributions and those
measured in the experiments. These disagreements occurred mostly in the aerated region and it is
proposed that they could be caused by errors in the PIV velocity data due to air bubble effeater,Howe
they could also be attributed to the fact that no turbulence model is used in the numerical scheme and it is
these aerated areas where the turbulence levels are the highest.

WS1.29 MAGUIRE, A. E. & INGRAM, D. M. : On igeometric design considerations and m@nt
methodologies for absorbing wavemakefsoastal Engineeringyolume 58, Issue 2, February
2011, Pages 13%42, ISSN 037/8839,D0I:10.1016/j.coastaleng.2010.09.002.
http://www.sciencedirect.com/science/article/pii/S0378383910001341

This paper inveggates the effects that geometry and control have on the absorption characteristics of
wavemakers. It presents the hydrodynamic coefficients for piston and bottom hinged flap wavemakers
and also for two novel wavemaker profiles. Absorption efficienciepsented for wavemakers using

one, two and three control coefficients for reactive control. This is then used to analyse the absorption
efficiency of each of the different wavemakers based upon the geometry and the control strategy used. It
is shown thathe amount of absorption for a given paddle differs greatly depending on the choice of
control coefficients used to implement complex conjugate control. Increased absorption can be achieved
over a broader bandwith of frequencies when the geometry of themader is optimised for one
specific frequency.

WS1.30 INGRAM, D. M., SMITH, G. H., FERRIERA C. B. & SMITH, H.: fiProtocolsfor the Equitable
Assessment of Mar i n e htte/fmewegquiynar@gp nver ters. o 201

EquiMar involved about 60 scientists, developasgineers and conservationists from 11 European
countries working together to find ways to measure and compare the dozens of tidal and wave energy
devices, proposed locations and management systems currently competing for funds, so governments can
investin the best ones and get marine energyontapTast.e t eam has delivered a
protocolsi general principles to allow fair comparison of marine energy converters testing and evaluation
procedures. EquiMar protocols cover site setegtidevice engineering design, scaling up designs,
deployment of arrays, environmental impact on flora, fauna & landforms, and economic issues. The final
EquiMar protocols establish a sound base for future marine energy standards currently being developed
by IEC Technical Committee 114. This project received funding from the European Community's
Seventh Framework Programme FP7/2Q013 under grant agreement number-BRZ338.
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WORKSTREAM 2 - Optimisation of collector form and response

WS2.1 McCABE,A. P.& AGGIDIS,G. A1 Opti mum mean power output of
ener gy convert eConf Sustainableeegengy @Kr Meetiag/tiee satence and
engineering challenget 3-14th May 2008, St Anne's College, Oxford.
http://pia.sagepub.com/cont&2P3/7/773#afl

This article presents an assessment of the optimum mean power output ofabpoiber wave energy
converter (PAWEC) in irregular wave climates. A fiostler method is used to calculate the mean power
spectrum of the device in waved dissimilar spectra. JONSWAP spectra with different peak
enhancement parameters are used to show the effect of energy concentration within the wave spectrum on
the device mean power spectrum. A comparison of the optimum mean power output of a PAWEC in an
irregular wave climate with that in an enemgyuivalent regular wave climate is made to show the
influence of the combination of wave spectrum and power output characteristics on the former. The
principle is demonstrated by results obtained with the sitil of a PAWEC collector. An evaluation is

made of the difference between the optimum mean power output of the device and the mean power output
achieved using a simple, standard control method. The resulting difference in energy output with
measured datilom a possible site is also assessed. The implications of the results on the appraisal of
device performance are considered.

WS2.2 McCaABE, A. P, AcGIDIS, G.A. & WIDDEN, M.: i Some aspects of tuni
converters i nProcr WoddgReheabie Enedy @oagoess, 1925 Jul 2008,
Glasgow, ISBN: 97808-056-8973.http://www.wrenuk.co.uk/

This paper presents the results of a study into
obtained using computer models of two device icagpfur at i ons, e mp dstatet iumg ng 6 s
control strategypne in which the system is tuned to a single frequency for the duration of each sea state.
A first-order method is used to calculate the mean power output of the device in each case. Two
demonstration simulation examples of wave energy collectors are used, one cylindrical and the other a
cuboid. The cylindrical collector is modelled as a sirdggreeof-freedom system moving only in the

heave mode, and, together with the cuboid colledsr,a coupled twdegreesf-freedom system,

moving in the pitch and surge modes. An iterative method is used to find the appropriate tuning
characteristics for maximum mean power output in a selection of sea states of constant significant wave
height.

Resllts show that, in the singldegreeof-freedom heave case, the reciprocal of the energy period of the
sea state provides a suitable tuning frequency for the control of the device. However, this is not the case
in the twodegreesf-freedom pitch and surgease. In this case, as the energy period increases, the
appropriate tuning period for maximum mean power output diverges from the energy period. The amount
of divergence from the energy period is found to increase as the energy is distributed moracnodsly

the wave spectrum. The amount of divergence from the energy period also increases as more external
damping is applied to the system. The difference in behaviour results from the difference in the power
characteristics of the heave and surge moties,of the unconstrained heave mode constantly increasing

as the period increases, whereas that of the surge mode decreases to zero as the period increases. Th
results indicate that, even to a first approximation, the tuning of a device operating iedcpugh and

surge modes for maximum mean power output in irregular waves presents a significant challenge.

WS2.3 MCcCCABE, A. P.& AGGIDIS, G.A. : AA preliminary study into o
energy <coll ector usThenlgt Intratignal ICenfeierice am ISgs@inablé h mo
Power Generation and Supply (SuperGéianjing, China, & April 2009.
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5348027

This paper describes an initial study into the optimisation of the shape of a waye @rikctor using a
genetic algorithm. The study investigates three descriptions of the surface geometry of a surging device,
which are both compatible with parmhsed hydrodynamic analysis software and form a suitable
representation in the genetic alglom. The analysis has been simplified by considering only the two
dimensional problem, that of optimising the crgsstional shape of the surging body. Resdled
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representation and continuous search space recombination and mutation are used itidlzggeitiem.

A basic power absorption cost function is used to assess the relative performance of each candidate shape.
The contribution of the results to the overall understanding of the optimization procedure and the
direction of future research is disssed. In addition, the relative merits of the different geometric
descriptions, and their value for further development are considered.

WS2.4 BHINDER, M. A., RAHMATI, M. T., AGGIDIS, G. A., CHAPLIN, R. V., MINGHAM, C. G. &
CAUSON, D. M. : i A | oi ndexparmmentalstudy afla suaging point absorbing wave
ener gy c @dthvASME teroational Conference on Ocean, Offshore and Arctic
Engineering (OMAE 2009Honolulu, Hawaii, 3May - 5 June 2009.
http://www.flow3d.com/pdfs/tp/mar_tp/FloS8iib22-09.pdf

This paper presents the findings from using several commenrigbutational fluid dynamics codes in a
joint numerical andexperimental project to simulate WRASPA, a new wave eneogyerter (WEC)
device.

A series of fully 3D nodinear simulationof WRASPA arepresented. Three commercial codes STAR
CCM, CFX andFLOW-3D are considered for simulating the WRASPA dewarel final results are
presented based on the use of FRIW Results are validated by comparison to experimental data
obtained from mall scale tank tests undertaken at Lancasiaversity (LU).

The primary aim of the project is to use numerical simulatioopiimize the collector geometry for
power production over egange of likely wave climates. A secondary aim is to evalttaedility of
commercial codes to simulate rigid body motiodimear and no#dinear wave climates in order to choose
the optimal code with respect to compute speed and egeeldfm setup. Issues relating to the ability of
a code in termsf numerical dispation of waves, wave absorption, waweaking, grid generation and
moving bodies will all beliscussed.

The findings of this paper serve as a basis for an inforomeite of commercial package for such
simulations. Howevethe capability of these commual codes is increasing withvery new release.

WS2.5 BHINDER, M. A., RAHMATI, M. T., AGGIDIS, G. A., CHAPLIN, R. V., MINGHAM, C. G. &
CAUSON, D. M. : ANumeri cal and experiment al study
converter i n r eguln@maticamal QonferencemiyCldaraHectnea Rosvear:o |,
Renewable Energy Resources Imp&eapri, Italy, 911 June, 2009.
http://ieeexplore.ieee.org/stamp/stampzp=&arnumber=5211995&isnumber=5211951

This paper describes recent numerical modelling of a new wave energy converter WRASPA (wave
driven, resonant, arcuate action, surging peadeorber). The presented results are based on a range of.
Also the experimantal setup is outlined to illustrate the brief design principles of the device. A
comparison of experimental and numerical results is performed as part of the validation process. The
interaction of waves with WRASPA device has been simulated using a comheede flow3D as one

of the primary objectives of this project. The ability of the method to compute a range of linear waves and
coupled motion of the device is discussed. The code's ability to deal with wave propagation and
interaction with rigid moing structures is evaluated.

WS2.6 AGGIDIS, G. A. AfThe Lancaster marine energy resecé
Ocean Energy Symposium 2009 in Cliina Invited Paper, International Ocean Energy
Symposium 2009 (IOEZ)09) Harbin, China, 1-18 Septeber 2009.
http://derc.hrbeu.edu.cn/%E6%96%B0%E8%8B%B1%E6%96%87%E4%BCY%IA%ESYAEYAEYEIY
80%9A%E7%9F%AS5.htm

At Lancaster University, research on Marine Energy and Wave Energy Converters (WECSs) began in 1974
and is continuing today. A number of devices wesaceived and studied, while generic research was
carried out into the theory of WECs and their systematic design. Lancaster University Renewable Energy
Group has a track record of internationally recognised research with the associated abilities to
collabaating widely, both externally and internally having experience and expertise in formulating and
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use of hydrodynamic modelling as a way of predicting the performance of wave energy converters,
control, and the fundamental science of wave energy captyseibiyabsorber converters, supported by
both numerical modelling and experimental work in the state of the art wave tank.

Tidal stream energy and wave energy taken together could in principle meet approxim&@¥s b5

UK electricity demand. Research lzancaster is concentrating on a niche area of-lifiglertical axis

tidal stream devices for tidal stream energy generation able to operate and capture power efficiently on
shallow estuarine environments. The group is also involved with tidal streamotegies for the North

West tidal energy projects and the EPSRC SuperGen Marine generic research. The UK's outstanding tidal
resources could provide at least 10% of the country's electricity through a combination of technologies. A
Severn barrage alonewd potentially supply up to 5%, while the North West coast line region could
provide up to another 5%. Since the summer of 2006 the group has been actively involved with the North
West tidal projects from the Mesrey to the South up to the Solway indhk 8eveloping and occupying

the founding chair of the North West Tidal Energy Group. Currently the group is involved with the
collaborative feasibility study into producing tidal energy in the Solway Firth between England and
Scotland.

WS2.7 STABLES, M. A., AGGIDIS, G., TAYLOR, C. J., CROSS P. & GUNN, K: Lirfear Control of a
Nonlinear Power Tak®f f Simul ati on for Wav e Ener gy C
International Ocean Energy Symposium 2009 (1€2B89) Harbin, China, 1-48 September
20009.http://cpfdcnki.com.cn/Article/CPEDTOTAEZJHY200909001013.htm

This article discusses a control strategy for optimal energy capture in irregullar seas by focusing on
control of the power take off (PTO) element of a point absorber wave energy converter. The rgsearch i
based on a nonlinear simulation of a PTO hydraulic circuit, in which the piston velocity and generator
torgqgue act as O6disturbanceé and control actuato
output variable under control. The piston @ity is generated by a hydrodynamic simulation model of a
heaving buoy, acting with one degree of freedom, that reacts to both the damping force from the PTO
simulation and the irregular sea wave profile. The damping force set point will be obtainednfrom a
associated power capture optimisation module and may be time varying. However, it is clear that such an
adaptive tuning system al-beveaele@ucoprsr &ili gbhf pehéo
order to fully realise the benefits of optimisat In this regard, the present article illustrates use of the
ProportionalintegratPlus (PIP) control methodology applied to the PTO simulation. In their simplest
linear form, such PIP controllers do not account for the interconnected system variaitiesied above.

For this reason, theifoewandoidapéadenabeifdems oOf ¢
which the piston velocity is appended to aimomimal state space representation of the system.

WS2.8 BHINDER, M. A., RAHMATI, M. T., AGGIDIS, G. A., CHAPLIN, R. V., MINGHAM, C. G. &
CAUSON, D. M. : ANumeri cal and experimental &H ow al
European Wave and Tidal Energy Conferentippsala, Sweden,-70 September 2009.
http://www.ewtec2009.se/

This study pesents numerical modelling of a WEC (wave energy converter) along with some details of
the experimental setup. Issues related to the numerical modelling of the single DOF¢fiégregom)
motion of a surging point absorber WEC are outlined and a cosopawith experimental data is
presented. A commercial CFD code FIi8D is used for numerical modelling and the ability of the code

to simulate free surface linear waves and wave structure interaction is evaluated.

The work is aimed at simulating a surgiwgve energy converter to achieve an optimized shape and to
predict output power at a higher or full scale. The findings of this study may also serve as a reference
point for the use of a commercial code such as fbBwor the simulation of such problems.

WS2.9 MCcCCABE, A. P.,AGaGIDIS, G. A. & WIDDEN, M. B. : AA pilot study in
shape of a wave ener gy &ioHurlopeantWave and YidabEmergy t i C
ConferenceUppsala, Sweden;I0 September 2008ttp://www.ewtec2009ed
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This pilot study forms part of the optimization of the shape of a wave energy collector to improve energy
extraction using generic algorithms. Two main types of generic algorithms exist, differentiated by the use
of binary or real numbers as object clistors. The study is intended to ascertain if one type is more
suites to the specific problem by comparing the performance of two algorithms. The algorithms optimize
the shape of a bisymmetric wave energy collector moving in two degrees of freedoma(siliqgech).

The collector is described by ruled surfaces in one quadrant, defined by the positions of seven vortices.
The cost function is based upon a fiostler model of the system, with the collector optimally tuned to a
number of incident regular was with a generalised occurrence distribution. High velocities and large
collector volumes are penalized. An assessment of the performance of the two algorithms is made,
looking at the improvement in value and change in diversity of the respective pmpail@ticomparison

is also made of the computational requirements of the different parts of the optimization process.

WS2.10 WINCHESTER J.D. & QUAYLE, S.A Torgqgue ripple and variabl e ©b
Darrieus and Gorlogtyle turbines for tidal stem ener gy , 8 &uropean Waveand
Tidal Energy Conferencélppsala, SwedergeptembeR009 http://www.ewtec2009.se/

There are two main types of lift driven vertical akisbine which can be used for capturing energy from

tidal streamsThesear e t he stDari rgihd asotl yapdeeed el i ¢ atl Y pye 6s.h aTphee
Darrieustype turbine can suffer from vibrations in thleaft due to torque variations, knownfésrque

r i p pGoreetype turbines ought to reduce this probleat suffe from variations in force distribution
alongthe length of turbine blade. The double multiple streamtubdel (a blade element momentum
model), withthe GormontBerg adaptation for dynamic stall, is udedanalyse the blade forces and shaft
torques. Theesultsshow the extent to which torque ripple or varidblede force is effected by various

other design choicesuch as blade thickness, blade camber or turbine solkfibyn these some of the
requisite turbine characteristiage derived.

WS2.11 McCaBE, A. P. & AGGIDIS, G. A. : AThe optimization of the f¢
usi ng genet Indgteddor gblicaiion byndsean PresBeijing, China, September
20009.http://isbndb.com/d/publisher/china_ocean_press.html

This paper describehé initial studies carried out in a research programme looking into the optimization

of the shape of a wave energy collector using a genetic algorithm. The aim is a systematic approach to the
optimisation of collector form for a series of generic deviess#gs. The form of the active surface will be
allowed to evolve using genetic algorithms in order to find the optimal design parameters. Optimal
collector forms will improve energy capture rates and inform the design of the next generation of wave
energy onverters. The research seeks to determine the existence, or otherwise, of optimal designs for the
physical form of a wave energy collector, in terms of its response. To do so requires the definition of the
constraints and parameters needed to formulatgitable cost function for systematic optimization. In
addition, can such designs be found using genetic algorithms, with a combination of numerical modelling
and laboratory experimentation?

WS2.12 McCABE, A. P.& AGGIDIS, G. A. : AOpti mum Me anPotoAserber \Wave p u t
Energy Convert er Proceedihgs of évpahE Rart A:\lkzumna of ®qwer and
Energy, vol223, issue A7, (2009), pp. A731.http://pia.sagepub.com/

This article presents an assessment of the optimum mean power outqdiafabsorber wave energy
converter (PAWEC) in irregular wave climates. A fiostler method is used to calculate the mean power
spectrum of the device in waves of dissimilar spectra. JONSWAP spectra with different peak
enhancement parameters are useshtaw the effect of energy concentration within the wave spectrum on
the device mean power spectrum. A comparison of the optimum mean power output of a PAWEC in an
irregular wave climate with that in an enemggyuivalent regular wave climate is made tovshbe
influence of the combination of wave spectrum and power output characteristics on the former. The
principle is demonstrated by results obtained with the simulation of a PAWEC collector. An evaluation is
made of the difference between the optimum npamer output of the device and the mean power output
achieved using a simple, standard control method. The resulting difference in energy output with
measured data from a possible site is also assessed. The implications of the results on the appraisal of
device performance are considered.
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WS2.13 MCcCABE, A. P.,AGGIDIS, G.A. & WIDDEN,M.B.:A1 Opt i mi zi ng t handpgchape a
wave energy col |l ect or Remewabledneryy, \gorumes 35, lssue d2, go r
December 2010, Pages 278775, ISSN 0960481, DOI: 10.1016/j.renene.2010.04.029.
http://www.sciencedirect.com/science/article/pii/S0960148110001965

This study forms part of research into the optimization of the shape of a wave energy collector to improve
energy extraction using genetic algbnits. The wave energy collector geometry uses a parametric
description based upon-bibic B-spline surfaces, generated from a relatively small humber of control
points to reduce the dimensionality of the search space. The collector shapes that aredopéineze
either one or two planes of symmetry. An elementary cost function is used to determine the performance
of each candidate solution. The collectors move in two degrees of freedomédrthgiech), and are
optimally tuned to absorb the greatest pofwem a number of incident regular waves, the results being
weighted according to a generalized occurrence distribution. High velocities and large collector volumes
are penalized. A benchmark collector shape, against which the optimized shapes are cdmpared,
identified. The overall optimization strategy entails performing repeated runs of the algorithm for a fixed
number of generations, then restarting the optimization with the run that produces the best result. An
appraisal of the results is made, lookagthe performance of all the shapes assessed as well as those
deemed the best.

WS2.14 McCABE, A. P., AGGIDIS, G. A. & WIDDEN, M. B. iThe ef fect of wave
optimization of the shape of a 9h&wapearWar gy c
and Tidal Energy Conference59 September; Southampton, UK, September 2011.
http://www.ewtec.org/

Wave energy extraction requires the conversion of the energy within the waves to drive the power take
off system, often by means of a principal interfaoe,collector. This paper describes part of the
development of a robust systematic method of optimizimg collector shape to improve energy
extraction. In this study, the collector geometry uses a parametric description based-cytoin B

spline surfaes, generated from a relatively small number of control points to reduce the dimensionality of
the search space. The collector shapes that are optimized have one plane of symmetry and move in one
degree of freedom (surge). The cost function used to dekerthe performance of each candidate
solution estimates the annual energy production in two wave climates, based upon data from sites in the
north-east Atlantic Ocean and the central North Sea. A control algorithm is used to keep the collector
displacemen and power delivery within stipulated limits. The overall optimization strategy entails
performing repeated runs of the algorithm for a fixed number of generations, then selecting the best
overall result. The shapes obtained for each wave climate arepsip terms of size and performance

and marked differences are observed in each case.

WS2.15 WINCHESTER J.D. L., MCCABE, A. P.& AGGIDIS, G. A.: AiCFD Analysis of a MultiAxis Wave
Energy Converter with Novel Geomedr@th European Wave and Tidal Ener@gnference5s-
9 SeptemberSouthampton, UK, September 20hftp://www.ewtec.org/

This study forms part of research into the optimisation of wave energy collector shape to improve energy
extraction. A novel shape was devised using a genetic algorithna gralential flow solver. Three
dimensional Reynolddveraged NaviefStokes (RANS) was then used to analyse the performance of the
shape when allowed muttixis mobility in a regular sea. After verification, the RANS solver enabled the
capabilities and limations of potential flow theory to be explored and provided scope for a more
sophisticated optimisation procedure to be undertaken.

WS2.16 HILLMANN, M., LI, M. & QUAYLE S. fiNumerical Investigation of a Novel Breakwater
Combining Coastal Defence and Energy Gatien in the Near Shore Environmén®th
European Wave and Tidal Energy Conferers® SeptemberSouthampton, UK, September
2011.http://www.ewtec.org/

A new numerical model was developed to study surface waves interacting with a novel design of
breakvater in combinations of energy generation and coastal defence. Preliminary model results suggest
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complex flow structures around the breakwater considerably influences energy generation. Further
detailed analysis of model results and comparisons withdstgrtests need to be carried out to optimise
design of the structure.

WS2.17 GUNN, K., TAYLOR, C. J.& LINGwOOD, C.: iAn Independent Validation of the Optimality of
Latching and Delutching Control by Evolutionaty 9th European Wave and Tidal Energy
Conferere 5-9 SeptemberSouthampton, UK, September 20hfp://www.ewtec.org/

Latching and delutching have been proposed foontrolling Wave Energy Converters (WEC), for
waves of periochigher and lower than the natural period of the WEC, respectikdidyorically, the
selection of these control strategies Wwased on the a priori assumption of the need to match the phase
of motion of the WEC collector to the incident wave force, amdinimise the applied forcet this
paper, a standard tirdomain malel of a WEC is controlledy timevarying damping (representing
power extractethy a generator). By the application of a novel evolutionary algordthdnartificial neural
networks, the time varying damping optimised to maximise the mean power extoacin a varietyof

sea states, including both monochromatic and polychrortatschneiderseas. This method can be
used to optimise angontrol strategyThe resulting timevarying damping coefficients suggest thiag
resultant generic control strategn fact represents thepecific cases of latching and -deitching.
Furthermore, it isuggested that both of these strategies are required in combimatibsea states for
optimum power extractionThese results are achieved with no a priori assiomptegardinghe nature

of optimum control (with regard to forces appliefdohase of motion) and thus represent an independent,
implicit validation of the latching and dgutching control strategies.

Accepted and/or In Press
WS2.18 WHITTAKER, T. & FOLLEY, M.: fiNearshore Oscillating Wave Surge Converters and the

Dev el op me n tPhilosbphi€alyTsahsactionsdof the Royal Society A, In press
http://rsta.royalsocietypublishing.org/

Oscillating Wave Surge Converters (OWSCs) are a class of wave poweolteghthat exploits the
enhanced horizontal fluid particle movement of waves in the nearshore coastal zone with water depths of
10 to 20 metres. OWSCs predominantly oscillate horizontally in surge as opposed to the majority of wave
devices, which oscillateertically in heave and usually deployed in deeper water. The characteristics of
the nearshore wave resource are described along with the hydrodynamics of OWSCs. The variables in the
OWSC design space are discussed along with a presentation of somie effékats on capture width,
frequency bandwidth response and power take off characteristics. There are notable differences between
the OWSCs under development and these are highlighted.

The final section of t he paper sted ® pratotypebvehich wag u a me
deployed at the European Marine Energy Centre in August 2009. Its place in the OWSC design space is
described along with the practical experience gained. This has lead to the design of Oyster 2 which is
currently under developme

It is concluded that nearshore OWSCs are serious contenders in the mix of wave power technologies. The
nearshore has a narrower directional spread than offshore, the largest waves are filtered out and the
exploitable resource is typically only 10%26% less in 10m depth compared to 50m depth. Regarding

the devices, a key conclusion is that OWSCs such as Oyster primarily respond in the working frequency
range to the horizontal fluid acceleration; Oyster is not a drag device responding to horizahtal fl
velocity. The hydrodynamics of Oyster is dominated by inertia with added inertia being a very significant
contributor. It is unlikely that individual flap modules will exceed 1MW in installed capacity due to wave
resource, hydrodynamic and economiagtoaints. Generating stations will be made up of line arrays of
flaps with communal secondary power conversion every 5 to 1Q units
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WORKSTREAM 3 - Combined wave and tidal effects

WS3.1 BRYDEN, |.G., COUCHS.J.,OWEN, A. & MELVILLE,G..A Ti d all CauceAs 3te sReme nt O
Proc IMechE Part A: J.Power and By, Volume 221, Number 2 / 2008125154, ISSN
09576509

http://www.see.ed.ac.uk/~ibrydenl/REE/2007%20material/Tidal%20Power%2814
207%29/methodology%20for%20tidal%20current%20resource%20assagxifien

This paper outlines present thinking on the determination of accessible tidal cesentces within
channels and other potentially exploitable locations. The fundamanrnaiples behind tides and tidal
currents are briefly discussed and theliogtions of temporaind spatial variations on the evaluation of
the resources considered in the context of artifierargy exploitation. The thinking behind the flux
approach to resource estimation is presentatian example based on the Pentlandh Friconsidered.
The impact of energy extraction ¢ime flow patterns is considered in both one and two dimensions and
the principles required fahreedimensional analyses are presented in a generic form.

WS3.2 BRYDEN, |.G.: "The Marine Energy Resource Cométts and OpportunitiesProc ICivE
Maritime Engineering, 159 issue MAR006), pp 55 to 65JSSN: 17417597
http://www.icevirtuallibrary.com/content/article/10.1680/maen.2006.159.2.55

The British Isles are blessed with highly energetic coastal watdtish offer opportunities for the
exploitation of waves and tides for the generation of electricity. This paper looks at prospects for, and
constraints upon, the lotgrm economic development of the wave and tidal resources. Technology
already exists wich is capable of the effective harnessing of marine resources. Proponents have
estimated that up to 40% of the UK electricity supply could, eventually, come from wave and tidal
sources. More conservative estimates suggest that the potential is somevdrathlowthis but still
substantial. The wave resource is recognised as being the larger but the tides do offer some very real
advantages. Specifically, they are predictable, as they are driven by regular astronomic mechanisms. In
addition, the energy fludensity in many of the most attractive sites is formidable, offering the prospect

of largescale generation with relatively compact technology. Developers of both wave and tidal
technology share economic as well as technical challenges and these mwstbmenf new industries

are to be established. The solutions require effort by scientists, engineers and, crucially, politicians.

WS3.3 SuN, X., & BRYDEN, I.G. : ASuperGen Marine: Accelerator for UK Marine Renewable Energy
Research (in Chinesig)New Energy Sarces , August 2008, 4, August 2008SN16741
5292/CN211
http://en.cnki.com.cn/Article en/CIFDTOTANCNY200804031.htm

There are rich marine resources in the UK, because of its unique geographic characteristics. The UK
government is taking the lead inetldevelopment and utilization of tidal and wave energy in order to
reduce its dependence on traditional fossil fuels, to create a diversified energy matrix and to cut carbon
dioxide emissions. "SuperGen Marine" is an ongoing research programme supportd bK
government and it aims to increase scientific understanding of marine renewable resources and reduce the
risk in marine energy development. This programme brings together leading academic and industry
experts and covers all the key areas of eneogwersions, delivery and storage. Many fruitful outcomes

have been achieved. Undoubtly, its research models and methods would be the valuable references for the
marine renewable energy studies being carried out in our country.

WS3.4 SUN, X., BRYDEN, I.G., JEFFREY, H., & FOREHAND, D. : fiAn Experimental Survey in the Wake
of a Simulated Ti Jardal ofCMarirme eEngineerihg andd iTecknolqgy,
ProcIMarEST, No A12, September 2008, 13 td23N 1471548
http://www.imarest.org/Publications/TechnicalPeedings/JMET .aspx

This paper presents two experimental test programmes, conducted in a water flow channel and a tow tank
respectively, and devised to investigate the wake behind a simulated horizontal axis tidal current turbine,
Both sets of experimentagsults have identified the wake as having a Gaudigarshape and the wake
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deficit recovering gradually with distance downstream. Also, although it is not directly representative of
real operating conditions, the appropriateness of a towing lankdandidel tidal current turbine testing
has been supported, by having obtained compatible force and wake profiles in the two test programmes

WS3.5 IYER, A., HARRISON, G., WALLACE, A. R. & CoucH, S.J. : AAnal ysis and com
datasets for resource assame nt and net wdth kternatomble Universitigs'o
Power Engineering Conference (UPEC 2Q08)asgow, Scotland, UK -4 September 2009.
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5429399

The tidal resource is highly spatially ateanporally variable. For tidal current energy to be economically
exploited, certain conditions need to be fulfilled. Foremost, the strength of the resource needs to be
quantified. This paper will build on and expand simplified analysis methods so faeddopregional

and national scale resource assessments. High quality data collection for interesting sites is highly
desirable but very expensive. Existing publicly available datasets have therefore typically been used to
examine the resource. A methoolgy is needed to combine all of the available datasets to produce an
improved resource assessment methodology.

WS3.6 IYER, A., COUCH, S. J.,HARRISON, G. & WALLACE, A. R. : AAnal ysis and conm
d at a 8tk Eusopean Wave and Tidal Energy Confeeetdppsala, Sweden;10 September
2009.http://www.ewtec2009.se/

Tidal resources are highly variable, spatially and temporally. For tidal current energy to be economically
exploited, certain conditions need to be fulfilled. Principally the strengtheofdbource needs to be
quantified before it can be effectively utilised. This paper will build on and expand the simplified tidal
analysis methods adopted in 1 and other simplified regional and national scale resource assessments. High
quality data colledbn for interesting sites is highly desirable but expensive, difficult to extrapolate over a
larger area, and hence unsuitable for national scale resource analysis. Existing publicly available datasets
have so far typically been used to examine the resoéranethodology to combine all of the available
datasets to produce an improved resource assessment methodology is desirable. Combining datasets will
only be suitable if there is good correlation and consistency between them. The suitability of combining
three UK wide datasets will be examined in this analysis. The data sources considered are: UK Moored
Current Meter Data, UK Hydrographic Office publications, and the DTI Atlas of UK Marine Renewable
Energy Resource. The datasets do not generally coinuédialty or temporally. Analysis to enable direct
comparison of these datasets for a case study region will be presented. This will inform whether the
methodology of analysis and combining of datasets has potential for application at larger scales. If with
additional processing, datasets can be combined, considerable improvement will potentially be realised in
analysing the UK tidal energy resource. Future work is intended to combine outputs from this research
with similar datasets for other intermittenhesvable resources in order to examine their combined output

and their potential integration into the existing electrical network infrastructure.

WS3.7 EL-GEZzIRY, T.M. & BRYDEN, |.G.: AThe Circulation Pattern in
for modeller conside a t i Jounnal,of Operational Oceanography,olume 3Number 2,
August 2010, pp. 396(8), IMarEst ISSN1755778http://www.imarest.org/Home.aspx

The Mediterranean Sea is one of the most thoroughly studied water bodies in the world. Its location and
geopolitical importance since before the rise of the Roman Empire has stimulated study since the early
eras of human civilisation. More recently, the Sea, like many of the world's oceans, has attracted the
attention of engineers considering the extractiorenéwable energy. This paper outlines the complexity

of the domains which underpinning modelling must consider.

The Mediterranean Sea is a sarfased water body connected to the Atlantic Ocean through the Strait of
Gibraltar in its far western extremity'he main basin is divided into two principal sedisins, which
together cover a surface area of 2.5 x 106 km2, with a maximum measured depth of 5.1km. The Sea is
characterised by its three distinct water masses: surface, intermediate and deep. Thebe wdwae
Mediterranean basin and circulate independently. The general circulation pattern of the Sea has its own
features and characteristics, which are described in this paper, drawing upon published research results.
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WS3.8 BRYDEN, |.G.: AThe Sevaenrdn WBaavrer aagned Ti dal C Emergye n t E
Focus Vol 26 No 3 December 2009SN: 0265 1734http://www.pges.org.uk/

WS3.9 EL-GEzIRY, T. M., BRYDEN, I. G. & CoOuCH, S.J. : AEnvironment al i mpact
energy schemes: an exemplar case csly of t he St doarnal of MérineMe s s i
Engineering and Technology (Proceedings of IMarEST Part A), issue 13, (2009),igg. 39
http://www.imarest.org/

Tidal currents and ranges in the Mediterranean basin are generally low from a tidal engpggtpe.

The narrows through the Strait of Messina are an exception, exhibiting intensive tidal currents that have
the potential for the economic exploitation. Maximum current velocities at spring peak tides through the
Strait vary between 1.8m/s to mdrean 3m/s. Selection of suitable locations for tidal energy extraction

for the exploitation of these natural tidal phenomenon is not, however, a simple process. Constraints must
be satisfied, subject to basic criteria dependent upon local factors, taphtiatitation and economic
consideration. In addition, the impact of large scale extraction on the underlying hydrodynamics,
environment and ecology within the Strait has to be assessed and evaluated. This paperbasedesk
case study to show how adi resource may be environmentally assessed for energy extraction, using the
Strait of Messina as an exemplar case

WS3.10 RADTKE, J.,DENT, C.J.& CoucH,S.J..iCapaci ty Value of Thealt ge Ti d
International Conference on Probabilistic Metlsoépplied to Power Systems, PMAPS 2010,
June 2010, Singapore, pp. 33B6.
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5528894

This paper presents the first detailed capacity value calculation for tidal barrage generation, based on
modellingof operational modes for the proposeG®/ Severn Barrage scheme in Great Britain. The key
finding is that the effective load carrying capability is very low as a percentage of installed capacity (less
than 10% for the example presented here). This is beazfithe high probability of having zero available
output at time of peak demand, if peak demand occurs on the wrong part of the tidal cycle; this result may
be explained transparently using a simple-state model of the barrage. The prospects for imgjld
probabilistic model of tidal barrage availability are also discussed.

WS3.11 FINLAY,, L., INGRAM, D. M. & CoucH,S.J.A Numer i c al model |l ing of ti
to the presence ofProa CdastlabalD28tle Septemiper 1sb @tobera g e 0 ,
2010, Barcelona, Spaihttp://www.coastlab10.com/

A tidal energy barrage has been proposed for the Severn Estuary in the South East of England, and
despite recent government announcements that financial support for this project will not be felynedia
forthcoming, it is recognised that this is still an important project if the UK intends to meet its 2020
carbon reduction targets. The Severn Estuary has one of the highest tidal ranges in the world and being a
resonant system helps to increase ftiigl range. However, this paper examines weather the construction

of a tidal energy barrage acts to reduce tidal resonance within this estuary. A simple finite difference
model is used to simulate various estuary scenarios and barrage placements mn sedraw channel

slope and barrage position affects resonance; Preliminary results indicate that tidal amplitude is reduced
with the construction of a barrage with a greater decrease in amplitude with the construction of the larger
sized barrages.

WS3.12 CoucH, S. J. & JEFFREY, H. F.: i Tal current energy: Further development of protocols for
equitable testing of device performaacmternational Conference on Ocean EneiigyCOE
2010, Bilbao, Spairhttp://www.icoe2010bilbao.com/ing/index.aspx

Harnessing antarvesting of sustainable energy resources is a cornerstone endeavour of the 21st Century.
These actions are necessary to address climate change issues and enhance national energy supply securit
Multiple technologies for the exploitation of tidal curremergy are at various stages of the Research,
Development, Demonstration and Deployment pathway. These technologies are designed to capture
kinetic energy in vigorous tidal flow regimes and convert this energy into electricity. Accurate monitoring

and asessment of performance characteristics of the devices under development is necessary to assist in
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design progression and proving, and ultimately to enable differentiation between the various devices
developed by proponents. This paper details the develafpamd continuing evolution of one approach to
the equitable performance assessment ofapithected tidal current energy technologies.

WS3.13 IYER, A. S.,CoucH, S.J.,WALLACE, A. R.& HARRISON,G.P..i Devel opi ng Met hod
Quantifying the ImpactoT i d a | Current BndtergationaV/@onferendeion i t y O
Ocean Energy ICOE 2010, Bilbao, Spaittp://www.icoe2010bilbao.com/ing/index.aspx

This paper presents research being undertaken as part of the EPSRC Supergen FlexNet consortium to
analse the spatial and temporal behaviour of tidal current resources. The study explores the availability
of tidal current energy at a particular location and examines its timing with respect to electricity demand.
Actual performance data from a

tidal deviceis not available; therefore a representative hypothetical device is used to simulate electrical
generation output from the available tidal resource. The variability of the power generated is compared
with realistic demand data and the level of perturbatioralculated. As the study only considers
generation output at one location, the importance of aggregation is highlighted. Two scenarios are
presented; 10% and 20% penetration of tidal current energy generation in a small network with variability
characgristics similar to the UK system demand. Increasing penetration leads to larger power excursions
in the system due to the addition of variable generation.

WS3.14 FINLAY, L., INGRAM,D.M. & CoucH,S.J.i The response of tidal res
abar age using a two di mérdistermatiormal Confetente oniCreath mo
Energyi ICOE 2010, Bilbao, Spaitttp://www.icoe2010bilbao.com/ing/index.aspx

Tidal energy barrages are an established but controversial option for harnessing thaeddevghin the

rise and fall of the tide. Despite public and political objections, a tidal barrage has long been proposed for
the Severn Estuary, UK. In order to ascertain the impact such a structure may potentially have on tidal
resonance in the regipa simple twedimensional model has been employed to simulate tidal flows
through a series of estuary scenarios with a variety of domain geometries and bathymetric conditions.
This paper will present modelling results which discuss how tidal resonasiberéd by various channel
characteristics, with/without barrage scenarios and various barrage locations within the Severn Estuary /
Bristol Channel.

WS3.15 EASTON, M. C.,WOoOLF, D. K. & PANS, S.:fiAn operational hydrodynamic model of a key tidal
energy site: Iner Sound of Stroma, Pentland Firth (Scotland, &JI3rd International
Conference on Ocean EnergyCOE 2010, Bilbao, Spain.
http://www.icoe2010bilbao.com/ing/index.aspx

As a result of significant progress towards the delivery of -8tt&lam power thendustry is moving

swiftly towards the deployment of precommercial arrays. Meanwhile important sites, such as the Pentland
Firth, are being made available for development. It is now crucial that we consider how the installation of
tidal-stream devices wilinteract with their host environment. Surveying and modelling of the marine
system prior to development is a prerequisite to identifying any significant changes associated with tidal
energy deployment.

Faced with these challenges, this work focuses ondhstruction of a higiesolution operational model

of the Inner Sound of Stroma, Pentland Firth. Detailed in situ measurements from the Inner Sound are
used to ensure that the model can accurately simulate its true dynamics. The model is subsequently
modfied to simulate an idealised tidal energy fence. Results reveal a significant power potential from the
Inner Sound, but with a caveat of severe alterations to the natural tidal currents. However, tidal current
changes are less severe when considering modest levels of power extraction.

WS3.16 NEILL, S.P.,LITT,E.J.,COUCH, S.J.& DAVIES,A.G..AiThe i mpact of ti dal
larges c al e s e di meenewaldeyBEnergy,i Volanae, 34, Issue 12, December 2009,
Pages 2802812, ISSN 0960481,DOI: 10.1016/j.renene.2009.06.015.
http://www.sciencedirect.com/science/article/pii/S0960148109002882
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Tidal stream turbines are exploited in regions of high tidal currents. Such energy extraction will alter the
hydrodynamics of a tidal region, analogousnoreasing the bed friction in the region of extraction. In
addition, this study demonstrates that energy extracted with respect to tidal asymmetries due to
interactions between quarter (M4) and seliarnal (M2) currents will have important implicationar f
large-scale sediment dynamics. Model simulations show that energy extracted from regions of strong tidal
asymmetry will have a much more pronounced effect on sediment dynamics than energy extracted from
regions of tidal symmetry. The results show thargy extracted from regions of strong tidal asymmetry

led to a 20% increase in the magnitude of bed level change averaged over the length of a large estuarine
system, compared with energy extracted from regions of tidal symmetry. However, regardless of th
location of a tidal stream farm within a tidal system, energy extraction reduces the overall magnitude of
bed level change in comparison with rextraction cases. This has practical application to many areas
surrounding the UK, including the Irish Seadathe Bristol Channel, that exhibit strong tidal currents
suitable for exploitation of the tidal stream resource, but where large variations in tidal asymmetry occur

WS3.17 HARRISON, M. E.,BATTEN, W. M. J.,MYERS, L. E.& BAHAJ,A.S..i Compari son bet wi
simulations and experiments for predil€Eing t
Renewable Power Generation, vol. 4, issue 6, (2010), pjy6€Z3
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5621011

The actuator disc is a usefulethod for parameterising a tidal stream turbine in a solution of the
Reynoldsaveraged NaviéStokes equations. An actuator disc is a region where similar forces are applied
to aflow as would be imposed by a turbine. It is useful where lacgde flow claracteristics are of
interest, suchas the far wake, free surface effects, or installation of fwrbline arrays. This study
compares theharacteristics of the wake of an actuator disc, modelled using a steady solution to the
ReynoldsaveragedNaviefi Stokes (RANS) simulated equations, with tkiey shear stress transport
(SST) turbulence model, ®xperimental data measured behind discs of various porosities. The results
show that the wake of trexperimental and modelled discs has similar characteristics; in both model and
experiment, velocity ithe near wake decreased as thrust coefficient increased. However, the near wake
region in the experiment wahorter than simulated in the model because of near wake turbulence. This,
combined with lower ambiernturbulence levels in the model, meant tte tar wake recovered further
downstream, while showing similaxerall trends in velocity and turbulence intensity.

WS3.18 NEILL, S. P.,JORDAN, J.R. & CoucH, S.J..Al mpact of tidal stream
d y n a miProcedatling ofWorld Renewable Energgongress(WREQ, 8-13 May 2011,
Swedenhttp://pages.bangor.ac.uk/~ucsa03/documents/WREC2011.pdf

Previous results from ordimensional model studies have demonstrated that-targje exploitatiorof

the tidal stream resource could have a significant @npa largescale sediment dynamics. In this
researchwe model the impact which such exploitation would have on the dynamics of offshore sand
banks. Such banksave an important role in natural coastal protection, since they cause waves to refract
and indice wave breakingAs a case study, we examine the Alderney Race, a strait of water between the
island of Alderney (Channelslands) and Cap de la Hague (France). A morphological model is
developed, incorporating tidal energynverter (TEC) device operati as a momentum sink in the three
dimensional hydrodynamic module. Througlseries of model experiments, we demonstrate the impact
which a fullscale (300 MW) TEC array would hawa sediment dynamics when sited in the vicinity of
headlands and islands.is important to understand théspect of the environmental impact of fsitlale

TEC operation, since headland and island sand banks coroprisadily mobile sediment grain sizes.
Therefore, small changes to the tidal regime can have a large effém @sidual sediment transport
pathways, and hence sand bank evolution, over the life cycle of a TEC device.

WS3.19 STIVEN, T., COUCH, S.J.& IYER A. S: fiAssessing the impact of ADCP resolution and sampling
rate of tidal curr enlEEEOESr @ e@mma j0 d Ganghden,d @ m @ n
6- 11 June, Spain 201kttp://www.oceansllieeesantander.org/

This research examines the impact of accuracy in tidal current energy resource assessment on the likely
economics of a tidal array project, ultimatelstimating the impact of resource uncertainty on overall
lifetime project economics. The analysis utilises field data gathered at 3 key locations at the European
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Marine Energy Centre (EMEC) tidal teste in the Fall of Warness, Orkney. Data analysis tectes
appropriate for application to tidal current energy projects are presented and the results obtained
interpreted. The widely adopted Matlab code t_tide is then used to conduct harmonic analysis of the tidal
current velocity data records. The adjac®BICP records enable analysis of the spatial variability of the

tidal resource at the EMEC site. Electricity generation potential and project revenue estimates are
generated using simple and clear assumptions regarding typical tidal turbine topologyagridyat.

The impact of resource uncertainty on the prediction of Annual Energy Production (AEP) of the idealised
array is calculated by varying the temporal and spatial resolution of the ADCP data utilised as input to the
analysis, and similarly by usingarious lengths of the measured tidal records. These scenario based
predictions are analysed in a simple financial model to examine the effect resource estimate uncertainty
has on the projected returns on investment. Overall, the results suggest onerglkemion: the range of
impacts on project economics of uncertainties introduced by the resource estimation process warrant
greater investment of time and money by project and technology developers at an early stage of
development.

WS3.20 IYER, A. S., COUCH, S. J., HARRISON, G. P. & WALLACE, A. R.: fiPhasing of Tidal current
energy around the UK and potential contribution to electricity genetafifynceedings of the
9th European Wave and Tidal Energy Conference (EWTEQ)SeptemberSouthampton,
UK. 2011 http://www.ewtec.org/

Tidal current energy has the potential to play a key role in meeting UK renewable energy targets.
Although tides are periodic and predictable, there are times when the current velocity even at high energy
sites is too low for power geraion. However, it has been proposed that a portfolio of diverse sites
located around the UK will deliver firm aggregate output due to the relative phasing of the tidal signal
around the coast. This paper analyses whether firm tidal power is feasiblé Withr s t gener at
current generators suitable for relatively shallow water, high velocity sites. This is achieved through
development of realistic scenarios. Thsgries data for sites identified as high energy are obtained using

a combination ofaurces for the year 2009. Scenarios incorporate constraints relating to assessment of the
economically harvestable resource, tidal technology potential and practical limits to energy extraction
dictated by environmental response. Spatial availability qfrawiate bathymetric conditions are
assessed which provides an additional limit on the energy harvesting potential. Finally, the variability of
power generation from tidal current energy is compared with the existing variability of UK electricity
demand ging National Grid data.

WS3.21 BUCHER R.,& CoucH, S.J.: fiAdjusting the financial risk of tidal current projectsdgtimising
the 'installed capacity/capacity factoatio already during the feasibility stagyd’roceedings of
the 9th European Wave and Tidgnergy Conference (EWTE®,9 SeptemberSouthampton,
UK. 2011 http://www.ewtec.org/

For the sustainable exploitation of ntvaditional energy resources innovative project assessment
concepts and thapplication of latest technology are required. Du¢he complex marine environment,

the conceptual design of commeresahle tidal arrays represents a challenging task. To prepare for
factbased investment decisions, the representation of the marine area in a numerical flow model and
capacious computerinsulations optimising the scheme layout are required. The differing risk/chance
preferences and financial capabilities of potential investors can be taken into account by the examination
of the 'installed capacity/capacity factmtio. The projecspecific adaptation of the tidal array layout
concept and the determination of beneficial system arrangements will support the effective realization of
future marine energy projects.

WS3.22 NEILL, S.P.,& CoucH, S. J.: ilmpact of Tidal Energy Converter (TEC) Array @ption on
Sediment Dynamics Proceedings of the 9th European Wave and Tidal Energy Conference
(EWTEC) ,5-9 SeptemberSouthampton, UK. 2014ttp://www.ewtec.org/

Largescale exploitation of the tidal stream resource is likely to alter the regionaldyy@mics, but for
practical extraction scenarios this effect is generally considered to be very small. However, since
sediment transport is proportional to the cube of velocity, relatively small changes in the tidal currents
could translate into large chges in the sediment dynamics. Here, we investigate this effect in relation to
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