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1 Introduction

The Engineering and Physical Sciences Researchdlq&@®PSRC) Sustainable Power Generation and
Supply (SuperGen) programme is the flagship rekeaniiative shaping the future of the United
Kingdom'’s energy landscape. The first of a totall8f consortia were launched in October 2003. The
mission of these consortia is to establish a platffor the development of new and improved devioes
efficient and sustainable power generation and Igupphe research of the Marine Energy Consortium
focuses on the potential for future exploitatiortloé marine energy resource. SuperGen Marine Phase
(October 2003 — September 2007) brought togetrs®areh staff from the Universities of Edinburgh,
Robert Gordon, Lancaster, Heriot-Watt and Stratihely Together they undertook generic research with
the following long-term objectives. To:

1. Increase knowledge and understanding of theetdn of energy from the sea;
2. Reduce risk and uncertainty for stakeholdethéndevelopment and deployment of technology;
3. Enable progression of marine technology andggneto true positions in future energy portfolios

In order to meet these objectives, thirteen rebeaark packages (WPs) were undertaken:
WP1 Appraisal of Energy Resource & Converters: Emnental Interaction
WP2 Development of Methodologies for Device Evabratand Optimisation
WP3 Engineering Guidance
WP4  Offshore Energy Conversion and Power Conditigni
WP5 Chemical Conversion and Storage
WP6  Network Interaction of Marine Energy
WP7 Lifetime Economics
WP8 Moorings and Foundations
WP9 Novel Control Systems for Marine Energy Coreext
WP10 Full-scale Field Validation
WP11 Assessment of Testing Procedures for TidalgbubDevices
WP12 Economic, Environmental and Social Impact eiNMarine Technologies
WP13 Dissemination and Outreach

The Marine consortium secured continuation fundorgPhase 2, supporting a further four years resear
from October 2007, and this now brings togetheff $tam the Universities of Edinburgh, Queens
Belfast, Lancaster, Heriot-Watt and Strathclydehere are ten work streams (WSs), all of which are
scheduled to be completed by October 2011.

WS1 Numerical and physical convergence

WS2 Optimisation of collector form and response

WS3 Combined wave and tidal effects

WS4  Arrays, wakes and near field effects

WS5 Power take-off and conditioning

WS6 Moorings and positioning

WS7 Advanced control of devices and network intégna

WS8 Reliability

WS9 Economic analysis of variability and penetmatio

WS10 Dissemination of results

Two additional programmes have been funded in lgdnaith the core work streams in Phase 2. The firs
is a Doctoral Training Programme providing for e¢ggn PhD studentships across the six named
universities and at an additional six affiliate warsities active in marine renewable research.sSEoend
additional programme is the study of the ecologioaisequences of tidal and wave energy conversion.

The document consists of five sections and cont#inee appendices. Section 2 contains detailed
discussion of Phase 1, spanning the research effidertaken in the first four years of the progranm
The aims of the future research in Phase 2 areemied in section 3. The two additional programmes
associated with Phase 2 are summarised in secti@msl 5. Details of the individuals involved in the
programme, abstracts of the research outputs froimsd® 1 grouped by work package, and then
alphabetically, are contained in the appendices.
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2 SuperGen Marine Phase 1

The original SuperGen Marine consortium partnerseviee Universities of Edinburgh, Robert Gordon,
Lancaster, Heriot-Watt and Strathclyde. The reseprogramme consisted of 13 work packages (WPs).

2.1 Objectives

The overarching aim of the SuperGen Marine Phaggofiramme was to increase knowledge and
understanding of the extraction of energy fromdéa in order to reduce investment risk and unceytai
The support from EPSRC was to pursue generic reisé@nefiting all stakeholders. The aspiratiorhef t
consortium was that through its own efforts andatxration with others it would help to enable mari
energy to occupy a significant position in a futemergy portfolio. The research had the following
objectives. To:

1. Increase knowledge and understanding of thaetitn of energy from the sea;
2. Reduce risk and uncertainty for stakeholdethendevelopment and deployment of technology;
3. Enable progression of marine technology andgsnieto true positions in future energy portfolios

2.2 Work Packages 1-13

There were twelve research work packages with @edrith involving dissemination of results and
outreach to the stakeholders and beneficiaries.

WP1 Appraisal of Energy Resource & Converters: Environment Interaction

The aim of WP1 was to establish and calibrate nuthigiies that allow a greater understanding of the
nature and magnitude of the recoverable, sustareaid deliverable marine energy resources, inajudin
how they respond to energy extraction; the accépthimits to exploitation and the importance of

extreme conditions upon design.

simulate the influence of energy extraction in lard 3 &
dimensions. The codes and their outputs were ataieh =
using published peer-reviewed data and by testmgai
purpose-built “tidal flow table”. A new fundamehta™s
dimensionless parameter was identified which gtiaatthe
sensitivity of tidal sites to energy extractionhi§ work also y;?
now makes it possible to identify the absolute fitnienergy g
extraction for any well defined tidal channel, @mrhs of the
physical parameters that define the physical enuient. §
This enhanced understanding was applied in spetiifad .
case studies to consider the influence of flow Hication on device design. Early principles wesed

by Black and Veitch in the 2004 Carbon Trust funtddl current resource assessment of the UK and by
Electric Power Research Institute in their assesswigthe North American tidal current resourcec&e
findings suggest that the findings of the B&V studgty be conservative.

A wave prediction model was developed and appliedwe!
to seas around the EMEC test site. It was calitrate’....
against buoy data and modified to study energysm
extraction from an array, contributing to work inP@/  esswe]
and WP3 when applied to long-term extreme wave,,,: |
prediction for a tidal site. ss30000

6520000

Bl Above 7.5

Measurements at three locations in Northern Europg...
were analysed to show that waves behaved in groupgm : |
associated with period as well as height. Two new e
parametersR’ and S’ were proposed that express the

rate of change of the period from one wave to the.n This is a significant finding for the desigh
control systems of wave energy devices that willehe tune their response for optimum power output
from series of individual waves. Real seas wemvshto include many small waves with little effect

W[ NN E
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the available power. Based on these findings, timeptexity of the control algorithms and systems may
be reduced significantly provided that they canpada changing primary energy conditions.

The Scottish Executive funded a parallel a
complementary study to determine the ext
of the spatial and temporal match betwe
Scotland’s renewable resources and dem
Wind, wave and tidal current resources w
hindcast at resolutions of 1 km A GIS
database was populated with the long-te
renewable resources, geographical informati
natural and cultural heritage restrictions a
restrictions on land, sea and airspace use.
wind, hourly time series over three years were,
calculated from measurement data using *
industry-leading software. Wave climates,; <~
spectra and directions were calculated as time
series from Met Office data. Tidal rates in
potential areas were obtained from Admiralty chartial stream atlases and measurements takemwithi
the SuperGen programme. Generic models of wingevaad tidal current converters were incorporated
to quantify the resources and to produce power sienees. This has established techniques to deeine
comprehensive geographical and temporal descripgbncombined marine and wind renewable
resources, and datasets of the Scottish potential.

The physical consequences of energy extractionanmeresources are now much more quantifiable|and
resource assessment before and after device dephbycan now be more effectively conducted, based
upon firm scientific principles.

WP2 Development of Methodologies for Device Evaluation and Optimisation

The aim of WP 2 was to develop and advance numenwhphysical methodologies used to model wave
and tidal-current converters. The numerical modedse to be expanded to simulate multi-degree of
freedom devices, extended into the time-domainmaade more accessible to a wider range of modellers.
Tank modelling techniques had to be developed tcentize process faster, more accurate and repeatable
There have been several advances as a resulsafidink.

A new technique was developed using Laplace tramsfado formulate time-domain models of the
response of floating wave energy converters. hais augmented frequency domains modelling and
created the ability to experiment in the time-damaiith non-linear control algorithms and device
responses.

A sloped wave energy device using a free water-
reacting piston within a draft tube as an inertial
reference for the power take-off system was_
examined as a case study. There was good
agreement between the large body of results
from tank experiments on this device and,
analysis with those from the WAMIT

hydrodynamic analysis suite. WAMIT has now
been integrated into a single graphical user
interface  that combines geometric  pre-
processing, surface modelling software,
numerical analysis and graphics post-
processing. Data files describing device shapﬂé
may now be imported to visualise the device. s
The device can then be repeatedly reshaped with

its description stored and its response predidteaeh evolution.
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A detailed CFD model of a vertical-axis variabléchi tidal-
current turbine has been developed, meeting thdiedga of Voo i st frame u
obtaining high meshing resolution at the surfacéhef rotating 0.
hydrofoils but lower meshing resolution fartherrfrahe foil = 1w
surfaces.

1.500

1.375

A software package was developed (MarinOPT) forrmacale
modelling of tidal current or wave energy devic&ae model I
enables the assessment of the placement of gemavie or tidal N |,
energy converters in different sea environmentscaémpare =
predicted delivered energy costs.

A rapid calibration wave-sensor technique has lssmloped to avoid the frequent and time consuming
calibration that standard conductive probe sensemd to compensate for water temperature and
conductivity variation. This combines the useaofideo based displacement measuring system and a
remote controlled overhead crane, leading to dmamt time savings with multi-gauge arrays used for
directional wave measurements. An extensive toolifoGUI data acquisition, analysis and display
applications was produced.

Modelling the behaviour of wave energy models imktarequires adaptable variable-constraint support
mounts with dynamometer systems to simulate theefoassociated with energy extraction. A detailed
design study of a six-degree of freedom ‘Stewaatfpim’ for use in a multi-directional wave tanksha
been completed. A surge and heave rig has bderbighed, and its measurements conveyed by D-
Space to a dedicated MATLAB control and measurerpackage.

A novel ‘wearable’ shape-tape with optical fibrespiion and shape sensing has been tested in flantes
tanks to demonstrate its ability to measure andrtepave profile to data acquisition software, wlilgh
correlation between reported and actual wave seirfac

Active Sensor v Target Surface Elevation

15

— Target (wave gauge)
—— Sensor (Co-located with Wave Gauge)

Vertical Displacement (cm)

. . . .
8 12 16 20 24 28 32
Time (sec)

There are many new software and hardware prediatidrmeasuring techniques and equipment available
for numerical and physical modelling of wave ardhticurrent energy converters at laboratory and|ful
scale.

WP3 Engineering Guidance

The aims of WP3 were to draw on work from acrogs@onsortium as well as from external sources to
establish robust guidance procedures for the deslgmelopment and evaluation of marine energy
converters; to advance the science of performaneasurement; and improve testing protocols to
underpin the development of internationally accggiedes and standards.

Based on analysis from WP1, a generic method waslalged to relate power capture from a wave
device to the statistical properties of the seas Tias shown that conventional time-averaged catioul
provides limited information and can underestinate/er and energy production. The relation between
sea spectral bandwidth and the width of the depmeer transfer curve has been assessed in terms of
spectral shape, device width and ability to tumdumerical modelling was considered to predict array
affects and was applied to a tidal site in ordedetermine 50 year extreme wave conditions forgtesi
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purposes. A guideline for the systematic assesspfetntial current resources was established engblin
accurate determination of the accessible energy &y suitably defined site.

As part of WP2, a comprehensive written appraidaflaid modelling for all of the appropriate
commercial computational fluid dynamics (CFD) ardifodynamic software packages was produced to
guide understanding of the principles and the coaipe advantages of different approaches and
packages.

A test rig was designed and constructed to invatgigevice response in irregular wave fields. Uslgu

the mechanical properties can now be defined tonbe-varying, allowing the investigation of a wide-
range of ‘control’ strategies, linking to work inR¥ and WP9. Experimental measurements showed the
influence of the wave spectrum bandwidth on theqravaptured by a flat plate constrained to oseiliat
surge. The captured power reduced with increasamglWidth of the incident wave-field. For a surging
flat-plate element, the captured power can varypyo 15% due to irregularity of the wave-field auul

to 50% due to variation of bandwidth of the wavedpum. Further work has indicated that perfornsanc
losses are dependent on the form of the colle¢¢onent and this has provided guidance on the rahge
validity of the frequency domain numerical modelstt are typically employed to estimate the
performance of oscillating-type wave energy devices

A comprehensive review of reliability data sourgetevant to marine renewable energy led to the
production of a database of component failure rafbe use of data from other industries introduces
uncertainty into any assessment and the applicafi@mvironmental Load Factors was considered. An
availability model, incorporating a structural addility assessment and fault/event tree analyss, h

shown that the availability of a generic tidal @t turbine could reach 94%. The limited extent and
nature of available data were considered and adedmed. A Monte Carlo based simulation was
developed to understand the implication of theseedainties on the determination of reliability and

availability. This information fed into and drewoimn WP7 and WP12. A functional analysis of wave
In conjunction with work in WP8 and WP10, the tdegt facilities in

energy converter types was reported.

the consortium and the facilities in Orkney weredido review | Tig = - :.;l__:
aspects of tank and full-scale testing. A web-Dasenk test || - it ”Zﬁﬁmﬁ
discussion forum was created and used across thecipating |, @ .. %
community.

The Department of Trade and Industry funded cometeary
research to produce preliminary Device Performariaesting
Protocols for full-scale tidal current and wave rgiyedevices. The
Protocol documents now form the reporting requingsigplaced on
participants in the £42-million ‘Wave and Tidaledam Energy
Demonstration Scheme’ component of the governmeppated |
‘Marine Renewable Deployment Fund’. Further, th®cpdures
advocated in the Protocol documents are now forrtiegbasis of &
various draft Standards currently being developateuthe auspices

of IEC/TC 114 Marine Energy. =l

This WP interacted extensively with the landscapamgd road-
mapping work carried out by the UK Energy Resea@imtre '
(UKERC). A description of the technology innovatiechain, from the R&D base to developers
undertaking or nearing deployment was constructegdper study and interviews of many participants
across the sector. External influences on the pexjpn of the technology and sector were identéied
used to establish alignment and disparity betweenlable funding and the forecast direction of the
industry. Work on technology learning rates exge@hinformation and linkages with the R&D road
map. This work was heavily consultative and cosssrbased, with around 50 interviews and several
road-mapping workshops well-subscribed by partitipacross the sector.
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A knowledge base was created by secondary reseg&@eahsortium staff nominated and summarised the
most useful peer-reviewed and accepted journatss nd standards from current and 1980s research
programmes. Collections of seminal reports from 1880s were turned into “.pdf’ files and are being
made available on the web-site. All publications the consortium listed in this report have their
abstracts and source indexed on a database orethsite.

There is now a central resource of documented R&fpuw including old and new experience, and a
R&D Roadmap defining sequential priorities and setedsupport the sector from concept to deployment.

WP4 Offshore Energy Conversion and Power Conditioning

The aim of WP 4 was to explore how the electrigénerated by wave and tidal energy converters could
be controlled to be of a quality that would allawai integrate with the electricity supply netwavikhout
unduly increasing the cost of connection, productiodelivery.

A wave-to-wire dynamic model of an array of Sea snapshot at t = 0 seconds.
wave energy converters was constructed, as was
a current-to-wire model of a horizontal axis tidal
current turbine farm. These models were used as L et
test-beds for mechanical transmission system 54
design and power conditioning algorithms. Each
converter within the arrays was individually 9

adjustable and tuneable. el e

The wave energy field has been modelled as a 2-,,
dimensional sea with multi-directional waves. g4
The effects of differing wave spectra and
direction have been tested on the array by 20 5 M
adjusting the attack angle of incoming waveg dimension (m) 0 0 x dimension (m)

60 80

and device positioning.

A procedure to synthesise and analyse non-statiomawve time
series was developed that allows repeat simulatiodsr the same  «,
resource conditions but with different time-seris explore
converter designs and control strategies. The muidthe wave
energy converter is an impulse response drivene tdomain
implementation that includes the effects of addedsnexcitation
and radiation forces. The tidal model incorporatagable pitch
blade angles and realistic torque characteristidsnprove speed
control of the rotor.

The wave and tidal models both include a mechampicaler transmission with a variable speed doubly-
fed induction generator and an alternative higlsgumes oil hydraulic transmission with an on-board
hydraulic accumulator coupled to a constant spgadhsonous generator.

The offshore electrical collection system and @arection to a generic distribution network (orcfie
connection points to the existing Scottish mode#jveh been modelled. Novel network power
conditioning techniques, such as control of thetrathsmission systems combined with power eleatroni
converter control of doubly fed induction generafdrave been evaluated. This has identified tiett t
utilisation of this topology can significantly ngate impact on voltage quality. Existing intellig@ower
factor/voltage control algorithms were extended ased to regulate real and reactive power outpthieof
wave and tidal energy converters to reduce adwamgacts of resource variability on voltage quality.

It is now possible to gauge the network impactnalividual or aggregate production from marine eperg
converters and explore control strategies to impitheir integration with the electricity network.
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WP5 Chemical Conversion and Storage

The objective of work package 5 was to devise araduate processes for the conversion of inherently
variable marine energy to a chemical carrier ouel,ffor the storage and/or transmission of energy
produced in remote areas. Five processes weredevad four of them utilising hydrogen from the

electrolysis of water at variable load. Since thiklstorage of hydrogen is costly and problematic,
gaseous hydrogen was excluded. The resulting erargyers were:

Liquid hydrogen: Storage efficiency was| currenr Remoteare i Processing R
estimated from the literature. Liquefaction gf ™ erewvsouc  Tranemissio -

the oxygen by product for transmission was

flow-sheeted, taking advantage of pressurisatipn Natural Gas | Gz~ > - Finslcupu
of the electrolyser. e '
Carbon-based liquid fuels: Flow-sheets were marinaiuind enerc COnotcapred  uetaction
prepared for methanol; low toxicity mixed | N

alcohols (e.g. ethanol); and gasoline made frgmour | 5% | | Metancll Accnos CCGTW%:‘> same outp
methanol. An economic model showed the Uqua ooy | Coe i
range of NG prices, electricity prices and £Q ¥ 1

trading prices for which the methanol process CC, from shipping

(coupled with CCGT generation and €O oo too0k | = armons svhess mian

capture) would be competitive against CCG
generation from NG without C{zapture.

Sponge iron: Although this technology is still at the Iabon@tol
scale, it has the potential for greater energyciefficy than the
others and is coincident with cheap carrier pasicl

dioxide or biomass. COmay be recovered from, for exampl&;
power stations or natural gas, shipped to the imtadf the
marine resource, and reacted with HAlternatively, biomassg
may be gasified using the oxygen by-product froetteblysis; == : :
and the resulting syngas supplemented witlirbin electrolysis, then reacted to alcohols (I&ntaactor
designs permit operation with variable feed, forichhdynamic simulations have been performed in
collaboration with WP4. Combining biomass with theducts from electrolysis promises improved
biomass conversion to methanol, as well as redgosts and C®emissions. Direct electrochemical
reduction of CQin the presence of water also produces alcohotsshould accommodate the variability
of marine energy more effectively.

Different chemical media were tested for their @dyato store and return marine energy economically
and the prospects and enabling mechanisms for chéstorage were identified.

WP6 Network Interaction of Marine Energy

The aim of work package 6 was to quantify the atéon of future =~
marine energy converters with the onshore distiobubetwork and - =
to identify means of mitigating their impact toaall greater access to =
the electricity market. B

To carry out network studies, the transmission petwacross
Scotland and the distribution network in resouich-rareas were
modelled. The latter included Orkney/Northern Hagtds with wind,
wave and tidal resources and Lewis/Harris with @ngf wind
resource and a high potential for wave power dgreimts. With
existing and consented renewable projects, thesasaoffer the
prospect of a high penetration of time-varying #&leity generation.
The traditional static method of checking that rerkwvconditions



SuperGen Marine Energy Research

remain acceptable for a maximum demand winter easea minimum demand summer case does not
identify the coincidence of renewable energy proidacfrom differing sources or relate that to deshan
variation. Probabilistic methods contain limitedokriedge of correlation between the renewable energy
production and demand. A new approach using tiéstione series was investigated. These power time
series were created from measurements and hindeestds (for wind, wave and also demand) or
directly calculated (for tidal current) for a petio the past and applied to existing or futureegation
scenarios. The results of multiple power flow aral; with hourly time steps over a period of sdvera
years, were then analysed statistically, to obtath typical and extreme values for the network
conditions.

Loading duration curves and the benefif§
and limitations of generator curtallmerﬁ 75
were produced from the above. Thgs 50
work package has shown that time seriegs £
analysis has advantages which would hel
a network operator in generation planning,”™
strategic network reinforcement and improved assgtagement. The need for balancing generation has
been emphasised, and the extent to which this deeildone with hydro and diesel capacity has been
identified.

21 Jar 2z Jar 23 Jar 24 Jar 25Jar  (c) 26 Jar 2002

A novel means has been developed to explore thergigs between wind, wave and tidal current energy
resources and to explore their aggregate netwagokétnover time.

WP7 Lifetime Economics

The aim of work package 7 was to create, test afidate a lifetime model of marine energy converter
to provide more reliable predictions for the inmesht community and to enable fair comparison of the
economics of alternative marine energy technologsve energy converters were classified, according
to their mode of operation, as Clustered and Inddget Oscillating Absorbers or Overtopping and
Pneumatic devices. Collated component cost date wsed to obtain an indication of how the cost
distribution (capital cost, operational cost, etjered between classes of marine energy consedrd

to evaluate a target capital cost for each typeewice that would ensure confidence in attainingrget
generation cost. The method of calculating pregehie of the cost of generated electricity estimabe
required values when each input or component oémdipure and revenue is described by a probability
distribution (e.g. a normal distribution), and fntgal parameters are risk-adjusted. Multiple caltahs,
with randomised parameters, produce a statistieallig distribution of the expected costs of eliedty,
payback period, etc. The variation of unit coal #me variability of financial parameters may bé tse
model and explore confidence in future trends.

A method has been developed for directly compative relative efficiency of a set of wave energy
schemes that produce the same electrical outpgedan the Data Envelopment Analysis techniqus, thi
provides a means for identifying the productiontays (e.g. a marine energy conversion scheme) that
minimises the use of inputs to attain a target autglative to a peer group of producers. This is a
generalisation of the single input-output ratio mga of efficiency, with the specific advantaget thés
insensitive to the units that define each parameitetheir relative importance. The resultant eincy
measures are unaffected by variation of the umipleyed for each parameter providing that the ratio
between the inputs into alternative schemes renm@instant. This approach is easily extended tcsasse
the economic efficiency of a scheme producing rpldtioutputs. Additional work has addressed the
impact of site accessibility on the cost of offshaperations and reliability, the quantification tbé
predictable output in the UK market, and the ediimmaof power output of both wave and tidal devices
on the basis of site-specific data and device peidace characteristics. In addition, collaboration
between WP7 and WP12 has considered the macroi@oomopacts of the installation, operation and
maintenance of various hypothetical scenarios. ftgBn of micro- and macro-economic factors into a
single framework offers alternative design criteiathe development of large scale marine power
schemes.

It is now possible to compare directly the relattamnomic efficiency of wave energy schemes of equa
capacity independent of ‘best guesses’ of individoanponent costs and of variations in market grice

10
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WP8 Moorings and Foundations

The design and operational requirements of a mgorin™ :n;
arrangement for floating wave energy converters &E‘%
significantly different to those of a typical offsie ==
installation in terms of ‘static’ and ‘dynamic’ mohs. A =
motion dependent wave energy converter needs te &a
natural response frequency at the dominant wé
frequency, and the mooring system needs to be rhsig
around this. In contrast to conventional floatirfslaore
installations, wave devices are installed in shedio
water, typically at the 50m contour, for which bditial
changes and currents can have a proportional laftgat
on line lifting. When an array of devices is comesetl, the :
limitations in sea space may require that the desvime relatlvely densely packed and, as a conseguen
the ‘footprint’ of the mooring may be constrainedensure that the moorings from each device do not
interfere. This has great significance on posgilb®ring line length and axial stretching due to nrap

line lifting. The design of moorings for a wave amvmust not only consider reliability and surviie,

but also the need to preserve efficient energy exsion.

Tank testing at small-scale was used to investitpt@esponse of a single mooring line for surgéano

with particular emphasis on the effect of axiaksthing, and the influence of the top end motion on
dynamic response. The laboratory procedures wesigrd to resemble proposed tests at large scale in
24 m water depth (in WP10), and measurements veenpared with output from numerical models.

The work has shown that both the axial stretchimg) the top end dynamics have an important influence
on the station keeping of floating wave energy esters. The relevance of non-linear behaviouhef t
mooring line was shown to be a major influence len dtation keeping of a device, particularly inrter

of loading, stiffness and damping characterisii¢® strain on the mooring line and components tiesul
from non-linearities increase both ultimate pea#tdloand also fatigue damage from higher levels of
accumulated cyclic loadings.

This work suggests that compliant chain mooringragements relying on the submerged mass of the line
to provide the restoring forces are not able taricshorizontal movements in an efficient manner f
arrays of floating wave energy converters. The Iteshighlight the potential for taut-mooring
applications where pre-tension provides the resgoforces. This would imply the need for innovative
design solutions to allow the required compliarcadcount for variations in tidal level.

Non-linear effects have been shown to be fundarhémtae understanding of device response and must
be considered in any detailed design of the std@mping system, and its influence on peak loadimd)
energy conversion efficiency.

WP9 Novel Control Systems for Marine Energy Converters

The aim of work package 9 was to explore adaptivé self-learning neural network-based control
systems for generic wave energy converters andagirgerformance over a range of changing seastate

This work package has investigated the efficacpddptive control techniques for improving the mean
power captured by an oscillating wave energy cdeven a range of irregular seas. Different meams f
controlling the response of the device have beeeldped and their performance compared over a wide
range of sea-states. The power capture performah@ach technique has been simulated for the
standard case of a heaving buoy using a newly dpedl SIMULINK™ model, wherein hydrodynamic
interactions are modelled using the time-domain ehaéveloped in WP2. The control techniques are
both passive and active and have been developadd@ased power capture. Passive methods can be
considered as ‘slow-tuning’ techniques and differtérms of how the ‘dominant’ wave frequency is
defined. Two of the active tuning methods aim taintain quasi-resonance by matching the natural
frequency of the device to some measure of thel@mtiwave frequency: both the frequency of the wave
groups and incident wave frequency are considefidekse techniques differ in that the group-freqyenc
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approach requires future wave prediction, wherbasricident wave model does not. The third active
tuning technique is designed to minimise the d#fee between the period of device velocity and
incident wave velocity, by time-variation of the chanical properties of the device. Uniquely, this
approach requires no future wave knowledge or pfiedi of device response, yet provides an increfse
mean power capture. Results show that, relative tievice tuned to the energy frequency of a wave
spectrum, the three active control techniques thy&ted provide a significant increase of powerteep

in a wide range of sea-states.

This work has identified that the persistence efrdiation force acting on wave energy converenst
adequately modelled in the frequency domain. Elselting control problem is non-causal, especialty
large devices with long radiation impulse responges will experience broad bandwidth seas. In
collaboration with Ecole Centrale de Nantes, thiskapackage has attempted to predict parameters and
timing data for the next wave, for use with latghitontrol. It has generated a large set of trgimiata
describing the waves, developed feature extrattiohniques, and trained three different prediction
methods - one of which is entirely new. Resultsehahown that MultiLayer Perceptron neural
networks can be trained to provide the informatibat is required by a control system better than
frequency estimation techniques for broad-bandwidttaves. This is significant because the
standard control concepts currently being adoptedased on frequency estimation, and most of these
devices are large enough to have long natural geramd thus will benefit from knowledge of future
waves.

New adaptive control techniques have demonstrétedapability to increase the energy capture from a
heaving wave device. Neural-network predictorgehizeen developed to forecast next-wave data &r th
next generation of control systems.

WP10 Full-scale Field Validation

The aim of work package 10 was to perform full sc@sessment of fundamental influences on system
performance, such as mooring response, tidal flstauience and marine fouling.

The mooring tests were conducted in Scapa Flowrkat&€y, including a preliminary test phase using a
22m chain, detailed investigation of mooring chtedstics using a 22mm chain and, finally, detailed
investigation of three different mooring arrangetseimcluding wave and current measurements. The
moorings were 22mm chain, 40mm fibre attached tmr88chain and 40mm fibre rope attached to a
floater and sinker buoy. An 82 Tonne vessel wasluse conduct all experiments in an average water
depth of 23.5m. WP 8 contributed to the desigrheé large scale experiments.

The top end motion of the vessel and the resuliivegtensions 5
were measured as well as the tidal changes and
environmental loadings due to currents and wavese |
suitability of chain and/or fibre rope mooring
arrangements for floating wave energy convertersrewe
investigated in terms of their effect on “top erdynamics of 5555
the device and the resulting line tension charesties. A #
simple catenary chain arrangement, a compliant ithyk
mooring arrangement and a taut mooring arrangerimeat
configuration were tested to investigate the Iciffness and
damping properties for these slack and taut arraegés. The ™= ’
experimental outcome was also compared by simglatirese tests with the commercial software
‘OrcaFlex’ and demonstrated the capability of a atioal model to simulate the mooring behaviour at
large scale. The catenary chain arrangement asgelcompliancy, where the submerged mass provides
the restoring force, was found not to be an efficireeans for the station keeping of floating wanergy
converters. Significant anchor and fairlead loadirag observed in addition to large variation iffreiss

and damping behaviour. These criteria were foundoédomore moderate for the hybrid mooring
arrangement, whilst the observation for the tatdaragement provided the best station keeping caitatri

low loadings. The test programmes confirmed thekmions of WP8.
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The Robert Gordon Sea Snail tidal test platform was ———
modified for the collection of tidal current datay b : -

incorporating transducers and was installed in 8 $ound | : :
in 2005. Its deployment and subsequent removal rgesck
important lessons for WP3 about the handling ajdascale ;
instrumentation in energetic tidal environmentsdoption of [
more advanced marine instrumentation during th@ness
of the project allowed the original sensor arrapéaeplaced
by a high frequency Acoustic Doppler Profiler syster the §
next deployment in Burra Sound in 2006. This geegran

analysed, identified that turbulence levels carb®tsimply
expressed in terms of proportions of the ambienw fand
that the structure is spatially and temporally ctaxp The turbulent structure appears to contain
“memory” of previous conditions. High and low rasttbn data was also collected in the deeper Félls o
Warness, in association with the European MarinerggnCentre (EMEC) and has given confidence in
the findings across different tidal environmentheTdata is a comprehensive set of tidal current
measurements that will enable future determinatibtemporal and, indirectly, longitudinal statistic
through the water column throughout a spring-nsegtec

Image courtesy of EMEC

The study and data collected has enabled systersatity of full scale mooring and turbulence
parameters crucial for assessing the interactiensden the technology and the environment.

WP11 Assessment of Testing Procedures for Tidal Current Devices

Forces on objects towed through still water diffem those on objects in moving water, as a resfult
physical properties such as turbulence and flovarstiéhe aim of work package 11 was to quantifyehes
differences with respect to tidal current deviced # use this understanding to guide future tgsfiine
work had two parallel modes: numerical and physicehe numerical study has provided understanding
of the parameters influencing system performanat laas governed the design of the experimental
programme. The commercial CFD package, ‘Fluents weed for numerical simulations. A tldal turbine
was approximated by a porous disk and the extracifoenergy was g 2

simulated as a momentum sink. The model was usegkmerate a
sensitivity analysis, demonstrating that turbuledoes influence the
loading on the energy extraction system, the fofrthe wake behind
the device and pressure/flow distortion around ¢hergy extraction
zone. Findings from the numerical programme guithexddesign of a
“flexible” test system, which was used in a movimgter environment
that formed part of the outflow works of a hydrasttie power station.
A series of tests provided results in excelleneagrent with those of
the numerical studies. The test rig was built asdd for a
complementary series of tests in a towing tank. isTh
ultimately proved the hypothesis that there are suesble
differences between physical tests conducted in imgov&s
water and still water resulting from propagationdafs
transmission of the pressure gradient field andhuience 58
influences. It has now, however, been shown that §
influence of flow profile can be effectively handley data
post processing.

This work has demonstrated the difference betweesasnored forces on tidal device components fixed in
flowing water compared to being towed in still watend identified means of resolving that differenc

WP12 Economic, Environmental and Social Impact of New Marine Technologies

WP12 has developed a number of regional, natiomal mterregional Input-Output and Social
Accounting Matrix databases for the four regionstle¥# UK (England, Northern Ireland, Wales and
Scotland) and established the regional linkagetdiftdrent electricity generation technologies ie tbK.
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These databases use a novel disaggregation ofléb&i@ty sector as compared to its conventional
treatment in economic accounts. Uniquely, they isgply identify both generation and non-generation
activities, and disaggregate generation activitie/pe of generation technology.

These extended databases have been used in theadpplof a number of linkage and attribution
studies, using various “fix-price” methodologiesenfergy issues at both the national and regiownel Ia

the UK. This work has examined the backward anevdiod linkages of marine and other electricity
generation technologies. It has also examined tmsexrjuences of major changes in the structure of
electricity generation on the regional and natioeabnomy through a number of “hypothetical
extraction” techniques (applied, for example, t® pinojected closure of nuclear facilities).

WP12 has developed and tested both UK and regemeigy-economy-environment CGE models that
incorporate separate treatment of renewable andrammwable energy inputs. These models are
calibrated on a subset of the databases genenatibislwork. CGE analysis has become the most widel

adopted modelling approach to addressing the ersrggomy-environment nexus, and the work in

WP12 is unique in applying these models to the tipre®f new marine renewable technologies for the
production of electricity in the UK. With WP7 thggudy has examined the likely macroeconomic and
environmental impacts of the expenditures assatwith the development of such a sector in Scotland
and the UK.

The results of this work are the first systematterapt to quantify the potential importance foricel
and national economic development of the emergehaa industry based on marine renewable energy.

WP13 Dissemination and Outreach

The consortium has disseminated continuously vea-peviewed journals, at conferences and at marine-
energy related events of others, including

- 5" 6" & 7" European Wave & Tidal Energy Conferences - Cof32@Glasgow 2005, & Porto 2007

- EU Coordinated Action on Ocean Energy Workshopgaitborg & Uppsala 2005, Amsterdam &
Lisbon 2006 and Copenhagen 2007.

- Regional Science Association International — Bmitend Irish Section Conference, 2005, 2006,
2007.

- Scottish Economic Policy Network 2005.

- Royal Society of Edinburgh Inquiry into Energy lesun Scotland, 2005.

- Intl Conferences on Marine Renewable Energy MARH&yth 2004 & London 2006

- All Energy Conference, Aberdeen 2004,5,6 &7

- World Renewable Energy Congress — Keynotes in De2@@4 & Florence 2006

- Greenhouse Gas Control Technology Conference —dtaee 2004 & Trondheim 2006

- DTI Trade Missions to Iberia 2004, France 2006, 2886, New Zealand 2006, Korea 2007

- FCO/British Council Renewables Workshops, China62Zp0Canada 2007

- Intl Symp on Fluid Machinery for Wave & Tidal EngrgState of the Art & New Developments,
London, October 2005

- Advances in Reliability Technology Symposium — Ketmin Loughborough, June 2005

- Intl Conference on Offshore Mechanics and ArctigiBeering — Hamburg, June 2006

- Ocean Renewable Energy Group - Nova Scotia, No% 200

- Intl Conference Offshore and Polar Engineering €mrice — San Francisco, July 2006 and Lisbon
2007.

- International Sustainable Energy Forum, San Fraoci®ctober 2006

- Brazil Wave Power Seminar, Rio de Janeiro, Febr@806

- International Conference Ocean Energy, Bremerha2@06

- Centre for Public Policy for Regions-EUREAL workgh&lasgow 2006.

- |IEEE International Conference on Clean Electricalver Renewable Energy Resources Impact,
Capri, May 2007

- IMechE, Fluid Machinery for Developing Engineersaffield, 2007

- ECOMOD Energy and Environment Modelling ConfererMescow 2007.

The SuperGen workshop programme, organised aniyrtime consortium, included:
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- “SuperGen Marine — Year 1 Progress”, October 2&@hburgh — 70 delegates

- “From C to sea: modelling and simulation for opsing marine renewable energy extraction”; April
2005, Aberdeen — 50 delegates

- “Learning from Experiences”; Joint workshop witle-6rdinated Action on Ocean Energy at tfe 6
European Wave Energy Conference, August 2005, Glasg60 delegates

- “Research Route Map for Wave and Tidal Energy Cwmsiea”, “Tidal Measurements”, Joint
workshops with UKERC and EMEC, April and August 80&dinburgh — 30 and 30 delegates.

- “Research Route Map for Environmental Impact of iMarEnergy”, Joint workshop with UKERC,
and EMEC, September 2005, Edinburgh - 30 delegates.

- “Making waves: Economic and Social Impact of MarRenewables”, Dec 2005, Glasgow

- “SuperGen Marine Research — Progress and Achievsimeoint invited workshop with UKERC,
June 2006, Oxford - 50 delegates.

Several of the research staff and post-graduates Viaited European collaborators for extendedsstay
Some of the partner institutions will operate cefdal programmes with the Doctoral Training
Programme in Phase 2 to adjoin their studentsdpgsed activities.

Dissemination of the activities of the consortiuleoatakes place via the SuperGen Marine web-site
http://www.SuperGen-marine.org.uldt is broadly accessible to all visitors butréhere reserved areas
with permitted access for members joining via tlebsite, collaborators and partners.

Phase 1 of SuperGen enjoyed interest and assisfamte collaborating bodies and organisations,
including

Aberdeen City Council The Met Office

AEA Technologies Ltd Marine Current Turbines
Aquatera NaREC

Aquamarine Power Ltd Newage AvK

Artemis Intelligent Power Ltd Ocean Power Delivery

Black and Veitch Orcina

The Carbon Trust Orkney Island Council

The Crown Estates Scottish Power

DTI Scottish Enterprise

Entec Scottish and Southern Energy
ECN Nantes (Fr) SEPA

EMEC SNH

The Engineering Business Teamwork Technologies (NL)
The University of Exeter TU Delft (NL)

HIE Wavegen

HMRC (Rol)
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3 SuperGen Marine Phase 2

The Consortium now consists of the University ofribdrgh; Heriot-Watt University; the University of
Lancaster; the University of Strathclyde and thee€us University Belfast. The associated research
programme consists of nine work streams (WS).

3.1 Aims and Objectives

Work completed in SuperGen Phase 1 has enhancedstauading of the extent and nature of the marine
resources, how extraction of energy modifies tkaburce and its environment, and has pointed to how
technology could be developed to enhance the aféeeixploitation of energy. During the lifetime of
Phase 1, a selection of developers has moved flamiept to prototype development and this has
identified specific needs for further fundamentasegarch. UKERC and SuperGen Marine Phase 1
organised numerous national and international mgetof the stakeholder community to agree an R&D
roadmap, and to develop Protocols on behalf oDhefor open sea testing and performance evaluation
The sector participants in the UKERC Research Ragdpnocess identified many and varied long term
needs. The research priorities proposed in Supek@eine Phase 2 build on experiences and questions
arising from early device tests, the deploymergrototype devices, the UKERC R&D road-mapping and
DTI Protocol processes, and the outcomes of thginali work programme. The original overarching
aims of the SuperGen Marine programme may be f@lidome time, but the work completed and advice
absorbed, has resulted in an evolution of the dif¢he original aims, now:

1. To increase knowledge and understanding ofcdesga interactions of energy converters from model
scale in the laboratory to full size in the open.se

Phase 2 of the programme includes work on: devicays and how these will influence local and
regional environmental conditions; radical desigpraaches, which take into account new philosophies
of design guidance; ensuring that numerical andsighYy design support is consistent and robust; the
challenges posed by design in mixed tidal and veasxéronments; system control in complex non linear
and evolving environments; the complex challengesed by fixing, mooring and recovery of marine
systems; the economic challenges posed by theblargand intermittent nature of the marine resource;
the sparse information available to predict an@ssshe long term reliability of marine energy sysd
and how an increased understanding of all of tiessees can be best disseminated within the stadehol
community.

3.2 Work Streams 1-10

There are now nine research work streams, withdaltianal tenth work stream associated with the
dissemination of results and outreach to the stalehs and beneficiaries.

WS1 Numerical and physical convergence

Continually increasing computing power has led e tevelopment of new sophisticated numerical
models and detailed experimental measurement tgeobsi making it possible for the first time to
examine new generations of wave and tidal techyolming a robust combined physical and numerical
modelling approach. Modelling tools are requiredthbat the device and geographic scale, to allow
detailed investigation of the design and positignifi single devices and arrays of devices. Thiskwo
stream will combine new software techniques andegrgental hardware and methods to improve
convergence between the output of numerical maaleismeasurements made using physical models to
quantify and increase confidence in performanceiptiens of new concepts and designs and how they
may be expected to behave in deployment. In antdith being of benefit to the wider community, the
modelling tools will be closely integrated with amsked by the other work streams throughout Phase 2.

WS2 Optimisation of collector form and response

Effective wave energy extraction requires the cosiea of the dynamic internal flux of potential and
kinetic energy into differential motion between tvas more, mechanical artefacts that are subselguent
used to drive the power take off system. The caigarprocess begins with the response of the wgrkin
and other surfaces to forces arising from the wald. The best form of this working surface angl it
body has remained a matter of discussion, debateemearch since the earliest history of wave power
This work stream will explore whether optimal desigan be evolved for the physical form and respons
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of the collector in a wave energy converter, ussngombination of genetic algorithms, numerical
modelling and rapid prototyped models tested ikgan

WS3 Combined wave and tidal effects

Until now tidal current and wave power devices haa been optimised for operation in mixed
current/wave environments. Wave devices have tetmlé# designed to operate with minimal currents
and tidal devices designed assuming little or nwewaffects. Unfortunately most near coast wave
environments are subject to tidal and other cureéiects and many of the largest tidal sites, aaxlkhe
Pentland Firth, are exposed to direct wave infleeand, crucially, to substantial swell. Extremeglon
waves modify the fluid motion well down into the t@acolumn and could have a significant influenoe o
tidal current devices and their operation.

Experience with devices at sea has now confirmechded to be able to predict and mitigate the &ffec
of tidal currents on wave devices and waves orl tdaent devices. This work stream aims to dgvelo
an understanding of the effects of waves on tidalents and energy conversion devices and theteffec
tidal currents on waves and wave devices and hofgrtoulate an integrated design methodology that
mitigates counter productive effects. The iderdificn of design practices necessary for mixed
environments will considerably extend the explaitaiof resources.

WS4 Arrays, wakes and near field effects

As marine renewable energy moves from the deployneénindividual prototype devices to the
commercial development of arrays, it is vital tlatay interaction is understood to enable accurate
predictions of their individual and combined penfiance and to enable the prediction of changesein th
natural physical processes in coastal waters. i§hes essential input to inform accurate envirortiaden
impact assessments of the coastal zone and to amoigtessary development constraints, resulting fro
over conservative assessments of hazard. This staam will explore how array interaction affettte
design optimisation and performance of both mudtijpdlal current and wave energy converters and will
enable more accurate quantification of the enviramia consequences of large scale energy extraction
It will generate an enhanced understanding of Hewpresence of multiple wave or tidal current eperg
extraction systems will result in localised peratrbns to the energy and momentum fluxes.

WS5 Power take-off and conditioning

Marine energy converters have working surfacesdtthér reciprocate or rotate at low speed andateer
over a wide range of loadings, making conventiaffthe-shelf rotary generators, such as the indoct
machine, less suitable. Permanent magnet geneetbisit high part load efficiencies and, while ythe
have been demonstrated at sea to a limited extegigns are not yet fully optimised. Using diredve
generators reduces the number of moving partshaadause of their low speeds and consequent high
torques, adopting conventional machine topologéssits in large and costly generators. Optimisaio
cost and performance requires new iterative integdrastructural, electrical and thermal design
techniques. This work stream will explore how tlesign of the prime-mover, drive-train, generatad an
power electronic converter may be fully integratediefine lighter, cheaper machines that will opaca

at slow speed with improved efficiency over a widege of loads. The new analytical tools and
concepts developed will be verified using numermabelling techniques and experimental tests.

WS6 Moorings and positioning

The findings of Phase 1 identified that moorings atill a significant challenge in the design and
operation of floating marine energy converters.iif behaviour, when used in arrays of wave energy
converters under the joint action of waves, cureard wind, has not been fully investigated. Thakv
stream will further develop and validate numerieatirodynamic and mechanical models of a range of
mooring systems to investigate the effects of thagsive response within a combined wave and tidal
environment.

It will also examine the combined response of &ugtems and “deep-moored” tidal devices. Mooring
responses will be measured in the field under coetbivave and tidal current action and compared with
numerical models. The results obtained will be usepredict long-term effects of combined loadings
survival and make an assessment of suitable gemecing configurations for array deployment.
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WS7 Advanced control of devices and network integration

The marine environment and the response charaaerigf any engineering system exposed to it are
inherently non-linear in form and behaviour. In #idd, the traditional analysis of the wave climatges
spectral methods, which implies assumptions ofaliitg and short-term stationarity. To be able to
optimise control for maximum energy capture, cdftient design and survival, there is a need to
determine the minimum necessary complexity of rieedr modelling of ocean waves to adequately
represent the wave climate.

Tidal current energy systems are inherently noedin The kinetic component of the energy flux is
proportional to the cube of the flow speed. Theditoenergy flux contains components of different

degrees of non-linearity, such as turbulence, bietioh, pressure head and wave-current interastion

The objective of this work stream is to increasdeasstanding of the effects of non-linearity and non

stationarity of the marine resource on wave andl talrrent energy conversion and to satisfactorily
mitigate these influences through advanced, evgland coordinated control of the devices and their
power take-off system, when these are installeddssdone or in arrays. Work in Phase 1 will then b

extended to model the interaction of arrays of cleviwith weak electricity networks.

WS8 Reliability

Work within Phase 1 established, from industry sesy an initial database of details of componerspa

of marine energy converters that affect reliabiéityd developed methodologies for the reliabilitglgsis

of generic marine energy converters. There is la ¢tdoerified failure rate data for many of thetioal
components that will persist until more devicesehbeen deployed and appropriate data published. The
limited or non-existent data sets create uncestaintprediction of the reliability of marine energy
converters and equitable assessment of their edorprformance. The aims of this work stream are t
assess the effect of uncertainty on the calculatioh device reliability and availability. Relialili
methodologies from other industries, particularlyndvdevelopment will be evaluated and adapted for
application to marine energy conversion systems.

WS9 Economic analysis of variability and penetration

Wave and tidal resources around the UK displayifsigimt seasonal, daily and hourly variability. €rh
extent to which these resources may be developfddaently assessed in terms of the network impact
of their variability and the economic implicatiof® developers and network operators. Ultimatély t
level of penetration will depend on market condiipshaped in part by energy policies, and the true
costs to consumers taking into account the costnefgy provision and delivery, including balancing
and system marginal costs. The work stream willdoan the outcomes of Phase 1 to apply optimal
portfolio theory to examine potential gains arisiimgm diversification through a portfolio of marine
energy sites, and then of marine energy withinaadber energy portfolio, using cost and area-specifi
marine energy attributes. The results of the aisalysl provide the cost and other inputs to a cataple
general equilibrium analysis of the economic, doaml environmental impacts of increased penetratio
of marine and other renewable energies. A rangdumire electricity generation scenarios will be
explored for the UK and its regions against whioh impacts of alternative levels of marine penietnat
will be compared. The policy mechanisms requirecathieve desired levels of penetration will be
examined.

WS10 Dissemination of Results

Consortium staff and students will continue to @btirate with existing marine energy research being
undertaken in the UK/EU and beyond. Workshops,is&m® and conferences will be organised to
outreach to the beneficiary and research commuaibyring into context the UK research activitieghwi
activities being undertaken elsewhere in Europeve@ument, agency and industrial in-reach will be
promoted through advisory meetings of collaboratorconfirm the scale and impact these research
activities will have on the wider marine energyipplobjectives. There will be 8 six-monthly workgiso

to inform and enable the community to provide feston the direction of the proposed research.
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4 Doctoral Training Programme

The SuperGen Marine Doctoral Training Programme mew initiative that affiliates and connects other
universities including Robert Gordon, Southamptexeter, Manchester, Durham and the University of
Highlands and Islands Millennium Institute, throuthie medium of a shared cohort of 24 funded PhD
studentships in marine energy and related dis@plisuch as coastal defence and environmental
assessment. It is funded by EPSRC in partnershipkighlands and Islands Enterprise. The Doctoral
Training Programme is attracting, sponsoring aadhitng a body of graduates to increase the supply o
advanced trained scientists and engineers forahéemic, industrial and infrastructure sectors afine
energy. There will be 12-15 students enrolledéaryl, with a further 6-9 in year 2. The studewits
engage in research complementing the aims of wodams 1-9 above. They will participate in a
succession of week-long seasonal schools at vexraaad the UK, in core disciplines such as: wawk an
tidal current hydrodynamics; physical test skitidjability analysis; economic principles; powessms
and network integration; environmental impact assest; regulation and finance; commercialisation,
entrepreneurship, IP, patent law; career developnsiills marketing and management. The seasonal
schools will be open to other participants and &ther in advance. Students in the programme will
present from their work at internal seminars anétatse 2 public events.

5 Ecological Consequences of Tidal & Wave Energy Conversion

It is inevitable that the deployment and operattbmarine energy systems will disturb the surroogdi
environment. With the progressive tightening ofigtary marine environmental controls, it is essartt
address the issues that are likely to arise ascogtvols are introduced, especially as the onulshgilon

the industry to demonstrate minimal environmentsiudbance. Heriot-Watt University Orkney Campus
and Queens University Belfast Ecology and EvolwrgrBiology Group have been funded by EPSRC,
within SuperGen Marine Phase 2, to study the EdcdbgConsequences of Tidal and Wave Energy
Conversion. The aim of this programme is to eshhihe sensitivity of marine environments to the
extraction of energy to quantify the risk from d=videvelopments and to evaluate subsequent mitngati
monitoring or avoidance strategies. It will carryt mbservational and experimental studies on the
response of benthic and other communities to variatin the ambient flow field and sediment tramspo
effects consequent upon energy extraction. Italdb study the impact of related anchoring andringo
systems and the collision risk of large biota saslseals with tidal turbine blades.

As marine renewable energy moves from the prototgpeommercial stage of development, it is vital
that the environmental impact is accurately assesstherwise it is likely that development will be
hampered by over conservative assessments of hdmsed upon the “precautionary principle”.
Preliminary studies, ABPmer (2005), into the liketypact of marine system development have now been
conducted and published. No quantification of theggacts has yet been attempted. Accurate knowledge
of the likely impacts will reduce uncertainty inthcstrategic and project specific environmental astp
analysis, which will benefit both the developmehbptimally performing systems and arrays of sysem
whilst ensuring that the environment is protected.
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Appendix 1 Staff and Students of SuperGen Phase 1

Academics and Admin Staff
Prof. A. R. Wallace — UoE
Prof. I.G. Bryden — UoE

Prof. S. H. Salter - UoE

Dr V. Venugopal - HWU/UoE
Dr C. L. Prichard - UOE

Dr G. H. Smith — HWU/Exeter
Dr R. Harris - HWU

Prof. P. McGregor — Strathclyde
Prof. K. Swales - Strathclyde

Eur. Ing. G. A. Aggidis — Lanc
Prof. R. Rothschild - Lanc
Prof. M. J. French - Lanc

Pauline Clarky
UoE

Research Staff

Jamie Taylor - UoE
Henry Jeffrey — RGU/UoE
Dr. S. Couch — RGU/UoE
Dr. G. Payne — UoE
Remy Pascal - UoE

Dr. D. Mignard — UoE
Dr. T. Boehme - UoE

Research Staff (cont.)

Colin Bullen — HWU

Dr. L. Johanning — HWU/Exeter
Dr. A. Owen - RGU

Dr. A. McCabe — Lanc
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Appendix 2 Publications by Work Package

WP 1 Appraisal of Energy Resource & Converters: Environment Interaction

[1] Child, B.F.M and Venugopal, V. (2007). “Interactiohwaves with an array of floating wave energy
device.” Proc. 7th European Wave and Tidal Energyf@rence, paper 1059, Porto, Portugal, 11-13
Sept 2007.

A method is presented to analyse wave interactiotiisan array of simplified wave energy deviceseTh
problem is formulated in terms of a group of hegwmartical circular cylinders floating in the ocean
whose motion is damped by their power take-off nm@tdms. Under the assumptions of linear wave
theory, an exact analytical solution is derivedider to compute wave and body motion amplitudes.
From these, the hydrodynamic heave exciting fdfeeadded mass and damping coefficients, and the
power extracted by each element of the array deoelleded and presented as functions of incidentewav
number. The numerical implementation proved padity efficient and the results compare very well
with other theoretical and experimental work.

[2] Chick, J., Bryden, I., and Couch, S.J. (2007). "iffi@eence of Energy Extraction from Tidal
Channels and its Impact on System Design." Undemigechnology, International Journal of the
Society for Underwater Technology, 27, 2, 49-5&7206, ISSN 0141-0814

This paper explores the sensitivity of a simple elad open flows, which has been developed to
facilitate the preliminary assessment of the siitgtof tidal channels for energy exploitation. idg
models deliberately simplified for clarity, the séivity is show to be dependent primarily upondtn
depth and boundary roughness. The model resulthamneused to support the use of a hon-dimensional
number which may prove useful in future classifimabf the sensitivity of tidal channels. Energy
extraction from a tidal stream is shown to havepbiential for significantly altering the flow thugh the
channel in question and, in so doing, imposes caings on the design of the extraction systemfitsel
This differs significantly from the practice of mgce assessment in the wind energy industry.

[3] Bryden, I.G. (2007). “Tidal Energy Commentary.” VilbbEnergy Review 2007, in press.

This document provides a statement of the statiewélopment of tidal energy in 2007. It covers the
technology and principles of tidal energy extractimcluding barrage systems, lagoons and tidal
currents. It also provides a largely non technileacription of issues associated with resource
assessment, environmental impact assessment amianed speculation on future developments.

[4] Couch S.J. and Bryden I.G. (2004). "The impachefgy extraction on tidal flow development.” 3rd
IMarEST International Conference on Marine Renewdbhergy

Application of 2-d and 3-d numerical tidal modeigiie marine renewable energy field has typicadigrb
to identify appropriate sites for marine energyastion and quantify the potential energy availdbte
extraction. Implicit in such an analysis is thelemption that local flow conditions will not be
significantly altered by the energy extraction mex Considering the complex hydrodynamic condition
associated with the majority of sites identifiedsagable for economic extraction of tidal eneripg
general validity of this assumption is questionaltles therefore necessary to develop modelling
techniques which take account of the dynamic ‘fee@bof extracting energy from the system. Thid wil
enable a more rigorous assessment of suitablefsitdgvelopment and aid in determining the loealis
environmental impact of exploitation.

Results from a simplified one-dimensional analgdithe governing equations will be summarised. This
analysis demonstrates the significant upstreandamchstream effect of energy extraction on velocity
and elevation in a simple channel set-up. The gnexgaction theory has been extended to a sigyexr-la
model of the hydrostatic primitive equations. Siatigdns using idealised domains demonstrate théslimi
within which the ‘blocking’ effect of a tidal turbe ‘farm’ is of significance. This will address @amns
that have been raised within the research commuomigrding the change to the hydrodynamic regime
brought about by extensive energy extraction, andrgial redistribution of tidal currents away frohe
installed location.
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[5] Couch S.J., Sun X., Bryden I.G. (2005). "Modeloh&nergy Extraction from Tidal Currents.” 6th
EWTEC European Wave and Tidal Energy Conference.

Although there are some similarities, the intergtiet of energy extraction from tidal currents is
substantially different from the wind. This papetlmes recent thinking into the influence of energ
extraction of energy from tidal environments, takjparticular care to consider the influence offtee
surface.

In any environment energy extraction will, inevitglresult in degradation in the resource with jaes
economic and environmental impact. Reduced ovitoall speed will affect resource assessments, whilst
simultaneously influencing the transport of nuttietocalised flow acceleration might, however,
accelerate scour effects.

[6] Couch, S.J. and Bryden, |. (2007). "Large-scalesptay response of the tidal system to energy
extraction and its significance for informing erarimental and ecological impact assessment.”
IEEE/OES Oceans '07 Marine Challenges: Coastlinbg¢ep Sea, 2007/06/18-21

The impact of harvesting tidal energy on the undlegl tidal hydrodynamics is examined. Understanding
of both the near- and far- field physical respoofsthe tidal system is necessary in order to inform
environmental and ecological impact assessmentrber of numerical model test cases are presented
which provide first stage indications of the poigintesponse of the system.

[7] Couch, S.J., and Bryden, I. (2006). "Tidal CurreEntrgy Extraction: Hydrodynamic Resource
Characteristics,” Proceedings of the InstitutionMéchanical Engineers, Part M: Engineering for the
Maritime Environment, 220, 4, 185-194, 2006, I1S8[K510902

There is an apparent lack of understanding ofitle tesource and its response to harvesting afygne
among the principal proponents of the fledgling til&l energy industry: the device developers,
principally supported by government funding. Théhats’ intent is to widen understanding of the
different hydrodynamic conditions and controls t@berate favourable conditions for tidal energy
extraction. The paper outlines the generic hydradyin conditions that typically provide the most
important fundamental requirement for harvestidgltenergy, namely a large tidal current resoufoe
generic tidal regimes are presented, and the dlitigadf each regime for harvesting of energy is
considered. Of the five regimes, two cases ardiftehas being most prevalent, but are generally
unsuitable for economic exploitation. Understandhegsignificant differences between the driving
mechanisms of each of the flow regimes is therefexeto effective site selection for large-scale
development. Furthermore, the response of therdiffeegimes to energy extraction from the system i
not consistent further impacting on site selectidamerical simulations of idealised examples
highlighting the different hydrodynamic conditioimsoperation will be used to support descriptiohs o
the relevant tidal flow regimes.

[8] Bryden I.G., Couch S.J., Owen A. and Melville ®0{@. “Tidal Current Resource Assessment.”
Proc IMechE Journal of Power and Energy, Vol. 28, 2, pp. 125-135(11).

This paper outlines present thinking on the deteation of accessible tidal current resources within
channels and other potentially exploitable locatidrhe fundamental principles behind tides and tida
currents are briefly discussed and the implicatmfitemporal and spatial variations on the evatuatf
the resources considered in the context of awifienergy exploitation. The thinking behind thexflu
approach to resource estimation is presented ardanple based on the Pentland Firth is considered.
The impact of energy extraction on the flow patamconsidered in both one and two dimensions and
the principles required for three-dimensional asedyare presented in a generic form.

[9] Venugopal, V. and Smith, G.H. (2007). “The efféavave period filtering on wave power extraction
and device tuning.” Ocean Engineering, 34, pp. £1237.

The variations in the quantity of wave power adadéao a wave energy converter by filtering outrsho
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period waves have been examined in this paper.rfOgage data recorded at three different locatioms a
water depths around northern Europe are usedifoptipose along with numerically synthesized wave
time series. A wave power ratio, defined as thie tzdtween the wave power for the filtered and
unfiltered data, is calculated for each data set,the variation of this quantity with the degrdée o
filtering is investigated. Two new parameters ngmRland S are defined to quantify the effect ¢f th
filtering on the variation of wave-to-wave periaadsheight. It is shown that removing the shorterqoe
waves has little effect upon the power availabtesfdraction but may significantly reduce the rate
which the wave energy converter must retune toeaehdptimum power conversion.

[10] Bryden I.G., Couch S.J. and Harrison G. (2006). &dxew of the Issues Associated with Energy
Extraction from Tidal Currents.” World Renewabledfgy Congress IX, Florence, Italy.

Parallels are frequently drawn between the extyaaif energy from the wind and the extraction of
energy from tidal currents. At the device scales blas some appropriateness but, at an environmenta
scale, the parallels can be misleading. This pdiseussed methods of modelling the extraction efgn
in one, two and three dimensions and how energpetin might be expected to modify the flow
patterns, including effects in the immediate viirgf the technology. Such predictions could beduse
assess the energy potential of a site. The reguttiplications on the design of appropriate tidal
technology are briefly discussed.

[11] Bryden I.G. and Couch S.J. (2005). “MEL1 - Marineckgy Extraction: Tidal Resource Analysis.”
Renewable Energy, RENE2412, paper 10.1016/j.re2@68.08.012.

This paper outlines some of the issues which nede tonsidered when analysing the extraction
potential of a tidal current resource. Site setects not a simple case of identifying an energste with
an appropriately large peak tidal current. The ati@ristics of the current throughout the lunaaltclcle
must be considered. Furthermore, implicit in suctaaalysis is the assumption that the local tikbay f
conditions will not be significantly altered by thaergy extraction process itself. For high extoact
rates, the general validity of this assumptionuesiionable. The influence of energy extractionnuhe
underlying hydraulic nature of the tidal environmetust be considered. Analysis based upon open
channel flow theory demonstrates that energy etiorai a simple channel driven by static head
differences can have a significant upstream andhdtream effect. This suggests that the environrhenta
impact of energy extraction is not necessarilyrigts to the immediate area around the extraditen It
also suggests that there is potential for the m®ogenergy extraction to either diminish or egahance
the available resource at a particular site. Funtgearch is required and is ongoing in this drethe
case examined, the limits to exploitation are shtwoe inexact. However, a useful approximate
guideline for resource analysis would be that 10%h® raw energy flux produced by the tide can be
extracted without causing undue modification toftber characteristics.

[12] Bryden I. and Couch S.J. (2004). "Marine Energyr&otton: Tidal Resource Analysis", WRECO04,
Denver.

This paper outlines some of the issues which neée tonsidered when analysing the extraction
potential of a tidal current resource. Site sebects not a simple case of identifying an energstie with
an appropriately large peak tidal current. The att@ristics of the current throughout the lunaalte/cle
must be considered. Furthermore, implicit in sucla@alysis is the assumption that the local tilay f
conditions will not be significantly altered by thaergy extraction process itself. For high extoact
rates, the general validity of this assumptionuegiionable. The influence of energy extractionrue
underlying hydraulic nature of the tidal environmetust be considered. Analysis based upon open
channel flow theory demonstrates that energy etiorai a simple channel driven by static head
differences can have a significant upstream anchdowam effect. This suggests that the environrhenta
impact of energy extraction is not necessarilyrigts to the immediate area around the extraditen It
also suggests that there is potential for the m®oéenergy extraction to either diminish or egahance
the available resource at a particular site. Funthgearch is required and is ongoing in this drethe
case examined, the limits to exploitation are shtae inexact. However, a useful approximate
guideline for resource analysis would be that 10%h® raw energy flux produced by the tide can be
extracted without causing undue modification toftber characteristics.
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[14] Bryden I.G. (2006). “The Marine Energy Resourcen§tmints and Opportunities.” Proceedings of
the Institution of Civil Engineers: Maritime Engeming 159, Issue MA2, pp 55-65.

The British Isles are blessed with highly energetiastal waters, which offer opportunities for the
exploitation of waves and tides for the generatibalectricity. This paper looks at prospects &ord
constraints upon, the long-term economic developmkthe wave and tidal resources. Technology
already exists which is capable of the effectivenbasing of marine resources. Proponents have
estimated that up to 40% of the UK electricity dypgmuld, eventually, come from wave and tidal
sources. More conservative estimates suggestithagtatential is somewhat lower than this but still
substantial. The wave resource is recognised ag ltiee larger but the tides do offer some very real
advantages. Specifically, they are predictabléheg are driven by regular astronomic mechanisms. |
addition, the energy flux density in many of thestnattractive sites is formidable, offering the gmect
of large-scale generation with relatively compachhology. Developers of both wave and tidal
technology share economic as well as technicalaiggs and these must be overcome if new industries
are to be established. The solutions require effpscientists, engineers and, crucially, politcia

[15] Bryden, I. and Couch, S.J. (2007). "How much eneegybe extracted from moving water with a
free surface: a question of importance in the fafididal current energy?" Journal of Renewable iyye
32, pp. 1961-1966.

This short technical note addresses the extraofiemergy from a simplified channel in which flosv i
driven by a head difference between inlet and oufleis model is used to indicate that there is a
maximum rate at which energy can be artificiallyragted from the flowing water and that this rate i
related to the kinetic energy flux in the unexmdithannel but with a multiplying factor which eated
to the channel physical properties. Counter inteii, this multiplier can exceed unity in

some circumstances. The simple channel has sonilaréiigs to tidal channels but is here presented a
an abstraction to allow appreciation of the refalips between energy extraction, flow speed and
channel properties.

[16] Venugopal, V. and Smith, G.H. (2007). “Wave climatestigation for an array of wave power
devices.” Proc. 7th European Wave and Tidal Eneggyference, paper 1071, Porto, Portugal, 11-13
Sept 2007.

This paper presents the results of a study caotedo determine the change in wave climate aramd
array of hypothetical wave devices. The main objeatf this work is to investigate the change inveva
height in the upstream and downstream of the devVaedifferent levels of wave absorption. This is
achieved by modelling the wave devices as porauststes with different porosity levels, with the
inclusion of partial reflection and partial transsion. The MIKE 21 suite wave models, (i) Spectrale
and (ii) Boussinesqg wave are used for this purpbise.former wave model is employed for the
estimation of various phase averaged wave parasietethe Orkney Islands. These wave parameters are
then used as input to the Boussinesgq model to staghg-device array interactions. The results are
presented in the form of wave disturbance coefiitsielefined as a ratio of the significant wave heaj
a particular location relative to the incoming mput significant wave height. This study illustsateow
the variations in wave absorption by the devicéscathe degree of wave reflection and transmission
around the devices.

[17] Couch, S.J. and Bryden, I. (2005). "Numerical Mbdglof Energy Extraction from Tidal Flows."
Proc WREC 2005 Conference (May 22nd-27th), Aberdeestland.

Research into harvesting energy from tidal resauicgenerally focussed on extraction technology,
impact of the fluid environment on the device and qmtegration. Of equal fundamental importance is
the feedback on the tidal system from energy etitra@nd potential blocking effects of extraction
devices. Development of traditional 2-d and 3-d arical tidal models to account for the impact of
energy extraction in the tidal system is summaritksihg the numerical modelling output producedhfro
simple idealised domains, the physical responsleeofystem to energy extraction is elucidated.ifeurt
analysis of the balance of terms in the alongsharmentum equation aids in understanding the
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underlying dynamical response of the system.

[18] Harrison, G.P., Couch S.J., Bryden | and Wallade.A2006). "Climate Change Impacts on Marine
Energy Resources." European Conference on Impa&smate Change on Renewable Energy Sources,
5-9 June 2006, Reykjavik, Iceland.

Marine energy sources like wave, offshore wind @ahel current could have a significant role to piay
lowering carbon emissions within the energy segarticularly in Western Europe. Ironically, these
resources may be susceptible to changes in clithatavill result from rising carbon emissions: wind
patterns are expected to change and this will aléefe regimes and there appears to be potentitititdr
currents to be affected by rising sea levels. Desplack of definite proof of a link to global waing,

over the past few decades, wind and wave condihans been changing and sea levels have risen, Here
the potential climate sensitivity of these marinergy technologies is outlined in terms of the g&anin

the resource, energy capture and the implicationprbject economics.

[19] Harrison, G.P. and Wallace, A.R. (2005). “Sensijivof wave energy to climate change.” IEEE
Trans. on Energy Conversion, 20 (4), pp. 870-877.

Wave energy will have a key role in meeting rende/@nergy targets en route to a low carbon economy.
However, in common with other renewables, it magéesitive to changes in climate resulting from
rising carbon emissions. Changes in wind pattemasviadely anticipated, and this will ultimately ext

wave regimes. Indeed, evidence indicates that \weights have been changing over the last 40 years,
although there is no proven link to global warmi@fanges in the wave climate will affect wave eperg
conversion. Where the resource is restricted, timeng be reductions in energy exports and,
consequently, negative economic impacts. On ther ¢tand, increased storm activity will increase
installation survival risks. Here a study is prasdrthat, for the first time, indicates the semgitiof

wave energy production and economics to changeliate.

[20] Harrison, G.P. and Wallace, A.R. (2005). “Climatmnsitivity of marine energy.” Renewable
Energy, 30 (12), pp. 1801-1817.

Marine energy has a significant role to play in éoing carbon emissions within the energy sector.
Paradoxically, it may be susceptible to changediimate that will result from rising carbon emigs$o
Wind patterns are expected to change and thisaltél wave regimes. Despite a lack of definite pado

a link to global warming, wind and wave conditidre’e been changing over the past few decades.
Changes in the wind and wave climate will affedslobre wind and wave energy conversion: where the
resource is constrained, production and econonmfopeance may suffer; alternatively, stormier
climates may create survival issues. Here, a velgtsimple sensitivity study is used to quantifyh
changes in mean wind speed—as a proxy for wideraté change—influence wind and wave energy
production and economics.

[21] Smith G. H., Venugopal V. and Wolfram J. (2006)avé/period statistics for real sea waves and
wave energy extraction.” Proc | Mech E, Part M, i@l for the Maritime Environment, 220, Special
Issue, 1-17.

The paper describes the analyses of wave datadegtat various locations and water depths around
northern Europe to determine the temporal chariatitay of individual wave periods and other wave
period statistics. These analyses show that, futexe are group characteristics for wave heighése
are similar, but less pronounced, characteristicsvhive periods. This is observed in three sepaedite
of data from different locations in water depthd 8f 50, and 130 m. It is also found in time series
simulated using random linear wave theory fromrssd@p spectrum. A simple, new statistic, R, is
introduced that measures the rate of change iwéve period from one wave to the next. This isvahé
to wave energy devices that may try to tune thevesdb obtain optimum power output from each
individual wave. The characteristics of this statiand its variation with significant wave heighigan
energy period, and spectral bandwidth have beemieed for the three datasets and are discussiad. It
found that the R statistic can be fitted quite voglla Gaussian distribution for all the datasets@red.
In a real sea there will be many small waves witmparatively very little energy, and the effect of
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filtering these out upon the R statistic has beem@ned. It is seen that removing the small wawes h
very little effect upon the energy available fotraxtion but significantly reduces the rate at \iahize
wave energy device must retune to obtain optimumepaonversion. This is illustrated by considering
hypothetical wave energy device, with a represemtgtower transfer function, that can retune at
prescribed rates. It is shown that being able e to individual waves can greatly increase povuéput.

[22] Sellar, B.G., Bruce, T. and Wallace, A.R. (200Pxdviding Sea Surface Elevations for Marine
Energy Converters using a Novel Optical Fibre SenBoogress in the Flume.” 7th European Wave and
Tidal Energy Conference. Porto, Portugal.11-13tpt8mber, 2007.

Marine energy converters will require the implenagioin of control strategies to achieve viability in
some cases and maximise profitability in most. €mamtrol strategies may require distributed
information on the wave field in which the deviesides. A novel method of obtaining this data is
investigated using a lattice of treated opticald#constrained on a flexible substrate and fittitd
floatation aids. By measuring the intensity of tigsst at bends along its length the patented @evic
Shape Tap¥, can sense its position in three dimensions. miwdiry tests involving JONSWAP spectra,
generated in a 20 metre long, 0.7 metre deep tweasional wave flume, show the flexible ribbon
predicts HmO and TmO01 with errors less than 16%2%despectively when compared to wave gauge
measurements. Repeatability tests using regulaetnaias provide standard deviations away from the
results of wave gauges of 5% in wave height andriléave period.

[23] Lucas, J., Cruz, J., Salter, S., Taylor, J. anddBry, |. (2007). “Update on the modelling of a 1:33
scale model of a modified Edinburgh duck WEC.” Pfcthe 7th European Wave and Tidal Energy
Conference, Porto, Portugal, September 2007.

A modified version of the Edinburgh duck wave egergnverter has been studied recently at the
University of Edinburgh. From the design point @w the key innovation was a modification of the
wetted profile. Wave energy is converted into usefark by the same pitching motion as in the oragin
duck, but by means of a circular cylinder with &centred axis of rotation. This recent study was
focused on a duck version designed for vapour cesgimn desalination rather than electricity
production. The duck was partially filled with watnd the motion of the water inside provided the
necessary pump effect for the vapour compressiba.ifher water behaves as an inertial reference as
well as a double-acting piston. Under the assumptiaken, the results can be applied also to the
electricity production version.

WAMIT was used to predict the hydrodynamic coeéids and to select a set of configurations. A 1:33
scale model was tested at the Edinburgh curvedttanitlidate the numerical predictions.

This paper extends the already published numeprealictions and experimental results obtained with
this model, and reports on the new experimentts tesd features. The relative capture width of the
device that resulted from the measurements is ptegeas well as he measured mooring forces iHaegu
waves. Finally, the behaviour of a linear damp&dus model the power-take-off mechanism is
analysed.

[24] Quayle, S.D and Aggidis, G.A. (2006). “Prelimindnyestigation of Multi-Element Profiles for a
High-Lift Variable Pitch Vertical-Axis Tidal StreaBevice.” (Invited Paper), Fluid Machinery Group of
the Institution of Mechanical Engineers, ‘CFD fdukl Machinery’, IMechE, London, 24th October
2006, IMechE, Event Publications, v 2006 10, IMe€ldaference Transactions.

Multi-element profiles have been used for decadessist aircraft during landing and take-off by
significantly increasing lift during these vitabhges of operation. This paper presents the predimin
CFD results used to validate and optimise the desig multi-element profile for a vertical axigai
stream energy device, where the relative velogitiesl type and Reynolds number differ signifidgnt
from that found in the aerospace sector. A vertiséd device has been selected as it offers sigmifi
advantages in shallower tidal water, often founar rshore thus reducing the required infrastrucaumct
set up costs associated with the deployment ofteelanologies. The UK is in a prime position to @xipl
energy capture from Tidal Stream with the advantage other renewable sources in that it is coraptet
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predictable.

[25] Harrison, G. P. and Wallace, A. R. (2005). “A charmgclimate for marine energy.” Proc. 6th
European Wave and Tidal Energy Conference, Glas§eptember 2005.

Wave energy is critical to the move to a low carboanomy. Unfortunately, like other renewables, it
may be sensitive to changes in climate resultiomfrising carbon emissions. Changes in wind pattern
are forecast and these will alter wave regimesdé&ige indicates that wave heights have been clangin
over recent decades, although there is no prow&ndiglobal warming. Changes in wave climate will
impact on wave energy conversion: resource restngtmay lower energy exports with consequent
negative economic impacts. Alternatively, increastedm activity will increase survival risks for
installations. Here, evidence of recent wave clen@dtange is outlined together with projectionshef t
future. Methodologies for inferring future change aompared and a simple case study is presented.

[26] Harrison, G. P. and Wallace, A. R. (2005). “Climateange impacts on renewable energy —is it all
hot air?” Proc. of World Renewable Energy Congre&;-27 May 2005, Aberdeen.

The harnessing of renewable energy sources isteitainstraining the extent of climate change.
However, the very fact that such sources are diyetine climate may leave them exposed as climate
changes over the coming decades. The impacts ailifest themselves through changes in resource,
altered operational capability and impacts on ento@erformance. With the electricity industry
increasingly market-based it is the latter imphet will be of most concern to would-be investdsis
paper reviews the current level of understandingiofate change and the potential implicationsafor
range of renewable energy sources including hydvepowind and wave.

[27] Taylor, J.R.M. and Motion, A. (2005). “Estimatingwve energy in Scottish waters from hindcast
data.” Proc. 6th European Wave and Tidal Energy féoence, Glasgow, 30th Aug - 1st October 2005.

Wave hindcasting provides a practical and costgtfe alternative to in-situ measurement for the
estimation of directional wave climates over adangmber of geographically dispersed sites. Hirtdcas
based on data from the UK Met Office have previpligen used to assess the wave resource in UK
waters but recent increases in temporal and spasialution have improved the quality and quardfty

the information that is available. In this papbe Met Office hindcasting process is describeddatd

from April 2000 to March 2004 is used to calculaterage wave power levels and directions for afset
95 ‘gridpoints’ within Scottish waters. A companmswith concurrent buoy measurements near to one of
the grid-points is made.

[28] Bryden | .G, Grinsted, T. and Melville, G.T. (200%yssessing the Potential of a Simple Tidal
Channel to Deliver Useful Energy.” Applied Ocears&arch, Vol. 26/5 pp. 200-206,
10.1016/j.apor.2005.04.001, 2005.

This paper briefly outlines the principles of eneegxtraction from tidal currents and develops gpsém
model, based upon open channel flow, for the assassof the influence of such extraction upon the
underlying hydraulics. It is shown that energy agtion does alter the flow within a simple channel.
Extraction of 10% of the energy flux in a naturaidisturbed channel would produce a flow speed
reduction of under 3% rising to 6% for the extractof 20% of the natural flux. The authors suggest
10% extraction could be considered as a guidetinddvelopers wishing to make a conservative estima
of the extractable resource in a simple channel.

[29] Gretton, G. I. and Bruce, T. (2005). “Preliminargsults from analytical and numerical models of a
variable-pitch vertical-axis tidal current turbirfeProceedings of the 6th European Wave and Tidal
Energy Conference, Glasgow, UK.

This paper presents work on the analysis of a blerpitch vertical-axis tidal current turbine. An
analytical Blade Element Momentum (BEM) model hasrbused to investigate key design parameters
such as turbine geometry and tip speed ratio, troctiae effect of blade pitch control. In ordeibtter
understand the time-varying nature of the problerepmmercial Computational Fluid Dynamics (CFD)
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package has been used to simulate the flow ardwenditbine.

Results from the analytical model show that a atersible performance advantage can be gained from
the use of variable-pitch blades, especially atdhetip speed ratios which might be necessarwtida
cavitation. Whilst the work on CFD modelling isaat early stage, it highlights the potential foreased
understanding of the flow patterns through and rdauvertical-axis turbine.

[30] Gretton, G. I. and Bruce, T. (2006). “Hydrodynamodelling of a vertical-axis tidal current
turbine using a Navier-Stokes solver.” Proceedingthe 9th World Renewable Energy Congress,
Florence, Italy.

A commercial Computational Fluid Dynamics (CFD)gnmam, CFX, which solves the Navier-Stokes
equations, has been used to simulate the flow ¢frawvertical-axis tidal current turbine. The siatidn
domain consists of a two-dimensional slice throtighturbine in the horizontal plane. The soluti®n i
transient and so the angular position of the blagbgh are contained within a rotating domairtjrige
dependent. Results from this numerical simulatiecampared with those from an analytical Blade
Element Momentum (BEM) model. The cyclical torgigmal generated by a single blade on a turbine is
used as a comparator. Qualitatively the compaisgood with the salient features of the signalilsiry
represented. The greatest discrepancy occurs Wwkemglytical model predicts the blades to beal st
when the numerical model does not.

[31] Smith, G. H., Venugopal, V. and Wolfram, J. (2008)ave Period Group Statistics for Real Sea
Waves and Wave Energy Extraction.” Proc. | MechP&rt M: J. Engineering for the Maritime
Environment, Vol. 220, No.3, pp. 99-115(17).

The paper describes the analyses of wave datedextat various locations and water depths around
northern Europe to determine the temporal chariatitay of individual wave periods and other wave
period statistics. These analyses show that, gifiexe are group characteristics for wave heigiése
are similar, but less pronounced, characteristcsvhive periods. This is observed in three sepaedite
of data from different locations in water depthd 8f 50, and 130 m. It is also found in time series
simulated using random linear wave theory fromrssd@p spectrum. A simple, new statistic, R, is
introduced that measures the rate of change iwéve period from one wave to the next. This isvahé
to wave energy devices that may try to tune thevesdb obtain optimum power output from each
individual wave. The characteristics of this statiand its variation with significant wave heighigan
energy period, and spectral bandwidth have beemiexa for the three datasets and are discussisd. It
found that the R statistic can be fitted quite vioglla Gaussian distribution for all the datasets@red.
In a real sea there will be many small waves witmparatively very little energy, and the effect of
filtering these out upon the R statistic has beemrgned. It is seen that removing the small waes h
very little effect upon the energy available fotraxtion but significantly reduces the rate at \iahize
wave energy device must retune to obtain optimumepaonversion. This is illustrated by considering
hypothetical wave energy device, with a represemtgtower transfer function, that can retune at
prescribed rates. It is shown that being able e to individual waves can greatly increase povuéput.

[32] Gretton, G. I. and Bruce, T. (2007). “Aspects otimematical modelling of a prototype scale
vertical-axis turbine.” Proceedings of the 7th Epean Wave and Tidal Energy Conference, Porto,
Portugal.

Hydrofoil section data, comprising coefficientdlififand drag, are a key input into blade element
momentum models of turbines. The aim of this pap#y investigate whether differences in this secti
data are to account for the predictions from bkeléenent momentum models and Navier-Stokes
solutions (using a computational fluid dynamicsgseanme) disagreeing. To this end, a number of
sources of hydrofoil section data were researchdccampared. It was found that there were notable
differences in the coefficients given by the das sTwo of the data sets, namely the Sheldahl and
Klimas data and results produced by the authots Mfioil, were used as input into the blade element
momentum model. When compared with the results tt@CFD solution, there is disagreement
between all of the results, although the resultslpced from the blade element momentum model with
the Xfoil coefficient data are closer to the CFBulés than those produced with the Sheldahl anch#di
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data. This shows that whilst uncertainties in thetion data may be partially responsible for the
disagreement between the two models, other unogesimust also be significant.

[33] Ortega, J. and Smith, G.H. (2007). “Spectral Anaysf Storm Waves Using the Hilbert-Huang
Transform.” Submitted to 16th International Offse@nd Polar Engineering Conference (ISOPE) July
2007.

We use the Hilbert-Huang Transform (HHT) for thedpal analysis of waves during a storm in the
North Sea that took place in 1999. We look at thetrdbution of the different Intrinsic Mode Funati®
(IMF) obtained by the Empirical Mode Decompositalgorithm and also compare the Hilbert Marginal
Spectra and the classical Fourier spectra for dit@ et and for the corresponding IMFs.

[34] Smith, G.H. and Venugopal, V. and Fasham, J. (2008ave spectral bandwidth as a measure of
available wave power." Proceedings of 25th Inteioradl Conference on Offshore Mechanics and Arctic
Engineering, OMAE2006-92379, 1-9, June 4-9.

A key requirement in the description of the perfante of a wave energy converter is how the effigien

of power capture changes with the properties os## This paper examines the effect of two generic
power transfer functions (PTF) on power producfrom six simulated wave spectra. These were chosen
to represent a series of wind, wind-swell mixed swdll dominated seas. The spread in energy within
the sea state as defined by a variety of bandvpidthmeters were examined to determine if thereawas
correlation between the width of the transfer fimcand the sea bandwidth. It was found that,Her t
‘constant’ height PTF, the bandwidth parameter &bdulated using zeroth, minus-one and minus-two
spectral moments) provided the best performed podrhen the andecorrelation. Customary

bandwidths PTF was allowed to vary in height ad a®Wwidth there was little improvement in

correlation from the un-scaled results.

[35] Vuillemin, J. and Harrison, G. P. (2007). “On waskmate predictability: a mesoscale model to
assess future wave energy potential.” Waves andatipaal Oceanography / GLOBWAVE Project
Workshop, 19-21 September 2007, Brest, France.

The growing interest in wave energy together withrdinated actions between ocean energy companies
and research organisations should lead in thefokae to large scale wave power deployment.
However, in developing sustainable wave power itesl one should carefully consider the avail&pili

of wave resources over space and time. Whatevevdkie energy conversion (WEC) technology
considered and its performance, the location eggttat offer high wave intensity together with
reasonable development and operations and mairtemasts is a key asset in assuring appropriate
financial return. Importantly, the resource avallgbover the scheme lifecycle is critical in gaateeing
the technological and economic viability of any WR®ject. This is particularly true in the context
climate change which could impact plant operatiprciiianging power generation capability or placing a
limit on their structure. In developing sustainabieve power facilities, there is clearly a need for
studying climatic variables and anticipating theffuence on wave energy resources over the long-te

The variability of atmospheric circulation is th@shimportant factor determining changes in spatial
seasonal distribution of climatic elements like avBpeed which influence wave climate. Various gsidi
report relationships between atmospheric presgagiants in the North Atlantic (NA) basin and wave
heights, frequency or even extreme waves. Thissiaggests that if we manage to predict the likely
changes in prominent modes of low-frequency vditgliike the North Atlantic Oscillation (NAO) and
the East Atlantic Pattern (EAP), we may providedbean energy sector and related industries with
capital indications. In this respect a mesoscaleevedimate model off the British Isles is being
developed. Combining ship, buoy, and satellite datia reconstructed weather information (re-analysi
products) and numerical simulations of the clingtstem (GCMs), this model should improve our
knowledge of wave climate over the Atlantic Ocead eontribute to a relevant assessment of potential
wave energy farm sites in the context of climatenge.

29



SuperGen Marine Energy Research

WP2 Development of Methodologies for Device Evaluation and Optimisation
[36] Cruz, J., Payne, G. (2006). “Preliminary numerisaiidies on a modified Edinburgh duck using
WAMIT.” In: Marine Renewable Energy Conference (MR, London, U.K.

A novel offshore wave powered desalination dewsceuirrently being studied at the University of
Edinburgh using numerical modelling. The devicbased on a modified version of the Edinburgh duck.
Its hydrodynamic behaviour is investigated usirgltbundary element method (BEM) package WAMIT.
This paper presents the first set of studies refatehe numerical modelling of a three degreaeédom
version of the desalination device in regular waeveral configurations are considered and
characterized with regard to the hydrodynamic édieffits, the wave exciting force and the response
amplitude operator. Future studies based on tlessdts will provide experimental data to benchnthek
numerical predictions.

[37] Owen, A., and Bryden, 1.G. (2006). “A novel gragthigpproach for assessing tidal stream energy
flux in the Channel Isles”, Proceedings of the IE&T Part C, Journal of Marine Science and
Environment, C4, IMarEST technical proceedings Rart

A novel flux methodology approach to modelling #reergy available in tidal streams is demonstrated,
and compared with an earlier assessment usingtherhethodology. Using a combination of existing
public domain pictorial data and the graphical télfiges of a readily available BASIC programmasit
shown that a realistic quantification of the oveealergy flux within a tidal stream can be found,
relatively quickly and without the need to emplaymplex numerical models. The method is applied to
the Channel Islands and compared to an earliey stutch used the farm methodology. The results
indicate that whilst the resource may not be agelas previous reports suggest, current undersiguodi
tidal stream energy flux is now on firmer ground.

[38] McCabe, A. P., Bradshaw, A., and Widden, M. BQ%20'A time-domain model of a floating body
using transforms.” 6th European Wave and Tidal Epye€onference (6th EWTEC), University of
Strathclyde, Glasgow, 30th August — 2nd Septen@s.2

This paper presents the use of Laplace transfetiuns in the formulation of time-domain models of
floating bodies. The transfer functions are Lapl@aasformations of the ‘memory’ function convobris
in the generally-accepted form of time-domain medeld are derived directly from the hydrodynamic
characteristics of the floating body. Consequettitlg,impulse responses, which form the kernelb@f t
convolution integrals, need not be calculated dditzon, the model may be readily converted into
alternative forms, such as state-space modelactiitéite dynamic analysis and control design. gk
degree-of-freedom model is used as an examplersyastd its responses to regular and irregular wave
inputs are assessed to demonstrate the capalilitiee method.

[39] Payne, G. (2007). “A modular graphical user interéefor WAMIT.” 7th European Wave and Tidal
Energy Conference, Porto, Portugal.

The hydrodynamic numerical modelling package WANHR widely used boundary element method
code. It is mainly distributed in its PC executalmesion which does not include any graphical user
interface. Instead, input settings are enteredth@grogram by means of text files. Computaticults

are output in the same way. Preparation of thetifilps and post-processing of the outputs is ofiee
consuming and repetitive. This paper presentsghgral user interface addressing this task. The
interface, programmed in MatLab, is split into peed post-processing parts. Its key feature is its
modular structure. The programme consists of nuaseirtdependent modules that carry out specific and
self contained tasks. This makes it easy to cus@ihie interface to suit new requirements.

[40] McCabe, A. P., Aggidis. G.A. and Stallard, T. D0@). “ A time-varying parameter model of a body
oscillating in pitch.” Applied Ocean Research 2§:(859-370 Dec 2006, Pergamon-Elsevier Science
Ltd, The Boulevard, Langford Lane, Kidlington, Qgf®©X5 1GB, England

Among the assumptions upon which linear time-irardrimodels of floating bodies are based is that the
body motions are so small that any change in tldg’b@ngular position can be disregarded. However,
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is often a major design requirement of a wave gneogversion device that the response amplitude is
large, thereby invalidating one of the assumptigiithe linear model. In particular, the immersed
geometry of a body undergoes considerable variatiogn it is moved in pitch. With regard to this we
investigate the difference in performance betweguoasi-linear model in which the change of immersed
surface is modelled by time-varying parametersabésic linear model in which the immersed surface
time-invariant. The time-varying parameter modekiglized by interpolation between the appropriate
parameter values of a set of linear time-invar{afi) models derived for the different immersed
surfaces that occur at discrete body displacemingsshown that the responses predicted usingriines-
varying parameter model are closer to those medsxgerimentally than those of a standard frequency
domain model. Particular improvement occurs wherrésponses are large, such as at or near the
resonance frequency. A problem which may limitgkeeral use of the model is also discussed.

[41] McCabe, A.P., Aggidis, G.A., and Stallard, T.J.O@0 “Comparable performance characteristics
from different test sites.” (Invited Paper), 4th EX@-ordination Action on Ocean Energy Workshop -
Performance Monitoring of Ocean Energy SystemsTINEsbon, Portugal.

A wide range of technologies have been developednwert the irregular oscillations of kinetic and
potential energy of ocean waves into useful eleaitenergy. The performance of all devices is ddpen
on the characteristics of the incident wave-fi@thndard testing procedures look to define the
performance of a device by its annual power capiypically, this is estimated as the overall prctoof
two matrices: a wave-field occurrence matrix anqwaer capture matrix. The wave field matrix is site
specific and describes the probability that a wigedel-with given significant wave height and zero
crossing period will occur at a random instant.odvpr capture matrix is device specific and dessribe
the mean power generated by the device in a wale-¢haracterised by a given combination of
significant wave height and zero crossing periocfOyuidelines for the measurement of wave energy
device performance suggest that the power captatedsfor a given pair of characteristics shouldHwse
mean of that measured in at least six statisticdithlar wave-fields. Such criteria have been nyetaw
device developers and so

it is important to note that, whilst power captunatrices have been published by several device
developers, there is little publicly-available exide from offshore tests to support the figuretedta

To avoid compromising the intellectual propertycompanies developing devices, simplified models are
used to predict the performance of a device atnabeu of sites around the UK. Linear mathematical
models are used to describe the characteristipsinf-absorber wave power device whose performance
approaches the theoretical limit of a point absonbeegular waves.

The site-specific wave data was provided by theNi€-Office (UKMO) numerical weather prediction
model, a hindcast wave model which calculates threeveonditions from forecast wind conditions. Seven
locations within the UK waters wave model and aleh from the North-Western European waters
model provide a wide range of sea states for pdoce comparison.

[42] Payne, G., Taylor, J., Parkin, P. and Salter, ®0@&). “Numerical modelling of the Sloped IPS Buoy
wave energy converter.” 16th International Offshared Polar Engineering Conference (ISOPE 2006),
San Francisco.

The Sloped IPS Buoy is a deep-water wave-energyectar concept whose power take-off mechanism
relies on water inertia for reference. The presark deals with the modelling of this device usthg
higher order feature of the boundary element meflamtage WAMIT. In a first stage, numerical
predictions are compared with experimental datafoonfiguration where the system motion is
constrained to a single degree of freedom. Compagiare then established, initially for a free-filog
configuration with no power take-off system andtléth damping applied by a power take-off system.

WP 3 Engineering Guidance

[43] Aggidis, G.A. Bradshaw, A. French, M.J. McCabe, MBadowcroft, J. A. C. and Widden, W.B.
(2005).“PS Frog MK 5 WEC developments and desiggmss.” World Renewable Energy Congress,
Aberdeen.
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This paper describes the latest progress on theafgwent and design of PS Frog Mk 5, one of thetmos
innovative wave energy converters under developimgiite Lancaster University Renewable Energy
Group.

PS Frog Mk 5 is an offshore point-absorber wavegneonverter that consists of a large buoyant [@add
with an integral ballasted ‘handle’ hanging belowlhe waves act on the blade of the paddle and the
ballast beneath provides the necessary reactioenWte WEC is pitching, power is extracted by
partially resisting the movement of a power-take-6he WEC is maintained in a resonant state by the
use of special means to maintain a high dynamiaifiagin irregular seas. A robust feedback control
system has been developed to ensure stability anttain efficient power take-off. Totally enclosieda
steel hull, with no external moving parts, PS Rxtig 5 is at least as robust as a ship and ableriove
storms.

Computer simulation and tank tests suggest thaeidéwice can provide a credible and economic method
for harnessing more of the world’'s wave power reseuPromising power output characteristics are
obtained and the possibility of significant improwents in performance are anticipated. Such a device
could be very economic in terms of power outputypet of capital cost.

[44] Couch, S.J., Wallace, A.R. and Bryden, I. (2003yerview of the SUPERGEN Marine Energy
Research Program." IEEE International ConferenceGbean Electrical Power 2007, 2007/05/21-23

An overview of the SUPERGEN Marine Energy reseantiyram is presented. The research program is
focussed on supporting the development of marinewable energy exploitation through generic
research to reduce investment risk and uncertddagkground to the research program, progresst& da
and future plans are all summarised.

[45] Couch, S.J., Jeffrey, H.F. (2007). "Tidal currenesgy: Device Performance Protocol - Response to
feedback from 19th July Workshop and consultatitg,"2007/02Available from
http://www.berr.gov.uk/files/file38991.pdf

On 2nd August 2004 the Secretary of State for TeadkIndustry announced a new ‘Marine Renewables
Deployment Fund’ worth £50 million. At the coretbfs program is a ‘Wave and Tidal Stream Energy
Demonstration Scheme’ (the Scheme) taking up tonfiflibn of the total fund. Within the requirements
of the Scheme a monitoring and reporting programdsadated. In April 2006 the Department of Trade
and Industry (DTI) commissioned the production ¢fidal Current Energy Device Performance
Assessment Protocol (the Protocol) by the UniveditEdinburgh to provide a framework within which
the monitoring and reporting program would be pribsd.

The approach taken by the University of Edinbumpribducing the Protocol involved the production of
a draft Protocol obtaining input from specific kapkeholders where deemed appropriate, holding a
Workshop with, and inviting written responses frlhey stakeholders to discuss the draft Protocol,
leading to the production of a preliminary Protodotument to be deliver to the DTI.

A total of 30 stakeholders were consulted durirgpfoduction of the preliminary Protocol, includibg
participants at the Workshop. The response to th®€&bl document elicited thus far has given broad
support. In light of discussions during the Workghand written responses received a number of
amendments have been made to the original draftoreof the Protocol. While not changing the
fundamental nature of the protocol, these amendsrsagk to improve the ‘fit-for purpose’ intent bét
Protocol procedure and reporting format. Fit-forgmse in this context is defined as obtaining an
effective balance between quality and quantityatfdtollection, processing and delivery and opanati
achievability without being overly burdensome oe Stheme participants.

This document provides an explanation of the chatiggt have been made to the Protocol, our
arguments against some of the suggestions put fdrevadiscussion points that was raised by
stakeholders and response to further queries aestg| for clarification by the client.

In parallel with this document we have also produtte finalised preliminary version of the Protocol
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(version 1.3).

We would like to thank all the participants in i®rkshop and written respondents for the feedbaek w
have received. In particular the lively discussigpmenness and willingness to share experienceaser
at the Workshop have been very valuable both imeating the framework underlying the draft Protocol
and in the continued development of the prelimirfargtocol.

[46] Couch, S.J., Jeffrey, H.F. (2007). "Preliminary dli€urrent Energy: Device Performance
Protocol." 13, 2007/02Available from
http://www.berr.gov.uk/files/file38993.pdf

The DTI's Wave and Tidal Stream Energy DemonstnaBcheme, part of the Marine Renewable
Deployment Fund (MRDF) supports the developmerfitlbcale, grid connected, multi-device wave
and tidal-current energy demonstration facilitiés.important objective of the Scheme is the proignct

of transparent, unambiguous, consistent and methiagsessments of the performance of tidal devices
and arrays of tidal devices. This will enable teefgrmance of devices to be effectively validatad,a
consequently, enable government, industry anditlaadée/investment community to form soundly based
judgements of the commercial prospects of the t&olgies being demonstrated. To ensure that the
performance of different devices is assessed amsistent basis, there is a need for an expligttewr
protocol, which will form part of the contract besen MRDF Scheme Participants and the Secretary of
State. The protocol sets out in detail how perforceaassessment should be conducted.

This document proposes a preliminary ProtocolHergerformance testing of tidal current energy
devices/arrays. Feedback on the initial draft Rratdocument has been compiled, and where deemed
appropriate, incorporated into the finalised pratiany protocol. This exercise is detailed in the
accompanying “Response to feedback” document.dtksnowledged at this stage that knowledge gaps
exist which impact on the proposed Protocol. Thesavledge gaps have been identified in the
accompanying documentation. Research to addreseyHenowledge gaps will inform the content of the
final Protocol document adopted by the DTI for Mi@DF Scheme.

[47] Couch, S.J., Jeffrey, H.F. and Bryden, I. (200T)d&al Current Energy: Development of a Device
Performance Protocol." IEEE International Confererman Clean Electrical Power.

Development of devices for the exploitation of tidarrent energy is reaching the pre-commerciatisat
phase. In order to equitably test device perforragaacstandardised procedure for testing is desirdiol
meet the remit of the UK government funded Marime&vable Deployment Fund demonstration
scheme, a performance testing protocol was requiiieid paper discusses the development of, and
summarises the requirements of the protocol deeeldp meet this requirement.

[48] Mueller, M.A. and Wallace, A.R. (2006). “A road nfap marine renewable energy research in the
UK.” Proceedings of the Institute of Marine Enginieg, Science and Technology, Part A8, ISSN 1476-
1548.

The role of the UK Energy Research Centre MarinergnResearch Network in developing a route map
for marine renewable energy research is describdgbat into the context of previous and currentingar
energy research at a national and EU level. A sumofahe route mapping process is given based upon
the Batelle approach. Justification is providedrfmrte mapping in terms of encouraging cooperaiuh
collaboration within the community to develop a exnt research, development and demonstration
strategy, which will be used to inform policy makend funding bodies. Some preliminary outputs from
the network are presented in the paper to encoutiagassion.

[49] Cruz, J., Pascal, R., and Taylor, J. (2006). “Chetexization of the wave profile in the Edinburgh
curved tank.” Proceedings of OMAE2006 25th Intermiadl Conference on Offshore Mechanics and
Arctic Engineering, Hamburg, Germany.

A novel wave tank has been in use at the Univediggdinburgh since 2003. Its main innovation is in
the layout of the absorbing/wave-maker paddleschvhre arranged in a 90-degree arc in an attempt to
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improve the angular spread of the generated threersional sea states, and to minimise cross-tank
seiches.

This paper reports on current studies that ainssess the quality of the waves in the tank. Dioectl
regular and irregular wave analysis is conductétgugata from two arrays of wave elevation probes.
Comparisons with the expected wave patterns arentadphasis is given to the description of the
experimental methodology. The study should provéqaarly relevant in the design of a future ciiau
combined wave and current tank.

[50] Bryden I. G. and Melville G. (2004). “Choosing aBdaluating Sites for Tidal Current
Development.” Proc. IMechE Journal of Power and igye Vol. 218, p567-578, London, ISSN 0957-
6509.

Tidal energy has been used since Roman times ugithihe use of tidal currents as a possible inidistr
energy source is a more modern concept. Unlike wowler, however, there is still no consensus on the
most appropriate technology for resource explatatSimilarities with wind power can cause errdrs o
interpretation, especially when attempting to assesource potential. The energy availability eatés
that have been produced have, until now, only talcmount of the apparent current flow speeds before
the extraction of energy. As demonstrated in thisgp, this may not be appropriate, especiallydayd
energy extraction rates, which alter the underlyipdraulic nature of the flow environment. In a pien
hypothetical channel linking two infinite oceansnaximum extraction of 10 per cent of the apparawt
kinetic flux would appear to be acceptable. Thetations on sea loch type environments may, however
be less restrictive.

[51] Douglas, C. A., Harrison G. P. and Chick, J. P.42p “Energy and carbon audit of a marine
current turbine.” Proc. Institution of Mechanicalngineers Part M Engineering for the Maritime
Environment, in press.

The world’s first commercial-scale grid-connectigihlt current energy installation will feature theagen
marine current turbine developed by Marine Curfilarbines Ltd. With potential for the manufacture of
significant numbers of such devices there is a ne@dsess their environmental impact and, inqaaf,
their life cycle energy and carbon dioxide (@erformance.

This paper presents an analysis of the life cyetrgy use and Cemissions associated with the first
generation of Seagen turbines. The detailed assessmvers the embodied energy and, @Qhe
materials and manufacturing of components, devistilation and operation along with those for
decommissioning. With relatively conservative asgtioms, the study shows that at 214kJ/kWh and
15gCQ/kWh, the respective energy and carbon intensitiecomparable with large wind turbines and
very low relative to the 400 to 1000 g@kWh typical of fossil-fuelled generation. The egyepayback
period is approximately 14 months and the,@8@yback is around 8 months. The embodied enerdy an
carbon show limited sensitivity to assumptions veitivironmental performance remains excellent even
under the most adverse scenarios considered.

[52] Winskel, M., Mcleod, A. Wallace, A.R. and WilliaRs(2006). "Energy Policy and Institutional
Context: Marine Energy Innovation Systems." SciemzePublic Policy, 33, 5, 365-376, 2006/06, ISSN
0302-3427.

A process of UK energy policy review in the ear0Rs has seen renewable energy technologies moving
from the policy margins to centre-stage. The reypeacess drew on international experiences of
renewables innovation, including an innovation egs framework that emphasises “social capital'
(collaborative learning between distributed agemtis\vever, the UK energy system reflects a
longstanding policy commitment to “financial capi(market competition and avoiding “picking

winners'). This paper analyses policy tensions eetwsocial and financial capital by focusing onirer
energy innovation, especially in the emerging Sslofpolicy arena. Recent initiatives to promote
renewables innovation in the UK, though signifigdate continuing challenges.

[53] Thompson, A. and Aggidis G.A. (2007). “Review aatkf the art of wave energy and wave

34



SuperGen Marine Energy Research

energy converters.” IMechE, Fluid Machinery for [@éwping Engineers, Cranfield, (Invited Paper),
IMechE, Event Publications, v 2007 1, IMechE Cosriee Transactions.

There is a worldwide opportunity for both local afidtributed clean renewable electrical power,
generated from marine energy. Possible applicatamge from small isolated islands currently rafyin
on diesel generators to large developing countwéh,ever increasing energy demands.

The results from the Marine Energy Challenge [Dvebd that marine energy has the potential to become
competitive with other forms of energy. By 2020, 8%he UK's energy could be derived from wave or
tidal energy, providing up to 1/6 of the UK govemmh aspiration of 20% renewable energy by this time

This paper reviews the development of wave eneogyerter systems (WECS) and examines the state of
the art, introducing the most promising deviceddte and the basic theory behind their operatibis T
includes an overview of wave energy theory requiceglppreciate the specific designs discussed. In
addition environmental issues and future developsare looked at along with the economic factors
affecting the growth of wave energy as a commerodstry.

[54] Parker, R. P. M., Harrison, G. P. and Chick, J(P007) “Energy and carbon audit of an offshore
wave energy converter”, Proc. Institution of Mechaah Engineers Part A Journal of Power and Energy,
221 (8), in press.

The world’s first commercial wave farm will featuttee ‘Pelamis’ wave energy converter developed by
Ocean Power Delivery. With potential for the mamtiige of significant numbers of such devices tliere
a need to assess their environmental impact anmhyrticular, their life cycle energy and carbonxilie
(COy,) performance.

This paper presents an analysis of the life cystrgy use and Cemissions associated with the first
generation of Pelamis converters. With relativadpservative assumptions, the study shows that3at 29
kJ/kWh and 22.8 gCZkWh the respective energy and carbon intensite€amparable with large wind
turbines and very low relative to fossil-fuellechgeation. The energy payback period is approximatel
20 months and the G@ayback is around 13 months.

Material use is identified as the primary contrdsub the embodied energy and carbon with shipping
(including maintenance) accounting for 42%. Impngvihe Pelamis’ environmental performance could
be achieved by increasing structural efficiencytipbreplacement of the steel structure with alédive
materials, particularly concrete, and the use el-&fficient shipping.

[55] Wolfram J. (2006). “On Assessing the Reliabilitylakvailability of Marine Energy Converters: the
Problems of a New Technology.” Proc. IMechE PartJournal of Risk, 220(1), pp. 55-68.

There is now considerable interest in marine rebvanergy both in the UK and elsewhere in the avorl
with the growing recognition that fossil fuel suiggl are finite and further increases in carbon gas
emissions will hasten climate change. A major factdhe viability of any potential wave or tidatergy
device (marine energy converter (MEC)) is its tality and availability. However, as for any new
technology, this is difficult to predict in advanagh confidence. This paper describes the issus t
must be addressed to assess the reliability anthbNigy of MECs. It starts with a brief overvieuf the
characteristics of the principal types of wave tiddl energy converters and a review of earlierkaar
estimating reliability for wave energy convertdtss shown that MECs have many subsystems and
components in common with one another and withratRisting land-based and marine systems. The
ways in which experience with existing systems ipayadapted to predict reliability and availabifiby
MECs are discussed and a hew embryonic databa$&Gs is outlined. The choice of distribution for
the time to failure of MEC components is discuszed an argument is advanced for the use of the log-
normal distribution. The availability of MECs isfafted very much by the environment in which they
operate and the maintenance strategy adopted.fldutseof environment and location upon
maintainability and hence availability are desatilb@d how availability may be modelled is discussed
Finally the need for a framework for assessingdfiability and availability of MECs and other redd
issues are discussed.
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[56] Meadowcroft, J.A.C., Stallard, T.J. and Baker, NRDO5). “A comparison of power capture in
irregular waves and their regular wave componenthi European Wave and Tidal Energy Conference
(6th EWTEC), University of Strathclyde, Glasgow.

This paper presents preliminary findings from aperimental study of the power capture charactessti
of a surging plate with variable spring and dampiggtraint subjected to loading by both irregulaves
and the regular sub-components of each wave. Tlieearfor this work is to investigate how the cagiir
power in irregular waves of different spectral ghapt equivalent statistical properties is reldtethe
power captured by the same device in regular waves.

[57] Johanning, L., Smith, G. H. and Wolfram, J. (2005pwards design standards for WEC moorings,
6th European Wave and Tidal Energy Conference,89.02.09.2005, Glasgow, UK.

The demand for environmental friendly energy supylyin part be met through the operation of wave
energy converters (WEC). One of the key designidenastions will be to maintain the position of the
WEC, whilst allowing efficient conversion to be pdse. These devices must be installed in wave
regimes suitable for the production of exploitagtergy. As such they must be capable of withstandin
the most extreme loading condition over their desifg period. Since the wave energy industry litie |
practicable long term experience with deployed Weg§&ems there is no direct evidence for the
formulation of appropriate guidelines or standaftdirst glance one might wish to employ rules
formulated from the nearby oil and gas industrywideer these rules would impose a high financiat cos
on the wave energy where the relative returnsustantially lower than from an oil and gas
development. As such the implementation of themedstrds requires that the many years of experience
from the offshore industry be adapted bearing inchthe much lower environmental and health risks an
the lower rate of return. More fundamentally thexay be issues that are pertinent solely to WECdaue
their different operational requirements. This pagiscusses how existing standards used in thbars

oil and gas industry might be adapted and raiseesspertinent solely to the station keeping of WEC

[58] Meadowcroft, J.A.C., Stallard, T.J., Baker, N.Jd &ggidis, G.A. (2006). “Absorption of energy
from irregular waves by a buoyant, surging bodyrb€eedings of 16th International Offshore and Polar
Engineering Conference (ISOPE), San Francisco, USA.

A series of experimental tests are reported whixttern the viability of capturing power from regula

and irregular waves by restraint of a wave radigbiady oscillating in surge. The effect of hullfoand
mechanical properties of the restraint on powetwad through damping are investigated and the
relationship between these parameters and therdessigirements of a power take off system are
discussed. The results show that an asymmetrie plith one convex and one concave face attains good
mean power capture in a range of wave fields.

[59] Widden, W.B., French, M.J., and Aggidis, G.A. (200Ehe Power Capture of PS Frog Pitching
and Surging Point Absorber Wave Energy Convertertérnational Symposium on Fluid Machinery for
Wave and Tidal Energy: State of the Art and Newellgments, (Invited Paper), IMechE, London.

PS Frog is a point-absorber wave energy convdrémorks in pitch and surge. The power take-o#f is
mass that can move relative to the body of theocgeviihe combination of gravitational and inertiecés
on the PTO mass allows power to be extracted. @pempshows, by a harmonic analysis assuming
regular sinusoidal waves, that the path of motibthe PTO mass should be high up in the body of the
device to give the greatest effect of the forced, $o allow a smaller PTO mass or a shorter titaveé
used.

[60] Jeffrey, H.F, Mueller M and Smith G.H. (2007). “Awvestigation of the Knowledge Base of the UK
Marine Renewable Sector.” 7th European Wave andlTrthergy Conference, Porto, Portugal.

This Supergen Marine study highlights the issuemfpthe UK marine renewables energy industry in

conjunction with identifying, investigating and dissing the pertinent issues surrounding this fiedg
sector.
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A review of technology forecasting methods hasftified the “Delphi Interview Method” as providing a
suitable mechanism to facilitate the investigatiba forward direction for the sector. The usehid t
method has provided a robust and auditable setsoits from a series of 22 interviews with leading
academics in the marine and renewable energy fi€his analysis of the results from the interviewees
has facilitated the presentation of the qualitatinterview results in quantitative terms, therebgwaing
the identification of a unique set of technologgntls.

The outcomes of the investigation have in turn dedrinto the population of the UK Energy Research
Centre (UKERC) Marine Renewables Research Roadwiagr€ there has been close collaboration) in
order to forecast an efficient and effective rdorvard for the sector. The results from the roaapping
work are discussed in the companion paper presént&d Markus Mueller: “UKERC Marine
Renewable Energy Technology Roadmap”.

[61] McCabe, A.P., Bradshaw, A., Meadowcroft, J. A.riel Aggidis, G.A. (2006). “Developments in the
design of the PS Frog MK 5 Wave Energy Converteehewable Energy Journal, 31(2), pp 141 — 151.

This paper describes one of the innovative waveggnepnverters under development by the Lancaster
University Renewable Energy Group. An offshore paibsorber wave energy converter, PS Frog Mk 5
consists of a large buoyant paddle with an intelgaiiasted ‘handle’ hanging below it. The wavesarct
the blade of the paddle and the ballast beneathda®the necessary reaction. When the WEC is
pitching, power is extracted by partially resistthg sliding of a power-take-off mass, which mowes
guides above sea level. Totally enclosed in a stdklwith no external moving parts, PS Frog Mks %it
least as robust as a ship and the survivabilithefdevice is currently under investigation, thosghh
work is beyond the scope of this paper. Such acdasould be very economic in terms of power output
per unit of capital cost. New inventive steps vaiperimental results and computer studies havioled
promising improvements to the hull shape. The WE@aintained in a resonant state by the use of
special means to maintain a high dynamic magnifi@regular seas. A robust feedback control system
has been developed to ensure stability and maiatiaaent power take-off. Some of these developisen
are described and illustrated with the resultsoofijguter simulations that show power outputs andcdev
motion over a range of conditions. It is shown tsful advances have been made, with the power
capture bordering on 2 MW in an increasing proporbf sea states.

[62] Chaplin, R.V. and Aggidis, G.A. (2007). “An Invgation into Power from Pitch-Surge Point-
Absorber Wave Energy Converters”, proceedings &HHnternational Conference on Clean Electrical
Power Renewable Energy Resources Impact, Caply, Raiblished by IEEE, Catalogue Number:
07EX1528 — ISBN: 1-4244-0631-5.

There is a worldwide opportunity for clean renevegibwer. The results from the UK Governments
Marine Energy Challenge showed that marine eneagytie potential to become competitive with other
forms of energy. The key to success in this lies liow lifetime-cost of power as delivered to tiseu
Pitch-surge point-absorber WECs have the potetatidd this with average annual powers of around
2MW in North Atlantic conditions from relatively st devices that would be economically competitive
with other technologies and would be relativelyygasinstall and maintain. The paper examines the
factors governing the performance of such devicelsaatlines their underlying theory Preliminary
laboratory test results from a 1/100 scale pilsigle are presented. It is hoped that more extensive
development work will follow these promising earbsults. Engineering designs for devices based on
these findings are outlined.

[63] Chaplin R.V. and Aggidis G.A. (2007). “WRASPA: Wanteractions and Control for Pitching-
Surge Point-Absorber”, Wave Energy Converters, Beatings of the 7th European Wave and Tidal
Energy Conference, Porto, Portugal, 11-13 Septerbéi7. ISBN: 978-989-95079-3-7.

There is a worldwide opportunity for local and disiited clean renewable electrical power from Marin
Energy. It has the potential to become competitiith other forms of energy and by 2020, 3% of the
UK's energy could be derived from wave and tid&rgy, providing up to 1/6 of the UK government’s
aspiration of 20% renewable energy by this times Kéy to success in clean electrical power lies in
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low lifetime-cost of power as delivered to the user wave power this must start with a compact,
powerful and reliable wave energy converter, or WEitthing-surge point-absorber WECs have the
potential to generate average annual powers ohdrdtbMW in North Atlantic conditions from
relatively small devices. The paper reports verjyeaork on one such device — WRASPA (Wave-
driven, Resonant, Accurate action, Surging Poinsgkber) - in water depths greater than 20m inclydin
the effects of collector geometry on power outpased on both experimental and computational
modelling. In particular, the progress towards ptinaum collector geometry will be described.
Engineering designs for devices based on thesmfadvill be outlined.

[64] Mueller, M. A. and Wallace, A.R. (2005). “Develapiam Research Route Map for Marine Renewable
Energy Technology in the UK”, invited plenary pajpéthe 5th European Wave and Tidal Energy
Conference, Glasgow.

The role of the UK Energy Research Centre MarinergnResearch Network in developing a route map
for marine renewable energy is described and potthe context of previous and current marine gnerg
at a national and EU level. A summary of the routg process is given based upon the Batelle agproac
Justification is provided for route mapping in terof encouraging cooperation and collaborationiwith
the community to develop a coherent business ahieal strategy, which will be used to inform pgli
makers and funding bodies. Some preliminary outppm the network is presented in the paper to
encourage discussion.

[65] Huang, M. and Aggidis, G.A. (2006). “Research orvé/gnergy Converters and Mooring Systems
in the United Kingdom.” Published by the Water Reses and Power Journal in Chinese, in Vol. 24 No.
4, pp 37 — 40, ID: 1000-7709 (2006) 04-0037-04NSB)00-7709.

In order to use the renewable wave energy source afbiciently and develop the Wave Energy
Converters, the paper introduces the important wbkl/ave Energy Converters and the mooring system
in U K, which is the research of wave energy ofwheld. The principles and applications of several

main Wave Energy Converters have been describedharconstruction and recent developments of the
mooring system also have been summarized. Otherthiseurrent research emphases and suggestions in
this field have been discussed for reference.

[66] Smith, G.H. and Venugopal, V. (2006). "A Generithdeé for Determining WEC Power Conversion
from a Random Sea." Proceedings of the Sixteetdhniational Offshore and Polar Engineering
Conference, ISOPE 2006, 1, 460-465, May 28 - 2.June

This paper examines the calculation of the powbveted from a wave energy converter using a
conventional frequency transfer function approawth @mpares this with an alternative analysis based
on a “wave-by-wave” basis. This alternative metgods some way to estimating the power that a
resonant device, capable of tuning, might extnamnfa random sea state. For the purposes of thexpa
the time series were synthesized from a rangeaxteprepresentative of unimodal and bimodal sea
states. The calculated power from each methodnigaced. An initial examination of how the delivered
power can be related to the bandwidth of the sals@spresented.

[67] Widden, W.B. French, M.J. and Aggidis, G.A. (200&)alysis of a pitching and surging wave-
energy converter that reacts against an internaksavhen operating in regular sinusoidal waves.” In
review by Proc. of the Institution of Mechanicaldgireers, Part M, Journal of Engineering for the
Maritime Environment (In review August 2007).

The paper examines the behaviour of a pitchingsainging wave-energy converter driven by
unidirectional waves that exert harmonically-vagyforces on its hull. The power take-off is by meah
an inertia that moves either on a straight horiaborail, or on an arm that turns about a horizoakas.
Angular displacements are taken to be small, ddittear analysis is appropriate; these are idedlis
conditions, but any wave-energy converter mustibe @ operate effectively in ideal conditions. For
good power capture with the least engineeringadiiffies, it is found that the power take-off inarti
should be centred as high as possible above thalbeentre of mass G. It is shown that power is
captured from the waves by motion of the centrprefsure P relative to the overall centre of mass G
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This can only result from motion in pitch, and epéndent on there being a large vertical distance
between points P and G. It is found in practicakesathat the added mass of water generally brings G
closer to P, and this limits the power that carcdggtured.

[68] French J. M. (2006). “On the difficulty of invengimn economical sea wave energy converter: a
personal view.” DOI: 10.1243/14750902 JEME43 © IM&c2006 Proc. IMechE Vol. 220 Part M: J.
Engineering for the Maritime Environment, 3 Jul\0B0

Sea waves are a promising potential source of rebkevenergy, but the technology has not yet settled
down to one or two basic forms as has happenedmagt major inventions. New ideas continue to arise
and no general agreement about how to proceed sedmsmerging. Moreover, although practicable
wave energy converters (WECs) have been develdipey are not as economical as might have been
hoped. This paper explores a particular aspedteo€bst problem. Broadly speaking, the costs of WEC
are high because they deal with large forces mosfiogly. It is reasonable to expect that where a
working surface can be identified, the bigger resaas relative to the overall surface area andabier

the surface moves, the more economical it is likellge. This suggests two criteria for an econolmica
WEC: a large working area relative to its size aridgh ratio of the speed of that surface to thréigha
speed of the wave. The second criterion indicates@nant system, and this paper is confined to $VEC
that have quasi-resonant working surfaces (QR WER® quasi- is because the mechanics involved is
not quite that of classical resonance. Promisipgdyare listed in four groups according to the soof
reaction, because this is generally the most diffitnction to provide in QR WECs. Other types of
WEC are left out, most often because they do nettitie criteria of a strongly coupled working saga
and resonance, and usually require large amoumtgtdrial. While size is not uniquely related tatco
WECs using much material are likely to be expensive

[69] Norris, J. and Bryden, I. (2007). “The European her Energy Centre (EMEC): Facilities and
Resources.” Proc ICE Energy Journal, in press.

This paper describes the European Marine Energ€@aMEC) wave and tidal test facility, which has
been established in Orkney to assist and hastestetledopment of the wave and tidal stream energy
conversion industries. The facilities include binthhastructure and a number of soft provisions, or
services, which are described. After a brief ow@mwsection on the theory of wave and tidal energy
assessment and extraction, the wave and tidalresoavailable at the EMEC test sites are sumnuhrise
Finally, there is an update on the uptake of thdifi@s by developers, at the time of writing.

WP4 Offshore Energy Conversion and Power Conditioning

[70] Mueller, M.A., McDonald, A.S. and Macpherson, 2005). “Structural Analysis of Low Speed
Axial Flux Permanent Magnet Machines,” IEE Proc B&rical Power Applications, Vol. 152, pp. 1417
—1426.

Analytical expressions obtained from circular pl&astic beam and cylindrical shell theory areliedp
to calculate the structural mass of axial-flux panent-magnet machines for a range of typical wind-
turbine ratings. Finite-element models and datafexisting low-speed axial-flux machines have been
used to gain confidence in the models presenteth, that they can be incorporated into design-office
programs to rapidly provide a first-order estimatth a reasonable level of accuracy. Results confir
that the inactive mass is greater than 60% of thehine total mass, and at multimegawatt ratings it
almost 90% of the total mass. Optimisation of tteehine must therefore include the link between
structural and electromagnetic designs. Resultsepied illustrate the impact of inactive mass on
geometrical design parameters and also show thitistage designs can lead to a reduction in mass.

[71] Kiprakis, A.E. and Wallace, A.R. (2005). "Power €ohand Conditioning for Wave Energy
Converters", Proc 6th European Wave and Tidal EpeZgnference, Glasgow.

This paper describes a generic wave-to-wire dynamaidel of a Wave Energy Converter equipped with

hydraulic energy storage and a Doubly-Fed IndudBenerator (DFIG). It then discusses the available
power control and conditioning strategies for thelimediate (hydraulic) energy stage as well as the
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generator. The DFIG allows direct voltage regulatising reactive power control. Finally, this paper
presents simulation results of the developed WE@eathwith coordinated hydraulic storage and DFIG
control.

[72] Payne G., Kiprakis A.E., Ehsan M., Rampen W., Chieikd Wallace A.R. (2007). “Efficiency and
dynamic performance of Digital Displacem&hhydraulic transmission in tidal current energy
converters”, Proc. IMechE Part A, Journal of Poward Energy, Vol. 221, No. 2, pp. 207-218(12).

Tidal current turbines extract kinetic energy frodal current in much the same way as wind turbohes
with wind. Tidal current velocities are by natuteve and variable, whereas electricity generation
typically requires fast and steady rotary motiohisTarticle investigates the performance of a hylira
transmission system based on Digital Displaceffeteichnology, which allows variable speed of the
tidal current turbine rotor while maintaining caanst generator shaft speed. The case study of aigene
horizontal axis tidal turbine is considered. Cohgtoategies based on rotor variable speed argatktd
optimize yearly power generation and to cope whibrsterm variations in stream velocity.

[73] Kiprakis, A.E. and Wallace, A.R. (2005). “Voltagert@rol in the Distribution Network: Traditional
Techniques and New Developments”, Invited paper/d\Renewable Energy Congress.

Distributed generators are normally operated irstamit power factor control, although this can beemo
difficult in weak areas of the network. Operatihg generator in constant voltage mode is not usuall
acceptable by distribution network operators, sert@nconstrained machine may attempt to define
voltages that conflict with the settings of thait@matic voltage control equipment. Additionallgtige
control of the distribution network is only scarcetilised. The most common means of voltage céntro
in the DN is using transformers with automatic ¢apngers either for direct voltage control on the
transformer bus or for line drop compensation. Neeéage control techniques include intelligerdlre
and reactive power control of the distributed gatat

This paper will present the traditional technigaad compare them with the novel DN voltage control
proposals. Their relative advantages will be gdigdtithrough a comparison of the maximum seamless
energy dispatch from the connected distributed ig¢ois in each case.

[74] Payne, G., Stein, U.B.P., Ehsan, M., Caldwell, NRampen, W.H.S. (2005). “Potential of Digital
Displacemenit” hydraulics for wave energy conversion,” In: 6thrBpean Wave and Tidal Energy
Conference, Glasgow, UK, pp. 365-371.

Digital Displacemerit’ is an innovative technology for hydraulic machiriesffers a high level of
control and high efficiency, even at part load. kbg features of this technology are presentedtand
advantages over conventional hydraulic are quantifThe suitability of Digital Displacemélitfor
wave energy conversion is then investigated andnigeing project of implementing Digital
Displacement” technology to the Pelamis wave energy converteoilaboration with Ocean Power
Delivery Ltd is presented.

[75] Payne, G. (2005). “Hydrodynamic modelling of a ggmpower take-off mechanism reacting
against water inertia,” In: 6th European Wave aniddl Energy Conference, Glasgow, UK, pp. 359-364.

The numerical modelling of a generic power takefBff O) mechanism reacting against water inertia is
presented. The PTO consists of a submerged hallbevwith a piston sliding within. The system is
modelled using the boundary element method packagellT with the tube and the piston considered
as separate bodies. The model is verified agagmpatations involving benchmark formulations.

[76] Mueller, M.A and Baker, N.J. (2005). “Direct Drisave Energy Converters.” | Mech E Journal of
Power and Energy, Vol. 219, No. A3, pp 223-234.

This paper investigates the issues associatedcaitirerting the energy produced by marine renewable

energy converters, namely wave and tidal streantegyvinto electricity using direct drive electtica
power take-off, without use of complex pneumatigjdaulic or other mechanical linkages. In order to
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demonstrate the issues, two alternative topolagfiieear electrical machines are investigated:lithear
vernier hybrid permanent magnet machine and theosed tubular permanent magnet machine. The
electrical characteristics of these machines aseri#ed and compared in the context of mechanical

integration. Potential solutions to the issueseafling, corrosion and lubrication are discusseihtpito
account the electrical properties of the two togas.

WP5 Chemical Conversion and Storage
[77] Mignard, D., Harrison, G.P., and Pritchard, C.L.q@7). “Contribution of wind power and CHP to
exports from Western Denmark during 2000-2004.” éXeaible Energy.

The experience of Denmark is used by the Unitedyiam's anti-wind lobby to demonstrate that
intermittency and inaccuracies in wind forecastimgke wind power ineffective and expensive. A furthe
assertion is that most of the power is ‘unwant@tte up to 80% of it is exported. Here, availalaéad

for Danish energy production for 2000-2004 is usegissess the link between wind generation and
exports and test the validity of these claims.

Net exports in Western Denmark showed good coroelatith wind production. However, they were
more significantly correlated with the productisarh local combined heat and power (CHP) plants. In
order to test the 80% export claim, a simple tegimiwas devised to correlate and rank hourly net
exports and generation from wind and local CHRh&ncase where net exports were primarily attridbute
to (or blamed on) wind, 44-84% of annual wind picthn was deemed to be exported, with wind
‘causing’ 57-79% of net annual exports. For thisewre scenario, the percentage values are in litme w
those of critics. However, under the opposite em&rescenario in which exports are attributed tolloca
CHP, 77-94% of exports were caused by CHP and4#8¢2% of wind production was exported.
Overall, this study shows that there is some degfreerrelation between net exports and wind power,
but that the claim that 80% is exported is unwagdsince it ignores the demonstrably stronger
influence of local CHP.

[78] Mignard D., Pritchard C.L., Glass D.H. and BridgweatA.V. (2006). “Simple and Carbon-Efficient
Production of Synthetic Fuels by combining Bioneass$ Marine Energy.” Greenhouse Gas Control
Technologies 8 (GHGT-8), Trondheim, 18-22 June 2B@@er posted on http:/www.ghgt8.no, 2006.

The UK’s commitment to a large-scale reduction d, @missions will necessitate radical changes to the
energy supply mix. In particular, replacing hydndxcan-based transport fuels with carbon-neutral
alternatives will require the use of renewable giesrand renewable raw materials for the syntta#sis
fuels. However, the most valuable renewable engrglye UK is the wave, wind and tidal power
resource that is located North and West of Scotlauile the electricity transmission grid is poorly
developed in the contiguous onshore areas. Onépivggor the transmission of such stranded-ererg

to its point of use would be to use the power lier dn-site production of synthetic, liquid carbcemas
fuels.

In the work that we are presenting here, bioma#si€Q-neutral carbon source for

fuel products. Because biomass is deficient in dgen for the purpose of fuel

synthesis, and because hydrogen can be producediiezine energies via water

electrolysis, we propose to enhance both the wloifitleriving liquid fuels from marine energy, atine
ability to efficiently convert biomass to fuels. dther aspect also concerns the utilisation of thygen
by-product from electrolysis for more effective tmass utilisation. Design studies are presented for
demonstration project involving the UK’s Supergesearch consortia on Marine Energy and on
Bioenergy.

[79] Mignard D. and Pritchard C.L. (2006). “Processes the Synthesis of Liquid Fuels from £&hd
Marine Energy,” Chem. Eng. Research and Design¢i@péssue: Carbon Capture and Storage, 84(A9),
828-836

In Britain, wind and wave power are expected to enalsignificant contribution to future energy
supplies, but the vast majority of the resourdedated offshore, away from the mainland electyigitid.
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In this context, the chemical storage and trangpidtis energy appears to be an attractive ogbothe
supply of fuels. On the other hand, it is not uelykthat CQ will be recovered on a large scale in the next
10-20 years, thus making it available as a carbaonce for liquid fuels. A preliminary analysis icdied
that the liquid fuels that could be most readilynfactured from hydrogen (from electrolysis) and
recycled CQwere: methanol, mixed alcohols, and gasoline rfwéhanol). Methanol appears to be
simplest to manufacture, in the light of developtaéwork at NEDO, Japan. The Mobil Methanol-to-
Gasoline process also enables the manufacturgearfyaconvenient automotive fuel. Mixed alcohols éav
the advantages both of low toxicity, and efficiergcher-Tropsch catalysts for their synthesis (the
Pearson process and the Ecalene process). Thisqmappares the energy efficiency of these three
processes.

[80] Mignard D. and Pritchard C.L. (2007). “A review tife sponge iron process for the storage and
transmission of remotely generated marine energitérnational Journal of Hydrogen Energy, in press.

The UK’s vast marine energy resource is mostlytleatan remote areas West and North of Scotland, and
transmission of this energy to the mainland wilreguired. This may be achieved by using this sedn
power to generate hydrogen electrolytically, whigdy in turn be stored or transported using SPOrue i
technology. This paper reviews the technology @search needed to bring such a process on stream.
We propose utilising techniques that have beenldped for the oxygen carriers used in chemical
looping, and also those used in early processedsyfinogen generation in the chemical industry. We
briefly outline the design requirements for an ggesfficient sponge iron plant. It is shown thag thon
sponge system presents better energy efficientuasdlternative forms of bulk storage such asdiqui
hydrogen, magnesium hydride slurry, some at Iefatsteometal hydrides, or methylcyclohexane-toluene-
hydrogen, provided that requirements can be matddicle durability and reactivity.

WP6 Network Interaction of Marine Energy

[81] Vovos, P., Kiprakis, A.P., Wallace, A.R., and Haori, G.P. (2007). “Centralised and Distributed
Voltage Control: Impact on Distributed Generatioarfetration”, IEEE Trans. Power Systems, 22(1), pp.
476-483.

With the rapid increase in distributed generatidfs), the issue of voltage regulation in the digttibn
network becomes more significant and centralizdthge control (or active network management) is one
of the proposed methods. Alternative work on iideht distributed voltage and reactive power cdrifo
DG has also demonstrated benefits in terms of ihemization of voltage variation and violations as

well as the

ability to connect larger generators to the distitn network. This paper uses optimal power flow t
compare the two methods and shows that intelligesttibuted voltage and reactive power controlhaf t
DG gives similar results to those obtained by @ized management in terms of the potential for
connecting increased capacities within existingvoets.

[82] Vovos, P., Harrison, G.P., Wallace, A.R., Bialeky.J(2005). "Optimal Power Flow as a tool for
fault level constrained network capacity analysIEEE Transactions on Power Systems, 20, 2, pp—731
741.

The aim of this paper is to present a new methoth®allocation of new generation capacity, which
takes into account fault level constraints impdsggrotection equipment such as switchgear. It
simulates new generation capacities and connedioother networks using generators with quadratic
cost functions. The coefficients of the cost funies express allocation preferences over connection
points. The relation between capacity and sub-teahseactance of generators is used during the
estimation of fault currents. An iterative procafiecates new capacity using Optimal Power Flow
mechanisms and readjusts capacity to bring fautents within the specifications of switchgear. The
method was tested on a 12-bus LV meshed netwolk3witonnection points for new capacity and 1
connection to a HV network. It resulted in sigrdfitly higher new generation capacity than existirsd-
come-first-served policies.

[83] Boehme, T., Harrison, G.P. and Wallace, A.R. (200¥)n-firm Renewable Connection Assessment
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using Optimal Power Flow and Time Series’, IEEEn&aPower Systems.

Before new renewable generators can be connectld wlectricity network it is necessary to cargful
evaluate the impact they will have. Besides waasecscenarios, hourly time series of demand and
renewable generation can be applied step-by-steprimentional power flow analysis to determine
average and extremes of voltage levels and braraatifg. It may sometimes be necessary to curtil th
renewable generators’ output to ensure that alesyparameters stay within statutory limits. Optima
power flow analysis with time series input is a jgofrl tool for an assessment of the situation.
Simulation results give both the network operatat the project developer a good indication of the
constraints in the network and the correspondimgemic loss the renewable project may experience
through curtailment. This method is demonstratechbgns of a case study for the Orkney Islands,
Scotland.

[84] Vovos P.N., Kiprakis A.E., Harrison G.P., and WedlaA.R. (2007). “Centralized and Distributed
Voltage Control: Impact on Distributed Generatioarfetration”, IEEE Transactions on Power Systems,
Vol. 22, Issue 1, pp. 476-483.

With the rapid increase in distributed generatids), the issue of voltage regulation in the digttibn
network becomes more significant, and centralizgthge control (or active network management) is
one of the proposed methods. Alternative work aalligent distributed voltage and reactive power
control of DG has also demonstrated benefits imsesf the minimization of voltage variation and
violations as well as the ability to connect largenerators to the distribution network. This papsss
optimal power flow to compare the two methods amus that intelligent distributed voltage and
reactive power control of the DG gives similar festo those obtained by centralized management in
terms of the potential for connecting increasedcajes within existing networks.

[85] Boehme, T., Wallace, A.R and Harrison, G.P. (200)plying Time Series to Power Flow
Analysis in Networks with High Wind Penetratior2HE Trans. on Power Systems, vol. 22, no. 3, pp.
951-957.

With high levels of variable renewable generatioistribution or transmission systems, the appboa

of demand and generation time series to power dpalysis can be advantageous. Demand data are often
available from historic measurements, while rendevgbneration such as wind turbine output may be
recorded or can be derived from resource measutsroger the corresponding period of time. Power

flow solutions with hourly time steps over a yeanwre can then be used to produce load duration
curves for system components. This paper showsxasple, how utilities can use the method to
determine overload conditions or to specify nomfaonnection agreements for new generators.

[86] Harrison, G.P. and Wallace, A.R. (2005) "OPF evailia of distribution network capacity for the
connection of distributed generation”, IEE Proceegi on Generation, Transmission and Distribution,
152 (1).

Distributed generation (DG) capacity will increasgnificantly as a result of UK Government-led &isy
and incentives. While the technical problems agigiom distribution level connections may be mitagh
for individual connections, the anticipated conim@ttzolumes imply a potential risk of conflict beten
connections, in that inappropriately sized or ledgtlant could constrain greater development of the
network and consequently threaten the achieveniegehewable energy targets. One means of
addressing this risk is to encourage developmesitext that are more suitable whilst discouraghmge

at inappropriate ones. First network operators rnasible to evaluate the available capacity on the
system (i.e. the headroom). Here, a techniqueeisgmted that facilitates such analysis. Termeadfszy
load-ability’, the approach models fixed-power tadDG as negative loads and uses optimal power flow
to perform negative load shedding that effectivafximises capacity and identifies available heauitoo
The technique was applied to an extensive disiohwind sub-transmission network. It was found to
rapidly identify available headroom within the ingeal thermal and voltage constraints. Furthermtse, i
use is demonstrated in examining the consequelfigesamuence of connections in terms of the impact
on available headroom and in sterilising the nekwor
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[87] Boehme, T., Taylor J., Wallace, A. R. and Bialek2006). “Matching Renewable Energy
Generation with Demand”, Scottish Executive, ISBR669-5029-1.

This study was commissioned to determine whetheti®@w could meet 40% of its 2020 demand for
electricity from renewable resources. By then ahdaeand for electrical energy in Scotland could be
around 41 TWh with a peak power demand of arouBdXV. Supplying 40% (16.4 TWh) of the
electricity required over the year from renewaleleources suggests the need for around 6 GW of
renewable capacity. Generated power must matchriifoa power on a second-by-second basis.
Demand varies with time and with location acrosstidad and so does renewable energy. This is
particularly true for time-varying resources likind, wave and tidal-current. Historical time semesre
analysed to determine the matching between demashdemewable generation on an hour-by-hour and a
long-term basis.

[88] Vovos P., Kiprakis A.E., Harrison G.P., Barrie, JR005) “Enhancement of Network Capacity by
Widespread Intelligent Generator Control”, 18th émhational Conference on Electricity Distribution
CIRED.

Electricity networks are called on to accommodateerand more generation capacity in order to supply
the increasing demand. Social, planning and enmisotial reasons hinder the expansion of the existing
infrastructure, whereas lack of investment prohitii reinforcement. Therefore, the efficient gtlion

of the existing network is not only suggested fooremy, but also imposed by need. Consequently, the
realisation of government targets for renewablegnwill depend, in part, on the ability of devedrp

and Distribution Network Operators (DNOs) to maxdengenerator capacities connected to the network
whilst minimising negative impacts.

One means of ensuring maximum capacity with minwodthge impact is through the use of intelligent
power factor and voltage control of generators @hér network components. Previously published work
demonstrated the benefits in terms of the mininoealf voltage variations and violations as weltlzes
ability of larger generators to connect to the mekw\While the capacity benefit could be easily
quantified for individual dispersed generatorsydis more difficult to explore the benefit of widesad
usage.

To achieve this it was necessary to draw on easiek that used Optimal Power Flow (OPF) techniques
to evaluate the network capacity available for @mting dispersed generators. The capacity evaluatio
technique was extended such that it could incotpdre intelligent generator control algorithms a&nd
doing so could find optimal levels of connectiohke results of a case study indicate that intallige
power factor and voltage control of generatorsdases significantly the connecting capacity oftexis
networks.

[89] Boehme, T. (2006). “Matching Renewable Electri@gneration with Demand in Scotland.” PhD
thesis, The University of Edinburgh.

In this thesis, the location of onshore wind, offishwind, wave and tidal current resources in ool

and the physical, environmental and planning cairgs for their development were mapped and the
lifetime production costs of electricity generatmtfeasible locations were predicted. For a nurober
economically ranked renewable generation scendrms]y time series of power over a consecutive
period of three years were analysed. The study stidlat despite their variable nature, renewable
sources could be developed so that they supplgverage, 40% of the Scottish demand for electrhjty
2020. The study also showed that there will be nfamys in a year when renewable generation does not
coincide with demand resulting in excess or shibrfaversification of sources and their geogragihic
dispersion are measures to achieve better matdhimther mitigation is possible through dedicated
dispatching of hydro and pumped storage plant araigh management of the power system.

WP7 Lifetime Economics
[90] Stallard, T.J., Aggidis, G.A., and Rothschild, fevision submitted May 2007), “Economic aspects
of site selection for large-scale wave power getiend’ in review by: IMechE part M, Journal of
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engineering for the Maritime Environment (JEME 68).

This paper offers an evaluation of the cost ofralive configurations of a hypothetical wave egerg
conversion scheme that produces a mean outputOdf\d0 The principal factors influencing the present
value cost of electricity are identified and methdar estimating both the capital expense of sévera
scheme infrastructure items and maintenance exgeastiscussed. Although several cost studies have
been published of marine energy devices, they gépgrovide a snapshot of the status of prototype
design and provide little information on the potaintconomy of alternative design solutions. Oun &

to evaluate the influence of wave climate charéites and device performance on the charactesistic
and potential economy of a wave power plant thatldvgenerate a comparable output. Linear
mathematical models of the performance of a redomawve energy device are reviewed and used to
identify three classes of device. In conjunctiothvgite-specific wave data, an estimate is obtaofete
physical characteristics of wave power plants watld generate a mean output of L00MW from
different locations. Subsequently, an estimateaderof the unit installation cost that must beitagiz for
each scheme to generate electricity at an econtiyneable rate. The approach detailed contrasth wi
existing published studies of wave power econonthat we investigate whether research and
development alone will allow wave power to approasinmercial viability. We conclude that, even
when optimal performance is approached, the cosotf infrastructure and devices must fall before
many UK sites are economically viable.

[91] Stallard, T.J., Rothschild, R. and Aggidis, G.AQ?2). “A comparative approach to the economic
modelling of a large-scale wave power scheme,”detin press, accepted 15 January 2007, by
European Journal of Operational Research (EJOR)}:D@1016/j.ejor.2007.01.021.

Conversion of marine energy sources, including neeaves and tidal currents, into electricity is a
rapidly developing industry. Although many techrgiés have been proposed and some have generated
electricity at full scale, it is difficult to precli which technology will be economic at large ssaié
installation. Several studies have been conductedwestimate the cost of electricity on the basis
schematic designs. However, each study represdmgstastimate of the future cost based on current
design details and direct comparison between thdteeof these studies is not straightforward. A
methodology for directly comparing different waveeegy concepts and potential locations would be
beneficial to aid investment decisions. In thiglgtwe describe how the established data envelopment
analysis technique could be employed for this psepdhe developed model is employed to rank the
efficacy with which several types of conceptual anototype wave energy conversion (WEC)
technologies generate electricity from the wavegnessource available at UK and US sites.

[92] Stallard, T.J., Rothschild, R., Bradshaw, A., aggidis, G.A. (2005). “Comparison of Equivalent
Capacity Wave Energy Schemes,” World Renewableggr@ongress, ISBN 0-080-44671-X.

A model of the lifetime costs associated with th&allation, maintenance, operation and disposal of
several generic classes of wave energy convergiif()) device is presently being developed as part of
the Supergen Marine Energy research project. Tieetedf uncertainty of

i) the initial capital cost

i) the continuous investments on device mainteaam operation

i) the discrete costs associated with installaie.g. the production of special purpose ships)

on the cost of produced electricity and the interate of return are considered over the envisaged
lifespan of several generic types of offshore WERick — e.g. oscillating buoys, overtopping devices
pneumatic devices. The model will facilitate invgation of the scale of production at which a givgpe

of device becomes economically viable.

WP8 Moorings and Foundations

[93] Harris R.E, Johanning L and Wolfram J. (2004). “Mog systems for wave energy converters: A
review of design issues and choices,” 3rd Intemmadl Conference on Marine Renewable Energy, Blyth,
UK.

An overview of generic types of wave energy corereffVEC) is presented and their mooring
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requirements discussed. Mooring system configuratemd components from the offshore industry
suitable for WEC units are identified. Possible nmog configurations for WECs are discussed ansl it i
argued that not only station keeping but also thexall performance characteristics of the WEC muagpri
should be considered in the design.

[94] Johanning L, Smith G.H. and Wolfram J. (2007). “/de®ments of static and dynamic mooring line
damping and their central importance for floatindge® devices.” Ocean Engineering, Volume 34, Issues
14-15, pp, 1918-1934.

The dynamic response of the mooring line will loaninant factor to consider in their use for thaieh
keeping of a wave energy converter (WEC). Due ¢oréiatively small size of WECs and their being
moored in relatively shallow waters the effect @iwes, tide and current can be of greater signifiean
than for other floating offshore systems. Axiaklistretching and high-frequency ‘top-end’ dynancias
importantly modify damping and top-end loading.

If a ‘farm’ of devices is to be considered thenitations in sea space may necessitate that theeebe
relatively densely packed. This will mean that ‘foetprint’ of the mooring should be constrainedl, t
ensure that the moorings from each device do netfere and this will have great significance toe t
loading experienced by the line. One must alsoiden®iow the mooring system might change the
response of the WEC and so alter its ability toasttpower from the waves. Unlike a typical offshor
system, the design of moorings for a WEC devicetmmoissider reliability and survivability, and theead
to ensure efficient energy conversion.

The design and operation of a chain mooring forea0/k considered here. Generic experimental
measurements of mooring line damping were conduntdte Heriot-Watt University wave basin at a
scale of 1:10. The measurements were conductedimgle mooring line for surge motions and include
the study of axial stretching and high top-end dyita. The laboratory procedures were designed to
resemble tests undertaken earlier at ‘full’ scal24 m water depth. The measurements were also
compared with numerical studies. The experimeimdirigs for WEC devices, supports the conclusion
that dynamic mooring line motion will be an impataariable, needing to be considered carefully
within the design.

[95] Johanning L, Wolfram J., Smith G.H and Harris RZ006). “Importance of mooring line damping
for WECs,” WMTC conference, IMarEST, 06.03 — 1@086, London, UK.

The work by Huse (1991) [1] indicates that the nmygptine damping in surge for a floating oil andsga
offshore installation can provide 80% of the tataimping. Installation conditions for a wave energy
converter (WEC) will be very different to convemta offshore installations, and information abd t
mooring line damping will be essential for predigtimooring behaviour and power extraction
performance. In contrast to conventional offshastdllations WECs will be installed in water of bina
or intermediate depths. As a requirement for pawéractions this location needs to be unsheltered.
Additionally some WECSs have to respond to wavegtwer extraction and a low damping would be
seen as desirable in these response modes. Timt eixteese responses may be directly controlled by
damping, making it essential that it is well untigos.

The issue of mooring line damping is being studisgart of an EPSRC Supergen Marine Energy
Research Programme. This paper reviews mooringltingping in the light of what can usefully be
learned from offshore and maritime experience gpdied to WECs. The paper describes the experiment
programmes underway at laboratory and full scal®f&C mooring systems, and discusses preliminary
results from large scale experiments.

[96] Johanning L. and Wolfram J. (2005). “Challengingkta on moorings for floating WECs,”
International Symposium on Fluid Machinery for Wawvel Tidal Energy: State of the Art and New
Developments, IMechE, London, UK.

To be effective wave energy converter devices (WEAsst be installed in locations with high energy
density. Such regimes are more likely to be athofifs locations and much current interest is focused
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offshore floating devices. Since the wave energustry has little practical long-term experiencéwi
deployed WEC systems there is no historical expeeeipon which to base the formulation of
appropriate station-keeping guidelines or standdrde development of standards that will allow the
design of reliable, yet cost effective, mooringteyss presents a challenging task. This paper reisess
pertinent to the station-keeping of WECs and examin what extend existing standards used in the
offshore oil and gas industry might be adapted.

[97] Johanning L, Wolfram J., and Smith G.H. (2006) téhaction between mooring line damping and
response frequency as a result of stiffness altaran surge,” 25th Int. Conference on Offshore
Mechanics and Arctic Engineering (OMAE), No. OMA&2®2373, 04.-09.06.2006, Hamburg,
Germany.

The design and operation of a chain mooring fomaerenergy converter (WEC) is considered.
Experimental measurements of a mooring line wenglgoted in the Heriot-Watt University wave basin
at a scale of 1:10. The laboratory procedures desgned to resemble tests undertaken earlieein th
year at ‘full’ scale in 24 m water depth. This pagescribes and compares these measurements and
relates the results to earlier work on mooringdibg Webster [1]. Measurements of both the damping
and response frequencies of the mooring are destcridthough the present results support partly the
conclusions of the earlier work, care must be takdrow these are applied when one is considering
mooring line design for WECs.

It is concluded that there are significant diffeves for a WEC for both operational and limit si@gsign
in comparison with a more conventional offshorgesyssuch as an FPSO or CALM. Although the
primary requirement is still one of station-keeping further considerations may be of great impuréa
Firstly if a ‘farm’ of devices is to be consideréekn limitations in sea space may necessitatdtbat
devices be relatively densely packed. This will mésat the ‘footprint’ of the mooring should be
constrained, to ensure that the moorings from dagfte do not interfere with one another and thik w
have great significance for the loading experiermethe line. This can be exacerbated by variations
tidal range which will have a larger effect in camipon with a conventional deepwater mooring. A
second factor may arise if the mooring system nes@ds critical to the WEC energy extraction preces
If the mooring becomes part of the ‘tuned’ systeantchanges in the mooring properties of dampiilg an
natural frequency could seriously affect energyeosion efficiencies.

[98] Smith, G.H. and Johanning, L. (2006). “Mooring raszh to support Marine Energy
Developments,” Sea Technology, Offshore Technalmpan Engineering, 23-26.

The increasing concerns for the effect of emissfoms the fossil fuel production of electricity hasen a
renewed interest in developing commercial wavegnégarms’. Although some devices may be shore
based, the majority are likely to operate in deeyaers to take advantage of the better wave aiimat
Many of these devices will be floating and will dee be moored to the seabed in some manner to
restrict their motion in a given sea state. Thiikar explains the authors’ beliefs that therelang design
differences that must be considered when moorift@péing wave energy converter (WEC) as opposed to
the requirements for conventional moorings.

Researchers at Heriot-Watt University, as parhef$upergen Marine consortium, are involved in
research to promote the development of renewable &ad tidal energy concepts. The consortium
comprising four universities within the UK is invigmting a wide variety of issues related to the
development of marine energy. Experimental reseiarbking carried out at Heriot-Watt University,
Scotland, under the direction of Dr Lars Johanniagnvestigate the properties of mooring lines,and
importantly, to provide guidelines to designersvalve energy converters.

[99] Johanning L, Smith G.H and Wolfram J. (2006). “Miogrdesign approach for Marine Energy
Converter,” Proceedings of the Institution of Meolwal Engineers, Part M, Journal of Engineering for
the Maritime Environment (JEME), Vol. 220, No. g,159-174(16).

To be effective, wave energy converter devices (8JEQust be installed in unsheltered locations with
high wave energy density. Such regimes are moedyltio be at offshore locations and much current
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interest is focused on offshore floating devicesc&the wave energy industry has little practicad-
term experience with deployed WEC systems thene isistorical experience upon which to base the
formulation of appropriate station-keeping arrangets. The development of generic station-keeping
arrangements that will allow reliable, yet cosieetfve, mooring systems presents a challenging task
This paper raises issues pertinent to the sta@pikg of floating WECs and discusses a preliminary
design procedure to identify suitable mooring ageanents.

WP9 Novel Control Systems for Marine Energy Converters

[100] Mueller M.A., Xiang, J. Shek J. and Macpherson [2B06). “Tuning Point Absorber Wave
Energy Devices”, Proceedings of the Marine Renee/&@riergy Conference, IMAREST World Maritime
Technology Conference, London.

The capture bandwidth of wave energy devices caxtmnded by implementing so-called phase control,
also know as reactive power control. Phase con&mwolbe implemented by mechanical means, but in this
paper the authors propose controlling the forcelyeced by a direct drive electrical generator. An
electrical circuit analogue of a wave device isdusedescribe phase control and the physical paeame
used in the control system. The force producedbyihear generator can be resolved into two
orthogonal components, one is a damping force lamather is a spring force. The damping force
component is used to extract real power and thagforce component is used to control the phase
between the wave excitation force on the devicedmvite velocity. This paper shows how the generato
current is used to control these two forces in otdenodify the frequency characteristics of a demp
mass-spring-damper system.

[101] Yavuz, H., McCabe, A.P. Aggidis, G.A. and WiddeB, {2006). “Calculation of the performance
of resonant wave energy converters in real seasotPof the Institution of Mechanical EngineerstPa
M, Journal of Engineering for the Maritime Enviroam, Vol. 220, No. 3, pp. 117-128(12).

It is well known that the performance of point-atisy wave energy converters (WECs) depends upon
resonance with the wave frequency. Indeed, theé réormance of a resonating point-absorber WEC in
a regular sea that can be represented by a simpisogd is well known, provided all motions are #ma
and remain in the linear region. However, the pernce of such a device in a more realistic, in&gu
sea that is not represented by a simple sinusoidatde so readily calculated. The first difficuligs in
modelling the hydrodynamic behaviour of the deviRecent developments in representing the
hydrodynamic diffraction and radiation forces hawabled relatively simple simulation models to be
developed, such as those presented and used paftes. The second difficulty lies in the desigrihaf
device itself. In a regular sea with a known waegfiency, the settings of the power take-off systam
be defined at well-known optimum values. It is shdwthe present paper that, even when the wave
frequency is not constant, the local wave frequeracybe estimated, and this estimate can be used to
adjust the power take-off system settings to mairgaasiresonance and, hence, approach the level of
performance in a comparable regular sea. In thisnea for irregular seas it is possible to identify
dominant wave frequency over a relatively shoretiperiod and to use this frequency continuously to
adjust the power take-off system settings, so aslapt to the current sea conditions. This is ikiel
some sea conditions, to involve the power takesofiplying power over part of the cycle, rather than
absorbing it. This will increase the demands plamethe power take-off - particularly on its eféocy
when the direction of power flow has to be revdesibhe relative performance of such a tuneablatpoi
absorber WEC is assessed in the paper. It is shmatithe power converted in irregular seas couldse
much as 50 per cent of the rated power, whereather lestimate is equivalent to the power converted
corresponding regular sea.

[102] McCabe, A. P., Stallard, T. J., Baker, N. J., aadoz, H. (2006). “Estimation of the responses of
axisymmetric bodies in spread irregular waves,” @ed&ngineering, December 2006.

A method is presented of estimating the responsasisymmetric bodies floating in spread irregular
seas, using a Laplace transfer-function formulatiba floating body time-domain model. A generatea
spread-wave model is formulated, using separate wawgitation transfer functions, and a simplifioati
of this approach is proposed, reducing both moadeipdexity and computation time. Responses are
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computed using both approaches and a comparisoe taasess the circumstances in which the
simplified approach may be used effectively. Thaults are also interpreted to highlight the impimas
of using an equivalent unidirectional wave as goraximation to a spread wave.

[103] Price, A.A.E. and Wallace, A.R. (2007). Non-linegthods for next wave estimation. Proceedings
of the 7th European Wave and Tidal Energy ConfexeRorto, Portugal.

The prediction of near future wave excitation foicéhe fundamental problem associated with optimal
control of a wave energy converter. This becomearaivhen the latching technique is considered. The
central control problem is the choice of the monamhich to release the latched working surfagehs
that the resulting velocity of the working surfasén phase with the wave exciting force. To catellthe
ideal time to unlatch, the time until the next peakrough in the excitation force would be reqdir&his
paper describes the development of various tecbrigncluding neural networks, for estimation & th
time until the next peak in excitation force. Twaissof synthetic excitation time series were useeé:
that was close to sinusoidal, with little variatiorperiod and height, and the other with a highaten

in these parameters. Several neural networks wereetl and the results compared to alternative
methods. It was found that neural networks perfarivetter than the alternative methods for the time
series that contained more variation.

[104] McCabe, A. P., Stallard, T. J., and Aggidis. G20Q7). “Comparison of a time-domain model of a
surging wave energy collector to experimental measents.” (In review by IMechE part M, (JEME)
Journal of engineering for the Maritime Environme@ttober 2007.

The ability to predict accurately the time-variatiof power capture in irregular waves is an imparta
requirement for developers of wave energy devidésdescribe a linear time-domain model that is
straightforward to implement in commercially avhlasoftware. Wave forces and radiation are modelle
using a Laplace transfer-function formulation rattian via convolution integrals. Numerical preidins

of the time variation of the power captured by aysyg collector are compared to experimental
measurements of the response of a scale modehimga of regular and irregular wave fields.

When the incident wave-field is regular, the nuwarimodel tends to over-predict the response
amplitude particularly when the response is nesomant. When the incident wave field is irregutlae,
period of each successive response cycle is iona@ate agreement with measurements, however, the
magnitude of both the response and power captwignificantly over-predicted. In the range of sea-
states studied, predictions of mean power capteseoa average, a factor of 2.27 greater than medsu
It is shown that more accurate prediction of theetivariation of power capture in irregular seastwan
obtained by inclusion of a drag coefficient whichybe derived from the measured displacement
response in regular waves only. In addition, tiseilte suggest that the plan-form of a surging ctdie
significantly influences the magnitude of drag eigreced at small-scale.

[105] Price A., Mundon, T., Murray A. and Wallace A.RI(J®). “A Test-Bed for Advanced Control of
Wave Energy Converters,” Proc 6th European WaveEiddl Energy Conference, Glasgow.

Dependable control systems would make wave enengyecters cheaper and less risky. The state of the
sea and the device change over time and the pakeoff settings should be chosen accordingly.
Intelligent techniques that learn the relationdiepyveen available sensor data and the requiredrpowe
take off settings are considered. Input and tampptirements are defined and the need for a tiginin
environment identified. A training simulator focantroller is proposed. This would be based onuaaie
network, which would be trained to identify the t&yn from real sea data. This paper gives a degmmipt

of the methodology and the steps required to detraiesand develop this technique.

[106] Yavuz, H., Stallard, T.J., McCabe, A.P. and AggiBi#\. (2007). “Time series analysis of adaptive
tuning systems for a heaving wave energy convirteregular waves.” In review by Proc. of IMechE
Part A: Journal of Power and Energy, Vol. 221, Mppp. 77-90(14).

The paper presents a time domain model of a hedwing wave-energy converter and investigates the
tuning problem in irregular seas. The tuning issweddressed by employing both fixed (passive) and
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adaptive (active) power-take-off settings. The dix@wer-take-off tuning approach includes models
based on tuning the device natural frequency teethe energy frequency or peak frequency of ¢le s
state or a weighted average of several peak frejesgiThe adaptive tuning approaches employ anglidi
discrete Fourier transform frequency analysis, tiama-series analysis of the measured wave elavatio
and device velocity to estimate a localized domingawve frequency and hence calculate power-take-off
settings. The paper presents details of thesedguaghniques by discussing issues related to the
modelling, simulation, and predicted power captdioegach method. A comparative study of each
method along with practical implications of theuks and recommendations are also presented.

WP10 Full-scale Field Validation

[107] Johanning L. and Smith G.H (2006). “Comparisoniofidation and test results for a generic
moored WEC using a catenary mooring arrangememtgrinational conference OCEAN ENERGY,
23.10 — 24.10.2006, Bremerhaven, Germany

The dynamic response of the mooring line will aninant factor to consider in their use for thaien
keeping of a wave energy converter (WEC). Due ¢ir tfelatively small size and their being moored in
relatively shallow waters the effect of waves, el current can be of greater significance. Ongt mu
also consider how the mooring system might chahgedsponse of the WEC and so alter its ability to
extract power from the waves. Axial line stretchargl high frequency ‘top-end’ dynamics can
importantly modify both damping from the mooringdiand the top-end loading, and the way in which
the affect the energy production of a device misst be considered. If a ‘farm’ of devices is to be
considered then limitations in sea space may nitatesthat the devices be relatively densely packed
This will mean that the ‘footprint’ of the moorirgiould be constrained, to ensure that the moofings
each device do not interfere and this will haveageggnificance for the loading experienced bylite.
Unlike a typical offshore system, for a wave regpng WEC device, the design of its mooring must
consider the dynamic response in respect to rétiabihd survivability, and the need to resumeaciéint
energy conversion.

[108] Owen A and Bryden |.G. (2005). “Prototype Suppadni&ure for Sea Bed Mounted Tidal Current
Turbines.” Proceedings of the Institution of Meclwah Engineers, Part M: Journal of Engineering for
the Maritime Environment, Volume 219, Number 40820SSN: 1475-0902

This paper introduces the patented concept of #aeS®ail, a pin-jointed tubular steel structureyiag

an array of symmetrical section hydrofoils, whislused as a means of fixing a tidal turbine, oeroth
devices, to the seabed. The concept is evaluatadiagple mathematical model, tested as a onekeight
scale model and subsequently developed into ar®idel fit for sea trials. Pressure differencesteata
by the flow over the upper and lower surfaces efttidrofoils generate negative lift, or downforce,
which is communicated to the supporting structlitee effects of induced drag on low-aspect-ratio
hydrofoils are discussed. This paper gives an é@arof the evaluative techniques employed in tha Se
Snail's concept and design. The need for the dévigetlined and its conceptual basis discussed. In
particular, the response of a hydrofoil to incregsangles of attack within a steady flow is exadine
Field measurements of the drag and lift forcesiaggb an NACAO0013 section hydrofoil is presented i
the context of the Sea Snail. The fundamental degiteria are discussed and the Sea Snail's\atailit
match these criteria is demonstrated.

[109] Johanning L, Smith G.H. and Wolfram J. (2007). ‘Sl@@ments of static and dynamic mooring
line damping and their importance for floating WEBE€vices,” Ocean Engineering, 34, p.1918-1934.

The dynamic response of the mooring line will loaninant factor to consider in their use for thaieh
keeping of a wave energy converter (WEC). Due ¢aréiatively small size of WECs and their being
moored in relatively shallow waters the effect @iwes, tide and current can be of greater signifiean
than for other floating offshore systems. Axiaklistretching and high-frequency ‘top-end’ dynancias
importantly modify damping and top-end loading.

If a ‘farm’ of devices is to be considered thenitations in sea space may necessitate that theeebe
relatively densely packed. This will mean that ‘foetprint’ of the mooring should be constrainedl, t
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ensure that the moorings from each device do netfere and this will have great significance tog t
loading experienced by the line. One must alsoideniow the mooring system might change the
response of the WEC and so alter its ability toasttpower from the waves. Unlike a typical offshor
system, the design of moorings for a WEC devicetrmoissider reliability and survivability, and theed
to ensure efficient energy conversion.

The design and operation of a chain mooring forea0/ik considered here. Generic experimental
measurements of mooring line damping were conduntdte Heriot-Watt University wave basin at a
scale of 1:10. The measurements were conductedimgle mooring line for surge motions and include
the study of axial stretching and high top-end dyita. The laboratory procedures were designed to
resemble tests undertaken earlier at ‘full’ scal@4 m water depth. The measurements were also
compared with numerical studies. The experimeimdirigs for WEC devices, supports the conclusion
that dynamic mooring line motion will be an impartaariable, needing to be considered carefully
within the design.

[110] Owen, A. (2007). “The application of low aspeciadtydrofoils to the secure positioning of static
equipment in tidal streams.” PhD thesis, The Roatdon University, Aberdeen.

The costs of installing tidal energy technology laigh, requiring expensive vessels to drill sockethe
sea bed or to handle gravity based structureshdtantial mass, and this impacts on the commercial
viability of any proposed marine renewables develept. This thesis offers a viable alternative to
socketed or gravity based installations by proppsiat the downwards lift force that can be devetbp
from the flow over a hydrofoil can be used to retlie slip and overturning moments applied to a
structure by the flow. The fundamental theory dhband cross flow energy conversion devices is
outlined and the current methods of fixing and suippg tidal stream devices are analysed.

The origins of tidal stream flows are discussedthedeffects of local topography, bathymetry and
system resonance are used to explain the signifitiierences between real tidal behaviour anddbkal
of Newton’s equilibrium theory. The idiosyncratiedhlocalised nature of tidal streams is therebyenad
clear as well as the need for a solid understanafitige resource prior to device design and iregialh.
The principles of classical hydrodynamics and confd mapping are used in the context of relating
theoretical lift and drag functions to low aspeatta hydrofoils with endplates, and a numerical eiaxf
distributed surface pressures around a hydrofaieimonstrated. Subsequently, the concept is eealuat
using two 1/7th scale test devices, one is fiedtetk in a large stream under real flow conditiams] the
second in a tow tank under ideal laboratory coodgi The limitations and challenges of model sgalin
are shown and the semi-empirical Froude methodaling using residual forces is applied to the tayvi
model. Analysis of the experimental data showsreetattion with normal distribution and extrapolatio
of the experimental results shows that the Sed Saaioperate with an average lift coefficient of @Gnd
drag coefficient of 0.18. Application of the expeental data to the full scale device demonstréuais t
the Sea Snail principle is not only valid, but isignificant advance on existing installation
methodologies.

[111] Johanning, L., Smith, G.H. and Bullen, C. (200Darge scale mooring line experiments and
comparison with a fully dynamic simulation prograith importance to WEC installation,” 17th Int.
Offshore (Ocean) and Polar Engineering Conferet®@PE, Lisbon, Portugal

Large scale experiments with an 82t vessel moonesl 22mm single chain at a mean water depth of 24m
were performed at Scapa Flow (Orkney) to study ingazonditions for the installation of wave energy
converters (WECs). Tension and response behaviere feund for various pre-tension conditions using
horizontal and axial load measurement techniqudsagBPS system for tracking the motion of the vesse
The pre-tension conditions were chosen to provislaek, fully lifted and taut mooring line arrangemh

The study also includes a numerical model of thpegrents by applying line properties, installation
conditions and the displacement measurements @irthéation and calculating the resulting tensions.
The experimental problems that were overcome taiolbheaningful results from large scale experiments
under real sea conditions are explained and theriiapce of mooring line dynamics for WECs is
discussed.
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WP11 Assessment of Testing Procedures for Tidal Current Devices
[112] Sun, X., Chick, J.P. and Bryden, I.G. (2007). “Lediory-scale simulation of energy extraction
from tidal currents.” Renewable Energy, in press.

The energy available from tidal currents is sulisghand considerable work has been conducted into
determining the size of the resource and whateatgelscale consequences of extraction might bs. Thi
paper describes work conducted to establish adadrgrscale model, by using the commercial
computational fluid dynamics (CFD) code FLUENTTM,drder to predict local flow consequences
resulting from the extraction of energy in 2 andirdensions from within the water column in a tidal
flow. As might be expected, a wake is formed betdhis considerable localised flow acceleratiouado
and, most especially, under an extraction zone vildiee behind the device is shown to be associated
with a drop in the free surface which, in turnassociated with the decline in the wake itself.

WP12 Economic, Environmental and Social Impact of New Marine Technologies

[113] McGregor, P.G., Swales, J.K. and Turner, K.R. (3005e environmental ‘trade balance’
between Scotland and the rest of the UK: an intgrional input-output and SAM analysis”, Presented a
World Renewable Energy Congress, Aberdeen, ScatlatidRegional Science International - British and
Irish Section, Stratford-upon-Avon, England, Audiix15.

We use an inter-regional input-output (I0) and abaccounting matrix (SAM) pollution attribution
framework to serve as a platform for sub-natiomainmental attribution and trade balance analysis
While the existence of significant data problemamthat the quantitative results of this study sthbe
regarded as provisional, the inter-regional econemyironment |0 and SAM framework for Scotland
and the rest of the UK (RUK) allows an illustrataealysis of some very important issues.

There are two key findings. The first is that there large environmental spillovers between theoreg
of the UK. This has implications in terms of thevdi@tion of responsibility for achieving targets fo
reductions in emissions levels and the need facyab-ordination between the UK national and
devolved governments. The second finding is thalstvBcotland runs an economic trade deficit with
RUK, the environmental trade balance relationsbighie main greenhouse gas, £fins in the opposite
direction. In other words, the findings of thisdflsuggest the existence of a Gde surplus between
Scotland and the rest of the UK. This suggestsShatland is bearing a net loss in terms of patitstas

a result of inter-union trade. However, if Scotlaraoh carry out key activities, such as electricity
generation, using less polluting technology, hester for the UK as a whole if this type of redaiship
exists. Thus, the environmental trade balance isnportant part of the devolution settlement.

[114] McGregor, P.G., Swales, J.K. and Turner, K.R. (300i"he CQ, ‘trade balance’ between
Scotland and the rest of the UK: performing a mrgtion environmental input-output analysis with
limited data”, under resubmission to Ecological Bomics.

In this paper we attempt an empirical applicatibthe multi-region input-output (MRIO) method
proposed by Turner, Lenzen, Wiedmann and Barré@4Rin a recent issue of this journal in order to
enumerate the C{pollution content of interregional trade flows\wetn Scotland and the rest of the UK
(RUK). We extend the analysis to account for dimtssions generation by households, as final
consumers, and to a social accounting matrix (SAitgere a more comprehensive account of incomes
and expenditures is possible. While the existeficigaificant data problems mean that the quaitiat
results of this study should be regarded as prawvédj the interregional economy-environment 10 and
SAM framework for Scotland and RUK allows an illadtve analysis of some very important issues in
terms of the nature and significance of interregi@mvironmental spillovers within the UK and the
existence of a CQOtrade balance’ between Scotland and RUK.

[115] Learmonth, D., McGregor, P.G., Swales, J.K., TurkeR. and Yin, Y.P. (2006). “The importance
of the regional/local dimension of sustainable depment: an illustrative computable general
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equilibrium model of the Jersey economy,” Econdkhaxlelling, June 2006.

This paper uses a multi-period economic-environalgbdmputable General Equilibrium (CGE)
modelling framework to analyse local sustainabitibficy issues. Our focus is the small, open, labou
constrained regional economy of Jersey. The caderséy is of particular interest for two main oees
The first is the unusually low degree of geographi@bour market integration for such a small regio
economy. This motivates our treatment of laboua eeygion-specific factor of production. The secand
the availability of high quality, Jersey-specificomomic-environmental data. We employ CGE model
simulations to track the impact of changes in papaih on a number of energy-consumption and
pollution indicators in a recursive dynamic framekvander alternative hypotheses regarding economic
conditions over the time period under consideratiothe case of Jersey, we find that household
consumption is the key factor governing the envimental impact of economic disturbances. Therefore
the analysis includes an examination of the seitgithf the simulation results to different assuiops
affecting the wage elasticities of labour demand supply, and the speed of adjustment to equilibriu
on the responsiveness of household income to shifébour supply.

[116] Hanley, N.D., McGregor, P.G., Swales, J.K. and BariK.R. (2006). “The impact of a stimulus to
energy efficiency on the economy and the envirohraeegional computable general equilibrium
analysis”, Renewable Energy, p161-171.

Sustainable development is a key objective of Uonal and regional policies. Improvements in
resource productivity have been suggested as hwoieasure of progress towards sustainable
development and as a means of achieving sustatgaMbking ‘more with less’ intuitively seems t@ b
good for the environment, and this is the presuompdif current UK policy. However, in a system-wide
context, improvements in energy efficiency lower dost of energy in efficiency units and may even
stimulate the consumption and production of enenggsured in physical units, and increase pollution.
Simulations of a computable general equilibrium elarf Scotland suggest that an across the board
stimulus to energy efficiency there would actualiynulate energy production and consumption and lea
to a deterioration in environmental indicators. Telication is that policies directed at stimubefi
energy efficiency are not, in themselves, suffictersecure environmental improvements: this may
require the use of complementary energy policisggded to moderate incentives to increased energy
consumption.

[117] Turner, K., Allan, G.J., McGregor, P.G. and Swalg¥. (2005). “The need to establish region-
specific economic and environmental data in a ciast and compatible format”, Presented at
European Wave and Tidal Energy Conference (29theSdger to 2nd October), University of
Strathclyde, Glasgow.

The Scottish Parliament has expressed a committmeantributing to the delivery of UK climate
change objectives. This paper argues that a coaaequlicy priority must be to establish useful
information on resource use and polluting actigifiethe Scottish economy. That is, before anyyaigl

of the impact of the Scottish, or any other econemyhe local, national or global environment can b
carried out, an appropriate accounting framewongjfying economy-environment relationships needs
to be established. We argue that such a framewmkld have two characteristics. First, economic and
environmental data should be gathered and reparsimg compatible classifications of activities.
Second, there should be appropriate disaggregatieconomic activity to identify key energy prodige
suppliers and users, other polluting activities andironmental protection services.

[118] Allan, G.J., Hanley, N.D., McGregor, P.G., Swale&. and Turner, K.R. (2006), “Augmenting the
Input-Output framework for ‘common pool’ resourc@perationalising the full Leontief environmental
model”, Economic Systems Research, Vol. 19, No. 1-20, ISSN 0953-5314.

In its initial formulation, the full Leontief (19j@nvironmental model augments the conventionaltip
Output (10) table by introducing pollution geneaaitiand separately identified pollution elimination
sectors. Essentially it extends 10 analysis tofipomate the use of a ‘common pool’ resource. Sulrsgg
literature has either been analytical in naturbas concentrated on pollution generation but resrghg
activity. In this paper we generate an empiricillfaontief environmental IO system, based on
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augmenting the existing Scottish IO tables throetiogenising waste generation and waste disposal
activity. Due to weaknesses in data, our empiresllts need to be treated with some caution. Hewev
the construction of the extended 10 system andhtieepretation of the output and price multipliesults
raise a number of interesting practical and condpssues. The analysis undertaken here can be
extended to other ‘common pool’ resources suchasise of highways and irrigation systems.

[119] Ferguson L., McGregor P.G., Swales J.K., Turneaid Yin Y.P. (2005). “Incorporating
sustainability indicators into a computable genezquilibrium model of the Scottish economy”,
Economic Systems Research, Vol. 17, No. 2, pp 403-1

In recent years, the notion of sustainable devetoyirhas begun to figure prominently in the regipaal
well as the national, policy concerns of many indakzed countries. Indicators have typically bemsed
to monitor changes in economic, environmental aibs variables to show whether economic
development is on a sustainable path. In this papeendogenise individual and composite
environmental indicators within an appropriatelgafied computable general equilibrium modelling
framework for Scotland. In principle, at leaststhepresents a very powerful modelling tool that ca
inform the policy making process by identifying thgpact of any exogenous policy change on the key
endogenous environmental and economic indicatocsnl also identify the effects of any binding
environmental targets on economic activity.

[120] Ferguson, L., McGregor, P.G., Swales, J.K., TurkeR. and Yin, Y.P (2005). “Incorporating
Sustainability Indicators into a Computable Gendgguilibrium Model of the Scottish Economy”, Proc
WREC 2005 Conference (May 22nd-27th), AberdeetlaBdo

The notion of sustainable development has begfiguce prominently in regional as well as national
policy concerns in many industrialised countriesgcent years. Policy proposals have tended tcsfoou
using sustainability indicators to monitor changreeconomic, environmental and social variables tha
show whether economic development is on a sustaiaih. In this paper we demonstrate how
individual and composite environmental indicataaa be endogenised within an appropriately specified
computable general equilibrium modelling framewdrkis implies that the impact of any disturbance to
the system on these indicator variables can thainmglated automatically. We argue that, in prifecit
least, this represents a very powerful additionadiefling tool that can inform the policy making pess,
by identifying the impact of any policy changestbe key environmental and economic indicatorsait c
also identify the effects of any binding environratiargets on economic activity.

[121] Allan, G.J., Hanley, N.D., McGregor, P.G., Swale&. and Turner, K.R. (2006). “The
Macroeconomic Rebound effect and the UK economipiglFeport to the Department of Environment,
Food and Rural Affairs, available online at
http://www.defra.gov.uk/science/project_data/Docnthibrary/EE01015/EE01015_3553_FRP.pdf

Would a more efficient use of energy resourcesaediie environmental burden of economic activity?
This question has become prominent in recent y@agovernments across the world have implemented
energy efficiency programs.

Improvements in resource productivity have beemesigd as both a measure of progress towards
sustainable development and as a means of achiswgtginability (Cabinet Office, 2001). The popular
interpretation of resource productivity is "doingma with less": that is, of reducing the material o
energy requirements of economic activity. Howetteg, presumption of the “conventional wisdom” that
underlies current policy initiatives is that impioyg resource productivity will lower the burdenstbe
environment.

In fact, there has been an extensive debate iartbryy economics/ policy literature on the impdct o
improvements in energy efficiency in particularisifocuses on the notion of “rebound” effects,
according to which the expected beneficial impactenergy intensities are partially, or possiblgrev
more than wholly in the case of “backfire”, offget a consequence of the economic system’s responses
to energy efficiency stimuli. The “Khazzoom-Brookssstulate” (Saunders, 1992) asserts that
improvements in energy efficiency can actually stawe the demand for energy, thereby nullifying the
anticipated environmental benefits of such chang@gons (1865) was the first to argue for such an
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effect, in the context of improvements in the e#icy of coal use. Very recently the House of Lords
have acknowledged that energy efficiency improvesiatone might not deliver the expected
environmental benefits.

In this report we explore the conditions under \ttie notion that energy efficiency is environment-
enhancing would be expected to hold theoreticaltgl present some empirical evidence from an energy-
economy-environment computable general equilibf@BE) model of the UK economy.

[122] Turner, K., Lenzen, M, Wiedmann, T. and Barretf2007). “Examining the global environmental
impact of regional consumption activities - PartReview of input-output models for the assessnient o
environmental impacts embodied in trade”, Ecologi€aonomics, Vol. 61, No. 1, p. 15-26, ISSN 0921-
8009

This paper offers a detailed review of recentlycdégd single- and multi-region input—output models
used to assess environmental impacts of interrallyoinaded goods and services. It is the secondopa
a two-part contribution. In Part 1 [Turner, K., lzem, M., Wiedmann, T. and Barrett, J. in press.
Examining the Global Environmental Impact of Regib@onsumption Activities — Part 1: A Technical
Note on Combining Input—Output and Ecological FootpAnalysis; Ecological Economics.] we
describe how to enumerate the resource and pallabatent of inter-regional and inter-national &ad
flows with the aim to illustrate an ideal accougtand modelling framework for the estimation of
Ecological Footprints. A large number of such emwiment-economic models have been described but
only in the last few years models have emergedubaia more sophisticated multi-region, multi-secto
input—output framework. This has been made postilptrigh improvements in data availability and
quality as well as computability. We identify sixajor models that employ multi-sector, multi-region
input—output analysis in order to calculate envinental impacts embodied in international trade uRges
from the reviewed studies demonstrate that it gartant to explicitly consider the production rexip
land and energy use as well as emissions in a-negjtbn, multi-sector and multi-directional tradede!|
with global coverage and detailed sector disaggi@gaOnly then reliable figures for indicators of
impacts embodied in trade, such as the Ecologwaldfint, can be derived.

[123] Allan, G.J., McGregor, P.G., Stallard, T., Swalé¥. and Turner, K.R. (2007), “Concurrent and
legacy economic impacts from establishing a maemergy sector in Scotland”, under review for
resubmission to Energy Policy, October 2007.

We examine the economic impact that the instahatio3GW of marine energy capacity would have on
Scotland. This is done by estimating constructiostallation and operating expenditures and the
duration of these expenditures on a generic wageggrdevice. Earlier studies of the economic impact
of such expenditures have used Input-Output motielsgver, these assume that the supply-side of the
economy is entirely passive. Using a regional caaige general equilibrium (CGE) model of Scotland,
AMOSENVI, we show that this assumption is quaritielyy important for the economic impact of these
expenditures. Such expenditure injections will pree supply-side effects, through increased net
migration and capital stock adjustment, which dftee timing and scale of the resulting economic
impacts. The scale of the impacts on GDP and empoy over the lifetime of the devices is signifigan
and there are also substantial “legacy” effectsplesist beyond the design life of the devicegsEh
results show the importance of considering supplg-sonsequences of demand injections for estigatin
the economic impact of the expansion of renewaldéegy on a regional economy.

[124] Allan, G.J., McGregor, P.G., Stallard, T., Swalé¥. and Turner, K.R. (2006). “Concurrent and
legacy impacts from the expenditures required taldish a marine energy industry in Scotland: a
computable general equilibrium analysis”, Proc WibRenewable Energy Congress IX, Florence, Italy.

In Scotland, significant reductions in electriaiggneration capacity are expected as coal- andamucle
power stations close. Although the UK Parliamenk@sadecisions on energy supply, the Scottish
executive has responsibility for encouraging rerd@véechnology development and has set ambitious
targets for renewable generation. Allowing for daaigts imposed by resource availability, economic
viability and technological feasibility wave powadone could generate capacity in excess of 3GW.
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In this paper, we examine the economic impactttt&tnstallation of 3GW wave energy capacity would
have on Scotland. We estimate the costs that maychbered to construct and install this level opaaity
between now and 2020 and the subsequent expersdiaqeired to operate and refit the generators
during their 20-year life. A regional computablengeal equilibrium (CGE) of Scotland, AMOSENVI, is
then used to estimate the scale of the economiadtmm terms of GDP and employment, of these
expenditures. The scale of these economic impaetstbe lifetime of the devices is significant, and
there are also substantial "legacy" effects thedigebeyond the design life of the devices. Thesalts
illustrate both the importance of looking beyond turation of direct expenditures when considettigg
scale of economic impacts, and also the potent@mi@mic benefits to Scotland from the developmént o
an indigenous marine energy industry.

[125] Allan, G.J., Hanley, N.D., McGregor, P.G., Swale&. and Turner, K.R. (2007), “The impact of
increased efficiency on industrial use of energgomputable general equilibrium analysis for the
United Kingdom”, Energy Economics, Vol. 29, Nopg, 779-798, ISSN 0140-9883

The conventional wisdom is that improving enerdicefncy will lower energy use. However, thereis a
extensive debate in the energy economics/polieyditire concerning “rebound” effects. These occur
because an improvement in energy efficiency proslacell in the effective price of energy servicElse
response of the economic system to this priceafdéast partially offsets the expected benefiomact

of the energy efficiency gain. In this paper we aseconomy—energy—environment computable general
equilibrium (CGE) model for the UK to measure thmpact of a 5% across the board improvement in the
efficiency of energy use in all production sectd¥e identify rebound effects of the order of 30-50%

but no backfire (no increase in energy use). Howekiese results are sensitive to the assumedusteuc

of the labour market, key production elasticititx® time period under consideration and the meshani
through which increased government revenues ayelegtback to the economy.

[126] Turner, K., Lenzen, M, Wiedmann, T. and Barretf2007), “Examining the global environmental
impact of regional consumption activities — PartAltechnical note on combining input-output and
ecological footprint analysis”, by K. Turner, M. heen, T. Wiedmann and J. Barrett, Ecological
Economics, Vol. 62, No. 1, p. 37-44, ISSN 0921-8009

In recent years there have been a number of atteimplevelop a more comprehensive approach to the
issue of measuring resource use and/or pollutioer@gion embodied in trade flows, including
contributions that combine input—output technigaed Ecological Footprint analysis. In this two-part
paper we describe how to enumerate the resourcergralution content of inter-regional and inter-
national trade flows (Part 1) and we present &dlitee review of recent methodological and emplirica
developments (Part 2). It is straightforward impiple to extend the basic input—output approach to
capture international trade flows. However, in tica; problems of data availability and compattiili

and of computability of extended input—output ntas, mean that simplifying assumptions are gernyerall
applied, but with the implications of these assuoms often not made fully explicit. What appearb¢o
absent from previous applications is an accoutti@finalytical method by which Ecological Footint
should ideally be estimated in an internationalitrputput accounting analysis. This allows an &xpli
analysis of the problems that prevent the appbeoatif the full method and identification of the rhos
appropriate short-cut methods in a transparent \Mag.objective of this paper is to provide such an
account.

[127] Gilmartin, M., Learmonth, D., McGregor, P.G., Swald.K. and Turner, K.R. (2007), “The
national impact of regional policy: demand-sideipglsimulation with labour market constraints in a
two-region computable general equilibrium framewp&trathclyde Discussion Paper in Economics,
No. 07-04.

UK governments generally advocate regional polggp aneans of reducing regional disparities and
stimulating national growth. However, there is liesi comprehension of the effects of regional potiny
non-target economies. This paper examines therayside effects on the Scottish and rest of UK (RUK)
economies of an increase in Scottish traded segfmrts to the rest of the world. The researclaised

out in an inter-regional Computable General Equiilim framework of the Scottish and RUK economies,
under alternative hypotheses regarding wage detation and inter-regional migratory behaviour. The
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findings suggest that regional policy can haveifiant national spillover effects, even when tagget

region is small relative to the RUK. Furthermotes tonfiguration of the labour market is important

determining the post-shock adjustment path of kotimomies. In particular, while Scottish economy
results are sensitive to alternative versions @f hegional labour markets function, RUK region effe

prove to be even more so.

[128] Gilmartin, M., McGregor, P.G., and Swales, J.K.@2Z} “The national impact of regional policy:
supply-side policy simulation with labour markehstraints in a two-region computable general
equilibrium framework”, Strathclyde Discussion PapeEconomics, No. 07-05.

In a UK context, research into regional policy irmsahas focused largely on the effects of a pality
the target region, with any consequences for atgaons being largely ignored. This study aims to
address this issue by providing a comprehensivieiatian of regional policy, focusing on both the
regional and national implications of a policy skothe paper examines the system-wide effectsen th
Scottish and rest of UK (RUK) economies of an iaseein labour efficiency in the Scottish traded
sectors. The research is carried out in an intg@eral computable general equilibrium frameworlktaf
Scottish and RUK economies, under alternative Hhgsss regarding wage determination and inter-
regional migratory behaviour. The findings sugdbkat regional policy can have significant national
spillover effects, even when the target regiormalsrelative to the RUK. Furthermore, the confafion
of the labour market is important in determining gost-shock adjustment path of both economies. In
particular, while Scottish economy results are isigrg0 alternative versions of how regional labou
markets function, RUK region effects prove to beremore so.

[129] Allan, G.J., McGregor, P.G., Swales, J.K. and TurkeR. (2007). “The impact of alternative
electricity generation technologies on the Scotisbnomy: an illustrative input-output analysis”,
Proceedings of the Institute of Mechanical Engimag(Part A): Journal of Power and Energy, Vol. 221
No. 2, pp. 243-254(12).

UK energy policy is at a critical juncture, with jpachanges in the electricity generation mix in
prospect. In Scotland, significant reductions ecéicity-generating capacity are expected as coal-
nuclear-powered stations close, and renewable tdmfies provide a growing share of total electyicit
Despite these radical changes, there has as yenoesssessment of the likely implications for the
Scottish economy. This paper explores the likelteay wide impact of these changes on aggregate and
sectoral outputs and employment levels using amtioptput analysis that separately identifies eight
generating technologies. The results suggest the foe careful disaggregation of the electricity
generation sector and emphasize the economic cisgness of individual generation technologies.

[130] Hanley, N.D., McGregor, P.G., Turner, K.R. and Sgall.K. (2007). "Do increases in resource
productivity improve environmental quality? Theand evidence on 'rebound’ and 'backfire' effeamfr
an energy-economy-environment computable genetdlilegum model of Scotland" submitted to
Ecological Economics, September 2007.

Resource Productivity is increasingly seen as gortant aspect of sustainability by governmentdavor
wide. Making more with less seems to be intuitivégrms of reducing the burden on the environment
while allowing for economic development. In the [P&licy context there appears to be an acceptance
that enhanced resource productivity is "good ferghvironment". However, there is a debate in the
literature

concerning the possibility that any beneficial irtipan the environment may be partially ("rebounmt™)
even more than wholly ("backfire") offset. This paglarifies the theoretical conditions under which
such effects would occur and explores their lik@gnificance using a CGE model of the Scottish
economy. We find that an improvement in energ\cedficy ultimately increases energy use and results
in a worsening of the GDP to G@missions ratio. The time interval of analysisve®

significant, with rebound effects eventually grog/into backfire. The reason is simple: energy &fficy
improvements result in an effective cut in energggs, which produces output and substitution ¢ffec
that stimulate energy demands. However, the preseingackfire effects does not imply irrelevance of
efficiency-enhancing policies: rather it impliesitisuch policies alone are insufficient to imprave
environment. The implication is that energy policieeed to be
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co-ordinated.

[131] Allan, G.J., McGregor, P.G., Swales, J.K. and TurkeR. (2006). “The impact of alternative
electricity generation technologies on the Scotisbnomy: an illustrative input-output analysis”,
Strathclyde Discussion Paper in Economics, No. Dga®ailable from
http://www.strath.ac.uk/media/media_34009_en.pdf.

UK Energy policy is at a critical juncture, with fjpachanges in the electricity generation mix in
prospect. In Scotland significant reductions irceleity generating capacity are expected as aat
nuclear-powered stations close, and although mmath of renewable capacity continues, it does so
from a very small base. There is no doubt thatl&edtfaces very substantial shifts in the compoisitf
its electricity generating capacity, and very pidialso a major contraction in the level of thapacity
in the absence of further changes in UK energycpd@Buch as a move to commission new nuclear
generating stations). The choices made will haymitant economic, as well as environmental,
consequences.

[132] Graham, J., McGregor, P.G., Swales, J.K. and TurKei(2007), “Additional measures of
progress for Scotland: an analysis of the issueb@moblems associated with aggregate/composite
measures of sustainability”, Paper for the Scotstecutive Additional Measures of Progress Steering
Group, August 2007, online at http://www.scotlaind.gk/Resource/Doc/147491/0052143.pdf

A central part of the sustainability question is #=trgument that National Income as currently meabisr
not sustainable income, as it does not aim to captell-being or quality of life issues, and does$ n
account for environmental assets or the impaceneironmental degradation. This has led to efftrts
find ways of adjusting or supplementing conventlonaasures of national income, in particular G@P, t
capture a wider range of issues. However, duedbl@ms of aggregation and valuation of components
where markets do not exist, or are imperfect ooimglete, the idea of replacing the conventionalesys
of national accounting with a ‘Green GDP’ or ‘suisédole income’ is problematic and controversial and
no consensus has emerged on accepted measuregassrin this broad sense.

To deal with this, many countries have introducgsteans of satellite accounts, which exist alongside
conventional national income accounts, providirfgrimation to help manage economic activity in a way
that is sustainable. A key element of satelliteoaoting has been the adoption and use of ‘bas&éts’
individual sustainability indicators, which involwveystematic and regular reporting of movemengs in
number of economic, environmental and social indisa Where valuation is difficult, as in the cade
environmental factors, in contrast to the concépt folly integrated Green GDP or sustainable inepm
satellite accounts allow measurement in physicesuwith no necessity that these be converted to
monetary units.

However, the practice of monitoring and reportimgsometimes very large sets of individual indicatsr
a complex one and, despite the reservations ntieekathe issue remains as to whether it is reddena
to attempt to measure sustainability in a singleamnposite measure. In the case of Scotland, the
guestion arises in Section 14 of ‘Choosing Our Fat8cotland’s Sustainable Development Strategy’
where the Executive states a commitment to “revtenevidence on the options for additional and
improved ways of measuring progress, and repothé&wnd of 2006”.

As a first step in this process, the purpose af plaiper is to consider the broad set of issuepranilems
associated with adopting aggregate measures @isalsility. We do this by first considering what we
mean when we talk about ‘sustainable developmard’policy context and the role that we want
sustainability indicators to play. Two broad typésustainability are identified and we argue that

role of sustainability indicators depends on whtighe we are concerned with. This also proves t@ lzav
bearing on many of the problems and issues comnamdyciated with composite or aggregate indicators.
In order to consider these problems and issuesrsgdically we initially abstract from examinatioh o

any specific candidate indicators. However, inlgteer stages of the paper we illustrate our amalygh

a number of candidate measures of sustainability.

[133] Allan, G.J., McGregor, P.G., Swales, J.K. and TuseR. (2007), “Economic linkages and
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impacts of alternative electricity generation teotugies on a regional economy: an input-output
analysis for Scotland”, under revision for submissto Energy Policy, September 2007.

A recent paper in Energy Policy (Han et al., 20@Bs Input-Output (I0) analysis to examine the
economic linkages and the other characteristiedesttricity generation sectors. In this paper, ddad
techniques from Han et al., (2004) are appliedhéoregional economy of Scotland and extensionisgo t
use of 10 modelling are presented for future sdesaf electricity generation. Scotland offers an
interesting case study as the pattern of elegtrggheration is expected to alter significantlyroWe next
twenty years. Existing fossil-fuel and nuclear lities are projected to close down whilst thereas®
significant resources for the generation of eleitirifrom renewable resources, including off-sharted,
wave and tidal technologies. Linkage and multiptiealyses show the extent to which existing
generation technologies are embedded into themab@zonomy, while extending the Leontief price
model allows a first assessment of the impactdiggtificant changes in the pattern of electricity
generation might have on regional prices.
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