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1 INTRODUCTION

1.1 STATUS ANDPERSPECTIVES OFMARINE ENERGY

1.1.1 The challenges of marine energy

While engineers and inventors have long aspirdthtoess the sea as a vast power resource, ityigalatively recently that we
have seen many years of engineering endeavour tiringream very much closer to reality. Thoughtéahnical, commercial,
social and political concerns need to be addregkedglobal potential for offshore renewables isoaportunity that cannot be
missed. Once the renewables industry breaks thrtheghemaining technical milestones, it seems asstivat marine renewables
will follow where the wind industry is now advangimto the sea.

Nonetheless, the industry must work collaborativedyovercome the many technical and economic ahgdle of offshore

renewables. The technical challenges are multjliseiry, but developers often focus on the powgitwa element, rather than
take a system-wide view. In particular, the powamrsion and grid compliance issues tend to bregisded until quite late in
the day.

Offshore wind has developed from land-based saistioffshore by mounting most of the complex equiptmaut of the surf
zone, including any sub-stations. The majorityhef $ensitive electrical equipment is usually loddtigh up in the tower or in the
nacelle, making it more robust in face of the hargea environment. Thus, the technology develémednshore wind can be re-
located out at sea.

The turbine and its power conversion technologyaisomplex package, but having been subjected tcs rpesduction,
improvements in quality, reliability and cost-effi@eness will be carried forward by the industryiamoves offshore. Marine
renewables don’t have this history and, therefoamnot easily make the gradual evolution to offshdeployment. Developing
the concept and associated power conversion teagmolith the requirement to produce competitiveegation costs and assure
operational reliability is a tall order for such ambryonic industry.

The variable nature of wind and marine energy resgs) and the extreme conditions, mean that botintdogies face significant
engineering challenges in integrating products latger and more cost-effective farms. For exampffishore wind farms need to
be larger in order to offset the higher installatend maintenance costs of the project with higb&urns, but this in turn can
expose the technology to more onerous connectiodittons, incurring greater technical and finanaiak should the power
connection fail.

Some aspects of offshore wind technology have éyré@nsferred over to marine renewable develofrme examples include
subsea piling solutions, cable laying, blade tetdmoand offshore access. The oil industry has bken a source of relevant
transferable skills. Analysis and organisation elevant results coming from references within antside the marine energy
sector has been subject of the Work Package ledttfuiMar project (see [1] and [2]).

1.1.2 The electrical connection of marine energy plants

Currently the size of the marine energy plantsaifesi at the sea is practically negligible and vieny developers have come to
the stage of operating grid-connected devices. frf@ans that the choice for electrical connectiomppgent and configuration
has been often site-specific and particularly desigfor the device considered. Moreover financial aconomical factors have
strongly imposed in some cases choices that wooldappear feasible under the technical point ofwvier permanent
installations.

The problem of the power transmission from andftshore sites has indeed been already tackled lgr dhdustry sectors, such
as offshore oil and gas extraction and offshoredvéinergy; many practical solutions have proven esgfel for these cases and
might be considered for transfer to marine reneasbalthough different economical and cost drivéieuld be taken into
account when evaluating their feasibility for ocesergy projects.

The example of offshore wind energy is particulanteresting because of its similar applicationd &mctioning principles and
will serve as principal guideline throughout theport. It has to be noticed, however, that the bgwveent of offshore wind

energy plants at large distances from the shord&eas proving to be profitable only for very laggmle plants (with an installed
capacity of several tenths of MW).

Ocean energy is yet far from deploying plants afiparable capacity and it is likely that the firsiwe and tidal power plants will
be of limited size and placed at limited distanaarf the shore. Installed capacity will determingoathe connection point on-
shore as small-size installations will probably fequired to connect to distributions grid ratheartitransmission lines. The
choice of deployment location will involve theregan the future also the account for existing eleat infrastructure onshore.

Although many technical problems are still to bévad, wave and tidal energies are expected to ibatér for an important
percentage to the future energy needs and withig ftame most of the observers have planned a @graivhilar to that

experienced by wind energy. At the moment no teldgyohas proven yet to be effective and reliableravlong time and, since
much of the challenges to be faced are common toyrdavelopers, many national and international wisgdions are attempting
at tackling these issues under a collaborativeagmbr between different institutions.
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This holds for the case of the definition of theadtical connection configuration of future oceaergy farms which are likely to
present common aspects between different siteslavide types and might be analysed on a global.view

The work carried out during the preparation of tieport was precisely part of an European projeuoed at defining protocols
for evaluation and assessment of marine energgsgst

1.2 THE EQUIMAR PROJECT

Figure 1.1 EquiMar project work package structure.

1.2.1 Structure of the project

The EquiMar project is funded by the European Cossion as part of its 7th Framework programme utfteeEnergy topic. It is
a collaborative research and development projectiing a consortium of 23 partners and will rum foree years from the 15th
of April 2008. A list of the partners involved is/gn below:

CeNoOr~WONE

The University of Edinburgh (UEDIN), United Kingdom

Fundacién Robotiker (TECNALIA-RBTK) , Spain

University of Strathclyde (UOS) United Kingdom

Electricité de France SA (EDF SA) France

EU Ocean Energy Association (EUOEA)Belgium

University of Exeter (UNEXE), United Kingdom

University College Cork (UCC), Ireland

Wave Energy Centre (WAVEC), Portugal

The University of Manchester (UniMAN), United Kingdom

Southampton University (SOTON),United Kingdom

Institut Francais de recherche pour I'exploitationde la mer (IFREMER), France
Consiglio nazionale delle ricerche: Istituto di S@nze Marine (CNR-ISMAR), Italy
Det Norske Veritas (DNV),Norway

Teamwork Technology (TT), The Netherlands

Pelamis Wave Power Ltd (PWP)United Kingdom

European Marine Energy Centre (EMEC), United Kingdom

Wave Dragon (WD), Denmark

Uppsala University (UU), Sweden
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19. Sea Mammal Research Unit (USTAN)United Kingdom

20. Scottish Association of Marine Sciences (SAMSYnited Kingdom
21. Feisty Productions Ltd (FPL), United Kingdom

22. Aalborg University (AAU), Denmark

23. Actimar (ACTIMAR), France

The aim of EquiMar is to deliver a suite of prottsctor the equitable evaluation of marine energyvesters (based on wave or
tidal energy). These protocols will harmonise tegtand evaluation procedures across the wide yaofdevices presently

available with the aim of accelerating adoptiorotigh technology matching and improved understandinipe environmental

and economic impacts associated with the deployroératrrays of devices. EquiMar will assess devitesugh a suite of

protocols covering site selection, device engimggdesign, the scaling up of designs, the deployrotarrays of devices, the
environmental impact, in terms of both biologicalc&astal processes, and economic issues. The plotaill be developed

through a robust, auditable process and dissendiriatéhe wider community. Results from the EquiNpaoject will establish a

sound base for future marine energy standards.

The activity within the project is structured thgbuthe definition of ten different Work Packagencluding the project
management), each one covering a specific pahteoptoject with specific objectives. Six of themRP@/ WP3, WP4, WP5, WP6
and WP7) are mainly focused on technical issues] V¥Rntended to build a knowledge base for maenergy systems, WP8
will deal with the synthesis of the protocols ahd brganization of the documentation while WP9 fatius on dissemination of
the project activity through the wider communitynddly WP10 will include all the coordination ancamagement issues.

A scheme of the structure of the project is giwvefigure 1.1.

1.2.2 Work Package 5 - Deployment assessment: Perfornanoalti-megawatt device array

The focus of this work package is upon the deploynasd performance issues of the first generatiowave farms and tidal
stream arrays. The work is aimed at delivering grols to provide guidance for developers — priodéployment — on how to
integrate their device designs into farms or arragsa multi-megawatt scale and to standardize ndstHor assessing the
performance of the arrays or farms as a whole.a#laris in wave and tidal device designs will hawarang influence upon the
first of these aims possibly leading to device-#pesites or array layout configurations. Perfomoa of arrays can be broken
down into specific areas such as installation, /eageirement of maintenance as well as the ultimati¢ cost of electricity
generated.

The work is divided into different tasks:

Protocols for device classification and performamesmasurement for multi megawatt arrays or farms
Matching device design to the environment

Development of protocols for assessment of engimgeobustness and system failure of arrays amddar
Guidance for configuration of electrical connectafrarrays and farms

Supply chain and infrastructure

Ascertain impacts upon stakeholders

This report is the result of the work carried oithim task 4.

@9".#.00!\’!‘

1.3 AIM A ND STRUCTURE OF THEREPORT

1.3.1 Overview

This report has been structured within differertisas in order to cover different aspects of tleeteical connection of wave and
tidal energy farms.

Task 4 of the Work Package 5 might be subdivideiivandifferent actions:

a) Establish principal grid connection options forwave and tidal farms.

Grid connection options are dependent both onmdettand engineering requirements. The harshneesea environment and
the high costs of installation limit the number aizle of offshore structures delegated for colectand transformation of the
electrical power output. Choice of different configtions depends also on the voltage levels anti@type of transmission line
to coast. The deployment site will be therefor@ragty influential on the decision of an electricanfiguration. A trade-off
between ease of maintenance and power transmisfficiency has to be achieved. With transformerd aanverters located
onshore, maintenance would be easiest. For oceagyeimstallations far from the coast this woulddd€o unacceptable loss due
to low voltage power transmission.
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b) Provide guidance and methods for assessing theitability of electrical connection configurationsand their installation

Suitability has to be assessed based on efficiemzy economical criteria. To estimate the coststedldo grid connection

infrastructure is complicated and an economicalyaigshould take into account a reliable forecastf the power production of
the farm. The size of the project would also hag#r@ng impact on the decisions on a configuratiesign as installations at very
large depths and distances from shore would prghaluire very high installed capacities to be pable.

c) Develop guidance on the choice of offshore voffa and the use of substations. Establish power qitstl guidelines.

Higher voltage levels (tens of kV) require all poveenverters and transformers in the proximity e tonverters. AC and DC
cables are both viable options, the former beirguttual choice because of simplicity. DC connedsarhosen when power level
is very high and/or distances to shore increase.bHst choice will be site specific.

Guidance on power quality should be developed aogrto existing standards. Experience from lar§fshore wind plants
should be beneficial as in many countries the @uddle has been under modifications to take into w@tcthe impact of wind
energy on the grid.

d) Develop examples of possible configurations armlculations of efficiency.

Some very simple schemes will be presented anduateal through an approximate calculation of thecieficy of the
transmission. Sophisticated models will have taé&fned for more detailed results.

1.3.2 Contents of the report
The report has been subdivided in three technlwapiers:

0 General requirements: This will include a general summary of the basid gonnection requirements in terms of power
quality with a brief reference to local regulaticarsd standards. It also outlines functional reqoéets of an electrical
connection configuration

o0 Electrical configuration schemes:An analysis of the different options for the elaat connections of a marine energy
farm to the grid. For large power transmission dkailable transmission types considered are esdlgritiree: HVAC,
HVDC LCC, HVDC VSC.

0 Grid connection infrastructures: This covers a general analysis of the engineerity@nstruction requirements for
the component of a grid connection interface
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2 GENERAL REQUIREMENTS

2.1 BAsic CONCEPTS

2.1.1 Common ground

There are a number of common issues for power tyuatid electrical transmission for offshore winddanarine renewables.
Indeed, tidal generation probably has more in commith wind than wave technology due to the inherature of the power

source, with some companies already moving acrasgs fvind to marine, as they attempt to move thedhhology below the

surface. As with wind, the fluctuating power chaesistics of wave and tidal power make power cosiogr and grid connection
issues a real challenge for marine renewables. \Wawer has a massive dynamic range, is subjecbristant change and the
output from power capture devices is usually ostmlly in nature, a function of the wave period.alig more consistent and
predictable, but still has a large dynamic range @gperates from zero to maximum twice a day.

Marine technologies need to be robust and engidetrecope extremely well with the extreme condiiomut at sea. Two
reliability issues requiring special consideratare energy conversion and power transmission. Boadg efficiently, traditional
standard rotational electrical generators needyh fiequency power input. To be able to use thesadard generators, the low
frequency, high torque input generated from theimearesource requires an energy conversion intdangdsuch as a gearbox.
While this is fairly straightforward, the intermedy conversion must be interfaced with the meclamower take-off technology
in order to allow effective conversion of marinewas into electricity. This power conversion procéss intrinsic challenges
associated with power loss, reliability and systammplexity, all of which are multiplied by submearsimetres below the sea and
many miles from the nearest sub-station.

Marine technologies with fewer subsea systemsimgiVitably reduce the likelihood of maintenance &edice mitigate the high
costs of working at sea or retrieving a device.ellse, reducing the number of interconnections ttegice is important in
minimizing the risk of cable damage. Straightfordvaplutions such as removing heat losses by usisgiye cooling to the hull
can avert some of the risks involved in using cooapéd heat exchangers and associated pumpingrs/ste

2.1.2 Power quality

The electrical power system has to distribute alsdtpower with a high power quality: the powershbe delivered with a fixed

frequency and at a fixed voltage level and in @aabé way. With a limited number of large (thermpbwer stations and a
transmission and distributions system, this carati@eved rather well. These large power stations heell proven voltage

control using reactive power variation and frequyeoentrol using active power variation. The powethen transmitted via high
voltage transmission lines and distributed via mediand low voltage distribution systems with goadtection systems. The
protection systems are sized based on the power fflom the power stations via the transmissiondim@éd the distribution

system to the customers. With the increasing dmution of distributed generation (among which mang renewable sources),
this becomes more difficult because these systems

- often do not vary reactive power and therefore alocontribute to voltage control (especially oldgstems);
- mostly deliver varying active power instead of coliible active power and therefore can disturbftequency control
and cause voltage variations, also due to varyiegds in the lines;
- may disconnect in case of network faults, frequeacyoltage disturbances, which may lead to impuriass of
generation and disturb the power balance further;
- may change the power flow direction in the disttitw system if connected to the distribution systemd therefore
impact on the protection system.
For wind energy, these aspects are being investigand several problems have been solved. Becdtise similarities between
wind and other energy sources, wave and tidal gneag profit from this knowledge. Power qualityateld problems due to
ocean energy will be presented and listed.

A single ocean energy converter is likely to beremried to the distribution system close to shoueh& single energy converter
is not large enough to influence the voltage aeddency control of a large strong grid. Howevegréhmay be some local effects
in the distribution system where the marine eneayverter is connected, such as

- voltage variations;

- harmonics;

flicker;

performance during grid faults.

Power electronic converter produce harmonics, tauef-the-art filtering will keep these below eegcribed value.

If there is no energy buffer in the device, the podelivered to the grid can vary rapidly. Thisiagon may be small in the case
of tidal devices while it is expected to represemhajor issue for single wave energy converterth wifrequency of around 0.2
Hz, twice the wave frequency, this could causeratian of the voltage at the point of connectiorthie network. The magnitude
of this variation depends on the strength of thid;dhe weaker the grid, the larger the variatiofisese variations can be very
disturbing for the other customers connected atpbint. This problem could be solved in differesatys:
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- use a connection point with a strong grid (whiedly not be available),
- use an energy buffer in the device (which magxmensive or not feasible),
- use more than one energy converter so that ttpubsmoothens (but only one prototype may be alubg).

If there is a fault in the network, the large shkartuit currents will activate the protection sst and the faulty network section
will be disconnected. Depending on the distancthéofault, this will be seen as a smaller or larggltage dip. Marine energy
converters with power electronics mostly can nghificantly contribute to the fault currents toigate protection systems: they
can not deliver more than the rated current. Winlibes connected to the distribution system usetisconnect from the grid in
case of large voltage dips.

However, with the increasing amount of wind powdisconnecting all wind turbines led to a considerdbss of generators
feeding the fault (and thereby further loweringtagk). Therefore, new grid regulations nowadaysireghat wind turbines stay
connected to the network for a specified time dwyrfaults (referred to as fault-ride-through capaf)ii The same may be
expected for marine power. For variable speed systgith a full converter between the generatorthedyrid, it is not a problem
to stay connected. For variable speed systems avittoubly fed induction generator, special measunggt be necessary,
comparable to the measures developed for windriesbi

Large numbers of ocean energy converters in ocamsfhave to be connected to the grid via an ofésktectrical infrastructure
and at a suitable onshore connection point. Likshofre wind farms, large marine energy farms walidly be connected to the
distribution systems, but mostly to the high voftagansmission system. In that case, the existintpption system is suitable.
Like wind farms, ocean energy farms will have todperated as power plants. This means that theyhaeg to contribute to
voltage control by controlling reactive power geat@m and to frequency control by controlling aetipower generation. Most
ocean energy converters have variable speed genexgdtems, connected to the grid via power ela@irgonverters. Some
converters can control the reactive power flow,hsas voltage source inverters. Other convertersncdrcontrol the reactive
power control or even deliver a varying reactivevpn such as current source inverters. If converee chosen that can control
the reactive power, these converters can contritaut@ltage control in the grid as long as thengf these converters is large
enough. Long subsea cables will limit, however,¢hpability of the offshore power station to pravithese services and special
measures may have to be taken at the point of canumienection.

For frequency control, it is necessary that thévaghower can be controlled. Especially in systavithout energy buffer, this is
difficult, because they depend on the incoming wei#e power. In a marine farm, it could be decidtleat the marine energy
converters do not produce the maximum power they exdract so that the output power can be increagesh the control
requires that. However, as for wind farms, this hodt will keep the cost of energy artificially higind is less likely to be
implemented in practice.

To be able to control the frequency of the gridrewdien there are important uncontrolled variatiohthe power delivered by a
marine farm, it may be necessary to have a coraitkeiamount of back-up power such as from thernzaitg, other renewable
sources or dedicated energy storage. This backasds necessary during heavy storms when the sgséem shut down to
minimize the risk of damage.

2.2 GRID CONNECTION CODES

2.2.1 Overview

A key challenge for both wind and marine renewgbbéth their intrinsically fluctuating power gendian, are the Grid Codes
and Distribution Codes for electrical transmissém distribution, which underpin the entire eleettinetwork operation. These
rules require electricity suppliers to match thé@vice to the point of common coupling. Issues sashrequency stability,
voltage, power factor, harmonics and fault levehakd to be taken into account.

Managing the national grid requires accurate fastieg of both the consumer demand and the eldgtrigneration. At present,
small scale generators are exempt, but in the aprygars, as the renewables industry moves well imbytbe 100 MW
benchmark, transmission and trading will grow mamd more complex.

Ideally, for grid connection of any generation teclogy, a predictable, consistent power flow isdezk As a result, the stable
and predictable qualities of the power curve geedrdrom tidal and wind turbines potentially makermn more grid-friendly.
However, wave farms may use a range of methodsved the peaky power flow seen from an individuatide ([3]).

A fundamental consideration, for both wind and mariechnologies, is that the site of offshore eleity generation is dictated
by the best locations for energy resource. Howetrer majority of these is far from the main loadhtces and often has only a
weak distribution network available. Linking eldcity generation in these remote areas to the Inedkork can result in network
problems and requires costly reinforcement and én@naject costs may be prohibitive if deep reindonent is deemed necessary.

Once marine renewables are ready to progress to sfdle farms, identifying appropriate locationsodd be quite
straightforward, given the fact that much resedrak already been done in terms of resource. And, likely that very large
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marine renewable farms will be built to take adaget of economy of scale and justify the constractiba common shore-based
grid connection.

2.2.2 The experience of the wind energy sector

In the beginning of wind energy commercial develepin wind turbines have been treated as embeddeeragers, and they
were not expected to contribute to the control @fver system voltage or frequency. In addition, wiatns were required to
disconnect from the grid under abnormal operatimgddions. Until recently, wind farms connectedtlte grid were small-sized
installations, connected at distribution voltageels and the total amount of wind power generatiapacity was (and still is in
most countries) small in proportion to the totaloamt of installed generation capacity.

Due to the constant increase of wind power gridremted installations, the situation has been clmangi countries like
Denmark, Germany and Spain and the number of leagacity wind farms is expected to grow dramatjcadithe next years,
particularly with respect to offshore plants.

With the objective of enabling wind generation tmpect to the transmission system without unnecgssatrictions and at the
same time ensuring the security of supply, diffeteansmission system operators have to adapt gineircodes. Wind farms are
no longer only considered as embedded generatibarbunore and more required to contribute to gtabilisation and voltage
and frequency control therefore new regulationgaking into account wind power integration in maoyntries.

Wave and tidal energy will probably benefit of tleigperience as many of the requirements defineddoh cases are likely to
hold for marine renewables.

2.2.3 Review of the national Grid Codes

Historically, the first generating plants exportiegergy to the grid have been ruled by two kindsegllation: those concerning
local networks and those referred to the globalast in its whole.

Local regulations, generally regarding voltage andent, are defined by Distribution Systems Omrg(DSOs) through the
issuing of Distribution Codes. Global regulatioft;used on active and reactive power flow, arergefiby Transmission systems
Operators (TSOs) through Grid Codes.

The requirements imposed by these codes are ghnditiérent from one country to another. The growiinterconnection
between different national grids and the wind epdrgom have recently enlightened about the futesesdrof a standard base for
grid connection common to all the European cousitrie

A report from the European Wind Energy Associat{ft]) delivered in 2005 summarises the principaluss related to the
connection to the grid of large wind farms. Tablé 8hows a list of basic requirements imposed kiomal codes for wind

energy. Such requirements have not yet been deforedarine energy because of the negligible imp@etave and tidal energy
production on global electrical power supply butgh defined for wind energy are likely to be adie to future large scale
marine energy plants.

Table 2.1Basic requirements imposed for wind energy geramdiy Grid Codes

Active power control Several GCs require active wind farm power contwasecure frequency stability,
avoid network overloading etc. The required extehimodulation of the power
might change between the different GCs.

Frequency control Frequency control within acceptable limits to secsupply, avoid overloading and
comply with quality power standards.

Frequency range and voltage range The requirement to be able to continue to operatn avhen the system is in
difficulty, i.e. when voltage or frequency are feom the nominal values.

Voltage control This implies requirements for reactive power congagion

Voltage quality (rapid changes, flickers, A whole set of different requirements is includadchational codes
harmonics)

Tap changing transformers Some Grid Codes (E.on Netz, ESBNG) require thatvi@arms are equipeed with
tap-changing grid transformer in order to be abledry the voltage ratio between
the wind farm and the grid in the case of need

Wind farm protection This category of requirements is intended to ctesituations with occurrence of
faults and disturbances in the network. A relaytgrtion system should be present
to act for example in cases of high short-circuitrents, under-voltages, over-
voltages during and after a fault. This should emghat the wind farm complies
with requirements for normal network operation aogports the network during
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and after a fault. It should equally secure thedmMarms against damage from
impacts originating from faults in the network. The-called fault ride-through
(FRT) requirements fall under this category.

Wind farm modelling and verification Some codes require wind farm owners/developersagige models and system
data, to enable the operator to investigate by lsitioms the interaction between
the wind farm and the power system. They also reguistallation of monitoring
equipment to verify the actual behaviour of thenfaturing faults, and to check the
model.

Communication and remote control Unlike the requirements above, national codes aite ginanimous on this point.
The wind farm operator should provide signals cgpomding to a number of
parameters important for the system operator tdlengproper operation of the
power system (typically voltage, active and reaciower, operating status, wind
speed and direction etc.). Moreover it must be iptes$o connect and disconnect
the wind turbines externally (only Denmark and E.on

Tables 2.2 and 2.3 summarise existing transmisanghdistribution codes for several European coesitiGGrid connected power
generating marine energy devices will be requicedamply with these regulations.

Table 2.2Codes for connection to transmission level

Country Document ref. Title Year Scope
Austria TOR Technische und organisatorische Regeln fi&rControl 2004 GC for transmission
Betreiber und Benutzer von Netzen and distribution
Belgium Royal Decree Koninklijk besluit houdende een techniscliStaatsblad, 2002 Transmission code
19/12/2002 reglement voor het beheer van het transmissienet
van elektriciteit en de toegang ertoe
ELIA doc. Interno Voorschriften en uit te wisseleiormatie voor ELIA, 2004 Wind energy connected
de aansluiting van productie-eenheden to transmission level
Denmark TF 3.2.5 Wind turbines connected to grids with &g#is Energinet, 2005 (Eltra Wind energy connected
above 100 kV & Elkraft) to transmission network
France Référentiel technique de RTE RTE 2005 Transmission
Germany Transmission Code Netz- und Systemregeln der deutscheviDN, 2003 Transmission code
2003 Ubertragungsnetzbetreiber
VDN Richtlinie EEG Erzeugungsanlagen am Hoch- urdDN, 2004 Connection of
Hochstspannungsnetz renewable energy auto-
production to the high
voltage level
Greece Transimission Code Transmission System Operation Code HTSO Transmissida
30/5/2001
Ireland Grid Code Grid Code, Version 1.1 ESB National Gridlransmission code
2002
Italy CEl 11-32 Impianti di produzione di energia eletdricComitato Elettrotecnico Connection of
connessi a sistemi di lll categoria Italiano generators to HV
Netherlands  Grid Code Netcode DTE 2005 Grid Code for
transmission and
distribution
Norway Guideline for wind guideline for wind farms >10MW (disponible enStattnet Connection of wind
farms >10MW (con www.statnett.no) turbines

apoyo de SINTEF)

Poland Instruction of Transmission System Operation
and Maintenance

Portugal Regulamento do Acesso as Redes e Bstidade Reguladora doTransmission and
Interligacbes Sector Eléctrico distribution code

(ERSE), 2001
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Spain P.0.12.1 P.0.12.1 Solicitudes de acceso para laxa@m REE Transmission code
de nuevas instalaciones a la red de transporte.
P.0.12.2 Instalaciones conectadas a la red de
transporte: requisitos minimos de disefio,
equipamiento, funcionamiento y seguridad y
puesta en servicio.
P.0.12.3 Requisitos de respuesta frente a huecos
de tension de las instalaciones edlicas
Sweden SvK Affarsverket Svenska Kraftnats foreskrifter onsvenska Kraftnat 2002 Decentralized
driftsakkerhetsteknisk utformning av generation connected to
produktionsanlaggningar transmission level
United Engineering Recommendations for the connection oElectricity = Networks Embedded generation
Kingdom Recommendation embedded generating plant to Public distributioAssociation 2002 (large systems)
G75/1 systems above 20kV or with outputs over 5MW
Table 2.3Codes for connection to distribution level
Country Document ref. Title Year Scope
Austria TOR Technische und organisatorische Regeln f&rControl 2004 Transmission and
Betreiber und Benutzer von Netzen distribution code
Belgium Lastenboek C10/11  Technische aansluitingsvoorsehrift voor BFE 2004 Decentralized
gedecen-traliseerde productie-installaties die in generation connected to
parallel werken met het distributienet distribution level
Denmark TF 3.2.6 Wind turbines connected to grids with &gés Energinet, 2004 (Eltra Wind connected to
below 100 kV & Elkraft) distribution level
France Le référentiel technique EDF ReseaWistribution code
Distribution
Arrété du 17 mars Arrété du 17 mars 2003 relatif aux prescriptiondournal officiel de la Grid connection of
2003 techniques de conception et de fonctionnemeRgpublique Francaise production units to
pour le raccordement a un réseau public de distribution level
distribution d’une installation de production
d’énergie électrique
Germany Distribution  Code Regeln fur den Zugang zu Verteilungsnetzen VDN, 2003 Distribution code
2003
Technische Parallelbetrieb von Eigenerzeugungsanlagen nWDEW, 1999 Connection of
Richtlinie dem Mittelspannungsnetz des EVU distributed generation
to low and medium
voltage level
Greece Distribution Interconnection of power stations to théPC Connection of
Directive 129 distribution gris distributed generation
to the low and medium
voltage level
Italy CEIl 11-20 Impianti di produzione di energia eletirie Comitato Elettrotecnico Connection of
gruppi di continuita collegati a reti di | e Illtaliano distributed generation
categoria to the low and medium
voltage level
Netherlands Grid Code Netcode DTE 2005 Transmission and

Norway

Poland

TR A5329-EBL-K
17-2001

distribution code
J.0. Tande, Sintef

2001 Connection of wind

turbines

Retningslinjer for nettilkobling av vindkraftverk

Instruction of Transmission System Operation
and Maintenance
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Portugal Regulamento do Acesso as Redes e Bstidade Reguladora doGC Transmission and
Interligacdes Sector Eléctrico distribution
(ERSE), 2001
Spain RD 436/2004 Real Decreto 436/2004, de 12 de marzo, por EITYC Distribution code

gue se establece la metodologia para la
actualizacion y sistematizacion del régimen
juridico y economico de la actividad de
produccién de energia eléctrica en régimen

OM 5/9/1985

especial
Sweden AMP Anslutning av mindre produktionsanlaggningaSvensk Energi 2001 Distribution code
till elnatet
United Engineering Recommendations for the connection oElectricity = Networks Embedded distributed
Kingdom Recommendation ~ embedded generating plant to Public Electricithssociation 1991 generation (small
G59/1 Suppliers distribution systems systems)

2.3 TECHNICAL ISSUES IN CONNECTION TO THE GRID
Large scale marine energy farms installed to maérenergy output will probably have major limitaisoin terms of;
1. Voltage and reactive power control
2. Frequency control
3. Fault ride-through capabilities
These are the three main points that new grid cadesdapting for wind farm connection. The mostrywing problem to face
would be a voltage dip in the grid. The effects tdnsient faults may propagate over large geogcaphareas and the

disconnection of marine energy farms under fauliditions could pose a serious threat to networkirégcand security of supply
because a great amount of wind power could be disatied simultaneously.

2.3.1 Voltage and reactive power control

Under a simplified approach (see [5]) it could bewn that the magnitude of the voltage is conttbliy the reactive power
exchange, whereas the phase difference betweemgeamt receiving end is dictated by the active goowhe active and reactive
power flow between the generation and the loadh& gower system must be balanced in order to aesge voltage and
frequency excursions.

Voltage regulation and reactive power control anedmentals in the distribution of electric energymismatch between the

supply and demand of reactive power results inaagé in the system voltage: if the supply of laggieactive power is less than
the demand, a decrease in the system voltage sgsativersely, if the supply of lagging reactivevpeo exceeds the demand, an
increase in system voltage results.

Voltage or reactive power requirements in the gddes are usually specified with a limiting curvelsas that shown in fig.2.1.

The mean value of the reactive power over sevex@rds should stay within the limits of the cutéhen the generating unit is
providing low active power the power factor may idés from unity because it can support additioraling or lagging currents
due to the reactive power demanded by the utihen the generating unit is working under nomirahditions, the power
factor must be kept close to unity or else thelehw excessive currents.

Future marine energy farms should have the capalblicontrol the voltage and/or the reactive powaethe connection point.
Several methods for voltage control have been &doipt wind energy technologies ([6], [7] and [8fdamight be considered for
application to marine energy.

Other specifications for marine energy converteighininvolve the quality of supply, including abtuwaariations of the voltage
level, flickers (low frequency perturbations of the voltage) amadntonics (high frequency perturbations of voltagd atensity
values typically integer multiples of the transrossfrequency).
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Fig.2.1 Typical limiting curve for reactive power ([8])

2.3.2 Frequency control

The frequency of a network is an indicator of tladabce between power production and consumptiowePsources in the grid
are usually rotating machines (although many wanergy converters make use of linear generatorthfsir conversion system)
and the active power output of the generators terdened by the mechanical power input from theimg movers (steam
turbines, hydro, wind etc.).

The consequence of a mismatch between the supphe(gtion) and demand (load and network lossesadtive power is a
change in the kinetic energy stored in the movisgsof the generators, and hence, a drift in teesyfrequency.

Delivered Active Pow
(% of A\{ailable Poyve)r

100%

- Freqiern (i b
47 48 49 50 51 52

Figure 2.2 Typical frequency controlled regulation of actiwewer ([5])

Grid management usually considers an operatingvesgimensioned to cover the loss of the largestegsing unit of the
system. Distinction can be made between spinnisgrve (i.e. the difference between the total oa-tipnerator capacity and the
total output of the generators) and supplementesgrve (the amount of generating capacity thatbeahrought into operation

within a limited time).
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All the generating equipment in an electric systemesigned to operate within very strict frequen@rgins. Grid codes specify
that all generating plants should be able to opetantinuously within a frequency range aroundnbminal frequency of the
grid, usually between 49.5 and 50.5 Hz. Operat@mrside these limits would damage the generatiagtgl

Grid codes usually specify limiting curves for ftecy controlled regulation of the active power.é@mple is shown in figure
2.2.

The future implantation of large scale marine epdegms might suggest modifications on nationald@@odes as it has been
happening in the last years for wind energy. Sofrtbese codes require for wind farms the partiograto the frequency control

of the network through variation of the active powatput. However, as for wind turbines, wave dddltconverters are not able
to provide the same control guaranteed by conveatipower plants.

Figure 2.3 Summary of frequency control requirements impdsedational grid codes

While for high-frequency control it would be suféat to disconnect a number of units, the low-feergey control would be
possible only if the farm would be operating abaeér capacity than the corresponding to normal itmms$. Some additional
power control strategies have been indeed defimeélei last years for wind energy ([9] and [4]) aatemplate the possibility of
using a percentage of the active power capacityeserve. That might be economically profitabl¢hié pay for low-frequency
response could compensate the loss of generategr pow

Other requirements for frequency control couldude limitations on the positive and negative changfeactive power output to
avoid frequency fluctuations on the network (ramages). Figure 2.3 shows a resume of the frequenoyra requirements
imposed to wind turbines by several national gades.

2.3.3 Fault ride —through capability

When a short circuit takes place in some locatiorthe grid, the voltage on the faulted phases béllzero. Due to the low
impedance of transmission circuits a large voltégperession would be experienced across large aredg transmission system
until the fault is cleared by the opening of citdoieakers.
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Older grid codes required the disconnection of wimthines during such faults but, with the incragsielevance of wind power
production, these regulations had to be changetk dine contemporary disconnection of many generatgthin the system
would cause an additional loss to the one detemirryethe fault and could determine a frequency a@nagh even a black-out.

For these reasons nowadays in many countries (Déninaland, Spain) with a relevant penetratiowdrid power into the grid,
wind farms are required to have a fault ride-thtoegpability for faults on the transmission syst@iypical requirement for this
case are described by a plot of the voltage ag#iestime that specifies the area of the “voltag® that the installation must
bear (fig. 2.4). During the period of maintenanéehe fault and the subsequent voltage recoveryieagtive power should be
consumed by the plant at the connection point hadrtstallation should contribute to the grid watlturrent intensity as high as
possible (fig. 2.5).

Voltage Perturbation starting
(pu) / point
1
0,95 pu
0,8 |
. Clearance of the fault
0,2 ' ‘ /
Duration of the fault
0 0,5 1 15 Time (sec.)

Figure 2.4 Curve of the voltage in function of the time a& tonnection point, defining the “voltage dip” area

Being still at a pre-commercial stage, marine epéeghnology will not probably be quantitativelyfeeant in terms of percentage
of global electrical power output into the grid twef a decade and therefore it is expectable the¢ wad tidal energy converters
will be required to disconnect in case of faultshe early years. Large scale farms will likely uigg similar adaptation of the
grid codes as it is happening for wind energy.

A lreactive / Itotal (pu) Fault and recovery Normal operation

0,9

Reactive power
generation

0,5

Reactive power
consumption

Figure 2.50perational area (in gray) during fault and recg\eriods in function of the voltage at the cortimatpoint
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2.4 ELECTRICAL CONNECTION FUNCTIONAL REQUIREMENTS

2.4.1 Marine energy conversion technology

Wave and tidal energy devices currently make use wéry wide range of technologies for primary ggezonversion but all of
the concepts aiming at generating electricity nmudtide an electrical generator in the design, gahlyedriven by an intermediate
mover but in some cases directly driven by the omotif the device itself.

The majority of wave energy converters at an adedrstage have been considering hydraulic systenenfrgy conversion. The
motion of the device is in this case transferred toydraulic motor which runs a conventional rotgeperator. The Pelamis, for
example ([10]), runs a hydraulic motor coupled wéth asynchronous generator running at 1500 rouadsapute. Other
technologies, mainly heaving point-absorbers, cdribe power through directly driven linear genersaf translating at a variable
velocity and generating therefore output at vadabbltage and frequency. Tidal devices, especiadlsizontal axis turbines,
present more similarities with wind turbines corsien mechanism, with a gearbox interfacing betwbenshaft and the rotor of
an electrical generator.

Utility power grids are 3-phase AC. Therefore, aditnall generators used in Power Plants are 3-ph&sd arge Power Plants
(hundreds of MW) uses invariably fixed-speed Syonobus Generators. In Distributed Power Generadgmower plant usually
consists of a limited number of small units (upatdew MW) that may have induction generators. kgdfit exploitation of
renewable energy sources, such as marine renewdel®sands variable-speed electric generators. Switage frequency is not
constant in these machines, a Power-Electronic®&dDC/AC Converter is required. The frequency oa dinid side can be kept
constant while on the generator side can be vaedrding to the needs of system dynamics. The imacionverter system is
usually referred to aslectric Drive

Besides device concept, some parameters to be &adow into account are:

- cost and efficiency

- weight and volume

- maintenance requirements
- reliability.

Synchronous Machine field source is provided by DC electromagnetsiallg located on the rotor. Current in field cailan be
adjusted to load, so that the Power Factor carepeliaw or within prescribed values. An externalotlic power source is needed
to feed rotating DC coils.

Permanent Magnet Synchronous Machineinstead of electromagnets, rare-earth (usuallfFédR) permanent magnets are
implemented. In machines rated up to a few MW, Ridsw for remarkable improvements in terms of powensity and
design/manufacturing simplicity (no DC power souregquired).

Variable Reluctance Synchronous Machinesmagnets are replaced by toothed-iron in the roteagnetised by armature
windings field. Cheap, simple design and remarkéty power density. Variable-speed Synchronous Meshdo require full-
rated (MVA) power converters.

Induction Generators: there is no autonomous field source. Rotor cischold low-frequency AC currents induced by armatu
field in the stator. No-load voltage is therefoegaand the Power Factor is always lower than uitygap length is determinant
for performance (the smaller the better). Squi@afe machines have solid bars of conducting mt&wdor-Wound have wires.

Doubly-Fed Induction Generators the frequency of the rotor currents is controltigda power converter. Since the converter is
rated only a fraction of maximum machine power télfig, it represents a very convenient solutiom &pplication where the
speed is varied within limits (say, 30%) of theethvalue.

Induction Machines are cheap and reliable, but mcance and efficiency may make them unfit for aierapplications. Low-
speed Direct Drive energy conversion, for exampguires generators with torque/force density gb lais possible. This is the
case of Linear Generators for Wave Power, wherespieed rarely exceeds 1-2 m/s. Literature recommend technology for
this class of electric machines.
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3 ELECTRICAL CONFIGURATIONS SCHEMES

3.1 INTRODUCTION

Since only a few marine energy devices have beeratipg while connected to the grid and alwaydifoited time and at a small
scale, the problem of properly designed electrigaifiguration equipment and infrastructure hasyaitdrawn much attention
among the marine energy community of researchetslanelopers.

Ongoing projects mostly concern single ocean cdak&to be deployed at short distance from shodeaa@é principally aimed at

demonstrating the technology rather than maximisirgpower transmission. Deployments sites hava béen chosen mainly

for practical and economical reasons, dependinghenlocation of suitable grid connection pointstla coastline and the
requirement for additional electrical infrastrugiwas minimal to avoid additional costs. The limitistance to shore allows a
reasonably efficient power transmission at low @dimm voltage and for this reason some devices haea actually working

without carrying any kind of power converter.

As the sizes of offshore farms increase, so doesntred for higher voltage transmission. Presemtlgtine prototypes are
connecting at 11 kV and in most cases less thark,6ince lower voltage levels greatly reduce idmies of insulation and
subsea connection. Transmission of offshore poaeldde achieved using High Voltage Direct CurrgiDC), but this is only

economic for very large-scale farms transmittingroeng distances. However, this could become nagle in the future when
new silicon devices become more readily available.

An increase in interconnections may mitigate thermittent effects of wind and marine resourceehgbling larger power flows
between countries. High Voltage Direct Current (H¥)Dcould also be used to collect the energy fromdafarms, which are
anticipated to be located very far offshore. Toue@sa more effective relationship between offshemewables and the grid
network, it is likely that subsea or offshore sakishs will be needed for the larger farms to maksimd collect the generator’s
power before transmission to the shore and theneildetrical network. In the case of multiple syrmious generators, these sub-
stations would collect the AC power at various €reqcies, convert it to a common grid-frequencyseadhe voltage and transmit
it to the shore.

Electrical cable connection is a key issue pardidylfor wave devices where the power take offulsjsct to tidal lift and fall, or
where the device needs to re-orient itself to aaptioe tidal flow or the waves’ energy. In thesses flexible cables are required.
These issues have, to some degree, been solved émd gas applications. However, ensuring cablialility remains an area of
concern. It is not yet clear if generic or standard electrical connection techniques can be deeeldor all marine renewable
technologies.

3.2 ELEMENTS OF A CONFIGURATION

3.2.1 General Outline

Considering the grid connection of a marine endegyn, there are a number of different electricatf@gquration schemes that
might be taken into account. In figure 3.1 we cad & basic representation of the connection offahare marine farm:

GRID

T i S— — - —

Figure 3.1Basic representation of a grid connection schema foarine energy converter

This scheme is rather general and clearly applctbbffshore farms of any kind (tidal and wavedl &rcludes a device located at
a distant location from the coast, a transmissios éxtended along this distance and a point ldcateshore (likely a substation)
that represent the connection to the grid (transiomisor distribution network).

From a theoretical point of view any marine enedgyice might be directly connected to the grid withany additional element,
assuming that a proper power converter is instatledoard. However, for efficiency and economiasons, it is likely that
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power produced by arrays of converters will be egitd and transformed before transmitting it actbsssea. This can be
achieved in several ways and through several pessimfigurations that will be introduced below.

A first distinction should be made based on thetyppower transmission between offshore and omslogations.

Electrical energy can be transported by alternatumgent (AC) or direct current (DC): for offshgutants the choice of whether to
use a DC or AC transmission line is mainly detemdiby the distance to shore and the installed dgp&or projects located far
from the grid connection point, or of several hletimegawatts in capacity, AC transmission becorosycor impossible, due
to cable-generated reactive power using up muchheftransmission capacity. In such cases, highageltDC (HVDC)
transmission is becoming an option. Such a sysegires an AC/DC converter station both offshoreé anshore; both stations
are large installations whose building and openatight impose a number of engineering and ecoramaltallenges.

3.2.2 Basic description

Figure 3.2 Scheme of the elements of a marine energy farmesdion interface

Before introducing in some details different avialéa options for electrical connection of marine rgyefarms, we briefly
summarise the function and requirements of eaamesié present in the scheme and its impact on tb&elof an appropriate
configuration. The following represents a list bfthe parameter that would influence the selection

Farm

o Define farm rated power output and annual energydy{local climate)

One of the most important requirements for an gmate design of the electrical configuration ie thefinition
of the capacity of the farm to be installed. lassumed that the deployment site has been alreddyntned in
such a way that precise estimations of the anrnuealage power output and of capacity and availgbitittors
are available and reliable.

o Define distance to shore
The second basic requirement is the distance teesbfothe proposed marine energy farm. Since tloécehof
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the location is strongly influenced by the avaitaleinergy resource at a site, this parameter shmitldbe an
option but should rather be consequence of irstiel selection. Wave energy is consistently laafshore than
onshore therefore it is expectable that futuredagale wave farms will be located at several kiltyas from
the coast. Tidal energy might present differentdsesince some favourable sites from the point eiwof the
resource are placed at limited distances.

Device

o0 Device type: farm control scheme may require bediional power flow

Some kind of converters (particularly wave energyides) might require power supply at some pointhef
cycle for control and maximisation of the powerpuit Although this could be achieved in many cakesugh
proper design of the conversion mechanism (e.ggustiorage elements such as hydraulic accumulfitdisa
bi-directional power flow may be necessary for dirdriven technologies. This would influence theida of
the connection and of the power converter.

0 Choose device rated power and voltage level

Rated power is important for converter design amdilical cable definition. Voltage level would likedepend
also on connection choices. Generators installednanine energy devices will probably generate dbva
voltage (e.g. 400 or 690 V) but the output voltagelld be much higher if a converter and a transéorare
installed on board. Generally a higher voltage llevpreferable if the busbar is placed at longatises

o Safety equipment

As generally unmanned structures, marine energicegshould not require high safety levels. Earbtgtypes,
especially in small size installations and in cat@bsence of offshore substations, might inclugichgear
equipment on board to allow isolation of the sirgie. It should be noticed, however, that in lasige offshore
wind farms, wind turbines are generally switchedaod off in banks since protection mechanisms eeiged
at the cable termination to the substation. In saaees (see Horns Rev [12]) faulty rows can beraggh
through motor operated disconnectors placed offirteturbine. This might hold also for marine egyiin case
of multi-megawatt arrays although impact on the MHime of possible faults should be assessed.

0 PLC and remote control (SCADA)

Control and monitoring of the plant could be regdirat the level of the single device. Remotely ied
disconnection should be provided at least at tte fievice on a line. Monitoring would also be intpat for
operation and maintenance and a Supervisory Cotnol Data Collection System (SCADA-system) will
probably necessary for minimisation of O&M costsafsmission of information would require opticdiré
lines within the cables.

o Power Converter (device):

Full, partly or not hosted on board

Power conversion is required at some stage for extion to the grid since, as it has been mentioned
before, power quality requirements have to be fiatisModern power electronics is capable of tregati
large amount of power signals within a limited spand cost. Future large scale marine farms would
likely include collection of power flows at a buskend for such cases power conversion should be
performed, at least partially, on board of the Erdpvices. Transmission of rough power output from
the generator is feasible only for small demonistrainstallation close to shoreline and next getiena
marine energy converters will probably have toudel a full power converter (including transformer)
on board as it works currently for wind turbines.

AC/DC converter: type? (PWM, almost invariably)

The selection of the proper type of converter fRuanced by the choice of the type of transmissind
voltage level. Early plants adopt AC transmission énclude converter and transformer on-board to
elevate the voltage up to 11 kV. Efficient AC poveepply would be controlled through Pulse-Width-
Modulation (PWM) with a three-phase bridge rectiftennected to the three-phase generator, a dc link
with a filter and the subsequent three-phase invdstidge. Conversion to DC with a rectifier and a
filter connected to the generation might be anaptf several units are to be connected to a bds an
voltage transformation can be operated at an augithstation.

o Umbilical cable

Fix or mobile end
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The choice of the umbilical cable will basicallypdsad on the rated power output and on the chosen
voltage level. Umbilical components might withstasheimanding dynamic loads and generally require
limited bending curvatures during operation. Snwhductor cross-sections are preferable so the
choice of a low transmission voltage from the dewveéhould be assessed against the selection of a
proper umbilical cable since, assuming the sameepaarrying capacity, higher voltage might allow
adoption of a smaller section (because currentdduoe lower). Umbilical lay-out should be carefully
planned particularly for wave energy devices. Fachscases one could think on the possibility of
designing a mobile end through the laying of a sdeoy dynamic cable directly linking to the bus or
substation (for instance see Bimep installatiorj)[13

Electrical connector (required if the device has tde disconnected for maintenance)

Disconnection and displacement of the device f@hone maintenance might be required for floatimfptelogies. In
such cases the option of an intermediate electcimahector between the umbilical and a secondanamiyc cable to
the substation might be feasible. The problemas tthere are very few examples of commercial coraptsdesigned
for this aim.

Bus

0

Hub

AC or DC bus, depending on what converter is hostethe device or on monopole above the water

A bus would be almost certainly required in casenaftiple-devices arrays. As mentioned before, ddpgy on
the converter technology, collection of power sigmaight be operated in DC or AC

May host bus-DC/AC converter (choose convertemteldyy) or AC/DC, or AC/DC/AC

The bus may be installed inside a structure repteEgga Hub or an offshore substation. In this caggower
converter might be placed inside this structurenglwith switchgear and protection equipment. InecaSAC
transmission lines, reactive power compensatorddvoe required. Voltage Source Converters (VSCd)ioe
Commutated Converters (LCCs) should be considereH¥DC connection.

Transformer

In large scale installations far several kilomefresn shoreline, a transformer will probably be @ssary to
elevate voltage for power transmission, both ina@ DC connection.

Sub-Sea Cable

(0]

Voltage rating depending on farm size/rated powsd distance from coast

Sub-sea cables are usually designed based onpatest and voltage level. High Voltage transmissimuld
be almost a standard requirement for large scatesféo avoid unacceptable ohmic losses. Distansbdee and
installed capacity would be primary indicators &oicorrect cable selection. Laying operations shaadalso
carefully assessed since maintenance operatiosslizrea lines are extremely complicated and expensi

DC or AC

Choice between DC and AC transmission is fundanhamich preliminary to the detailed definition of thvole
equipment. Cables for the two options are slighifferent in construction. However main differenaegyht
depend also on the number of lines required. Itheen shown ([14]) that HVDC solutions for transsios
distances become economically preferable to HVAG@dathan a specified value.

On-Shore Station

Sub-

sea cable will connect to an on-shore statibis likely that this station will be located atsaitable grid

connection point but in some cases connection kestwiee station and a grid point will have to beviied

(0]

Protection (circuit breakers and switchgear)

Protection equipment will have to be installed othbsides of the connection

(if required) Flywheel and doubly-fed machine tamsth farm power output

Frequency control and power quality requirementghinimpose storage devices to guarantee a smoatkrpo
output. This will depend on the applicable Grid €ahd on the farm design since different typestafage
might be included at a device or array scale.
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o Transformer
Transformer might be necessary depending on th@ pbconnection to the Grid. If the voltage lea#ng the
cables is equal to the one demanded by the Trasismisr Distribution System this element could taeided.
0 Capacitor banks/power factor correction
Capacitor banks are required for reactive powetroon
Connection

In case the grid connection point was distant friim on-shore station, additional cabling shouldpbavided. A
secondary station would be required with propeipgant:

(0]

0

Grid

Transformer

Protection

Distribution or transmission line?

Depending on the voltage and the power output, @pdrators would require connection to distributiam
transmission line (see chapter 2).

Standards and agreement with grid operator

Connection should be agreed with grid operator slmlild comply with local standards and regulati(ses
chapter 2). It is however expectable that a progegrof standards will be also defined for marinergn
electrical production.

3.3 AC TRANSMISSION

3.3.1 HVAC transmission

Most of the existing offshore transmission systerss High Voltage Alternating Current (HVAC) for thansport of electrical
power between mailand and stations located onriden) the sea. It is a well established technoldgyHVAC system generally
contains the following main components:

(0]
(0]
(0]
(0]

AC collecting system in the platform

Offshore transforming substation with transformeamd reactive power compensation
Three-phase submarine cable (generally XLPE thoee-cable)

Onshore transforming substation with transformens r@active power compensation

When the voltage of the transmission line and the goltage are equal the transformer is not neagssDue to their
construction, distributed capacitance in submaradges is much higher than capacitance in overtieesl Thus the transmission
length is reduced for marine applications. Reacpig@er increases with voltage and length of thdecabd long-transmission
distances require big reactive compensation equipateboth ends of the line.

3.3.2 Possible configurations

A first basic concept of electrical transmissiorghticontemplate a separate connection betweenreatghe energy device and
the onshore substation. In this case the instafiaif an offshore substation would be avoided.

This type of configuration is most likely applicalto early stage marine farms or single devicgse@ally if placed at limited
distance from the coastline. In figure 3.3 it cam dibserved that every converter was assumed ty eagonverter and a
transformer. Since the transformer should be ilestadn board it is likely that only limited voltagiare reachable (11 kV-33 kV).

This configuration has the clear advantage of amgidhe building of a substation but the need fresal cables and the low
voltage transmission makes it suitable only foreayvsmall number of devices and a very short degaio shore. Moreover
intermediate connectors between umbilical and tréssion cables would be required.

The only real advantage arising compared to a gordition with an inter-connection of the deviced anunique cable (fig. 3.4)
would be due to a higher availability (a fault bétline in the latter would mean a complete losthefpower production)
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Figure 3.3First option of AC connection system
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Figure 3.4 Second option of AC connection system

Large scale farms will likely make affordable trestof installing an offshore substation with aectfical transformer to elevate
the voltage. Losses on the cables would be condligteeduced due to higher voltage transmission.

Moreover, large distances to shore would imposerthed for reactive power compensation to complyh vbwer quality
requirements. Offshore substations would be bu#b @0 host these elements. This would pose maopl@ms from the
engineering point of view that will be briefly ougd in chapter 4.

Figures 3.4 and 3.5 show two possible arrangenfenthis option. The main difference lies in thenther of transmission lines.
Large size farms might include the possibility ohoecting different clusters of arrays in ordemzrease the availability of the
whole plant. Another advantage is the possibilityristall different marine energy technologies uicls a way that each of them
could generate on a different transmission lineefopea testing facilities take into account thifoop. This of course could
suppose an additional cost in terms of transforraedsprotections.

It has to be noticed that cable costing is notdiria function of the number of the cables as #mesroute and laying procedure
might be applied for more than one cable.
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Figure 3.5Third option of AC connection system

Figure 3.6 Fourth option of AC connection system

3.4 DC TRANSMISSION

3.4.1 HVDC LCC

A HVDC LCC or classical HVYDC system is based ond_.@®ommutated Converters using thyristors as th&king element. The
origin of the name of the converter is the needrkxisting AC network in order to achieve propemmutation. This kind of
transmission system can only transfer power between (or more) active grids and an auxiliary stgst-system would be
necessary in the offshore marine farm. ApplicatiétiVDC LCC submarine transmission has only beesdusr connection of
high voltage grids and there is no single convestation located in the sea.

HVDC LCC systems have the following main componexttsach end of the transmission line:
Transformers

LCC power converter based on thyristors

AC and DC filters

DC current filtering reactance

Capacitors or STATCOM for reactive power compermsati

o0 DC cable

Substations at both ends need transformers in ¢odetise the voltage to the necessary level ferttansmission line. Isolation
and protection of DC stations are particularly rading and require expensive solutions.

O O O O ©



Workpackage 5 EquiMar D5.1

The LCC power converter is the heart of a HVDC L§Gtem because it is the element that obtains @é&ADC conversion and
viceversa. LCC converters need reactive power fopgr operation because the current is out of phétbethe line voltage due
to the control angle of the thyristors.

The high content of low order harmonics generatetl®C need the interposition of AC and DC filtefhis would serve also to
avoid the generation of AC currents in the cableBABCOM or capacitors are required for reactive poe@mpensation.

3.4.2 HVDC VSC

With the discovery of the Insulated-Gate Bipolaaisistor (IGBT) a new world of opportunities opefi@dHVDC transmission.
HVDC VSC is a recent technology where thyristors substituted by IGBTs, and was only made availéisleise in commercial
applications a few years ago. Because of its coxitgleonly two companies manufacture it, ABB withet HVDC Light and
Siemens with the HVDC plus.
HVDC VSC systems allow independent and total cdndfoactive and reactive power at each end of the hnd power
transmission can be controlled with high flexilyilitAt the offshore station reactive power can bppsied for the marine
generators and at the onshore substation reaaiiwerpcan be used to regulate voltage at the Gridh@ction point. HYDC VSC
converter stations are more compact than HVDC L@E€ the offshore platform size can be smaller asd kxpensive. VSC
converters can even provide black start capaliiitig no additional start-up mechanism is necesséskore.
A HVDC VSC system has the following main components

0 Transformers

0 HVDC VSC converter substations (offshore and onshpossibly hosting the transformer as well)

0 AC and DC filters

0 DC current filtering reactance

o DC cable
All filters and reactances in a HVDC VSC are smratlean the equivalent HYDC LCC components becausth@ higher
switching frequency of the converter and thereoisieed for reactive power compensation becauseotieerter is able to control
reactive power.
HVDC VSC can also increase the flexibility of thengrating technologies and the cost of power coergeif very high voltage

3.4.3 Possible configurations

Figure 3.7 shows a possible option for a HVDC traigsion configuration. Here again it has been assuthat all devices are
equipped with a converter and a transformer. Pawald be generated and transmitted to an offshdsstation at 11 kV where a
large transformer would elevate the voltage up3® KV or more. A LCC converter (or a VSC converteguld then rectify the

current to transmit the energy along the cable.hOres station should include another converter apsbiply a transformer to
lower the voltage depending on the grid voltagdatconnection point.

Figure 3.7First option of DC connection system
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Figure 3.7 shows a monopole configuration where aihthe terminals of the rectifier is connectedetarth ground. Bipolar
transmission uses a pair of conductors, each mfhegotential with respect to ground, in oppositdapty. Since these conductors
must be insulated for the full voltage, transmisdine cost is higher than a monopole with a rettonductor.

Figure 3.8 shows a possible alternative whereeatsbf installing a transformer on the offshoreesisharine energy device are
connected in series. This option would be partityleasible if high voltage generators were irlsthlon board of the devices
and would bring drastic reduction of costs and gynéosses.
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Figure 3.8Second option of DC connection system
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4 GRID CONNECTION INFRASTRUCTURES

4.1 BACKGROUND GRID-CONNECTEDMARINE ENERGY INFRASTRUCTURES

4.1.1 Marine energy open sea testing facilities

The recent development of marine energy technadobies underlined the need for extensive open stageoperation to
appraise efficiency and profitability of the desgntechnologies and to identify possible factors dptimisation and
improvement.

Since the primary scope of most of the ocean eneogyerters is the production of electrical eneimype delivered to the grid,
many of the testing facilities already built ortte built in the future include the possibility giveo the developers to connect their
device to the grid and provide them with a settaictures and equipment especially designed far dipieration. Though it is
unlikely that the lay-outs defined for these prtgeare applicable to large scale installations]yeatage marine energy
deployment in other areas will probably has to fsicgilar challenges.

At present the only operating open sea testinditfacs the European Marine Energy CenteMEC).

EMEC ([16]) is the first centre created for thigpose in the world and includes two installatiomstésting: one for wave energy
converters, in operation since October 2003 andtier one for tidal energy converters.

Figure 4.1A view of the EMEC test site

The wave testing site is located near Stromnesh@@rkney Islands in Scotland. Its principal cltggstics are:
Testing zone placed to between 1 and 2 miles ftentoast and at a depth of 50m
4 berths of 2,2 MW capacity. Total power of 8,8 MW
Every berth is directly connected to a substatiolaind across one cable of 11kV
Secondary substation (from 11 to 33 kV) close todbast
Maximum power feeding to the grid: 7MW

The principal characteristics of the tidal site:
Located close to Eday, on the Orkney Islands irtlSed.
Area of 2km times 3,5 km
Water depth between 25 and 50m
Tidal flow of 3,5m/s - 5 berths of 5 MW each onéeTtotal power is 25 MW
Every berth is directly connected across a cablEL&V and 5MVAs (135mm2) to the substation
Secondary substation (from 11 to 15 kV) close &odbast
Maximum power feeding to the grid: 4AMW
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Figure 4.2 and 4.3 show respectively the lay-ouhefEMEC wave and tidal testing site.

Figure 4.2 EMEC wave testing site lay-out

Figure 4.3EMEC tidal testing site lay-out

Apart from EMEC, a number of different institutioaad organisations across Europe have been fusdimitar projects to build
testing infrastructures for marine energy convsrt&rid-connected facilities will be installed i@wall (UK), in the Basque
Country (Spain), at Figueira da Foz (Portugal) anBrenchport (Ireland).

The former two have already defined the grid cotinadnfrastructure that will be installed.

The Wave Hub ([17]) will build an electrical grid connection point 13-km offshore to which wave energy devices will be
allowed to connect. It will provide a well-definethd monitored site with electrical connection te timshore electricity grid and
will greatly simplify and shorten the consents e for developers.

Its principal characteristics are:
Located off the Hayle's coasts (Cornwall), Unitdddtiom
The occupied area is 2 times 5 km, 10 nauticalstidethe north from St. lves
Water depth is between 50m and 65m.
4 submarine transformers of 11/24 kV and 5 MW cépac
A submarine Hub of 20 MW
Onshore substation with single connection poirtheoHub
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Figure 4.4Wave Hub electrical connection lay-out

Figure 4.5The Hub (artist impression)

The BIMEP (Biscay Marine Energy Platform [13]) is intendent fesearch, demonstration and operation of oftshéave
Energy Converters. The project started in 2007 thithconceptual study and the selection of the mygstopriated location of the

Basque coast. In 2008 detailed design works arggherried out and the permission process has $taeted. Bimep is expected
to be in operation in 2010.

Figure 4.6Bimep electrical connection lay-out

Its principal characteristics are:

Located off Biscay coast in the Basque Country {{gpa
Water depth between 50-90 m
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Closest point to the land: 750 m
4 berths,13 kV & 5 MW: 20 MW
Sub-sea cables for each berth
Onshore substation (13/30 kV)
Estimated budget: 15 M€

4.2 ELEMENTS OF A GRID CONNECTION I NFRASTRUCTURE

4.2.1 Offshore substation

Offshore substations are used to reduce electlissles by increasing the voltage and then exportiegpower to shore.
Generally a substation does not need to be indtiile

The project is small (~100 MW or less)
It is close to shore (~15 km or less)
The connection to the grid is at collection voltdgey. 33 kV)

Early stage marine energy projects are likely tisBaall of these requirements, therefore buildafgroperly designed offshore
substation is not yet a primary need for oceang@ndeployment. However, most future farms will laege and/or located far
from shore, and they will require one or more affghsubstations.

A number of offshore substations have been ingtalled operated for offshore wind energy farms, wHagge size justified the
high cost linked with their construction. Typicallind substations are fixed platforms based on adoundations and would
probably not be suitable for deep water deploymsntsh that possibly required for wave energy deviéégure 4.7 shows a
typical configuration of an offshore wind farm, whea series of rows of wind turbines are connetitegin offshore substations
where voltage is raised up to levels appropriatgéaver transmission.

Figure 4.7 Typical offshore wind farm scheme with electricabstation

Offshore substation will typically comprise theléaling key components:
Transformers
Electrical switchgear
Back-up electrical generator and batteries

Future large scale marine energy deployment woubdbgbly have to reconsider the design of purpobeiit substation since
fixed structures, as introduced, would be too exjpenfor deep water installations. For such caseretwould be essentially two
options:
Floating substations: This option would allow the adoption of standarda#fical equipment on board provided that
watertight integrity is maintained. Design of theseictures would be however rather challengingibse they should be
capable of withstanding possibly very large wavad® and at the same time guaranteeing a very tinfd@etprint
(otherwise umbilical connection from devices mighffer severe damaging)

Subsea substationsSubsea installations would guarantee more safetgrms of load resistance and positioning but
would require very expensive protection equipmemntthe electrical devices (most likely switchgehowd include
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sealed compartments full of pressurised oil). Maezanaintenance would be very difficult or almaspossible in some
cases.

4.2.2 Cable

Electric energy generated by marine energy farrgaires one or more submarine cables to transmiptiveer generated to the
onshore utility grid that serves the end-user$isfitenewable energy source.

Cable types and components
Three types of cabli@sulation are used for submarine transmission for long désta:

Low-pressure oil-filled (LPOF), or fluid-filled (LPF) cables, insulated with fluid-impregnated papeve historically
been the most commonly used cables in the US fomatine AC transmission. The insulation is impragdawith
synthetic oil whose pressure is typically maintdif®y pumping stations on either end. The pressuiriked prevents
voids from forming in the insulation when the cootw expands and contracts as the loading chafidgesauxiliary
pressurizing equipment represents a significantiggoiof the system cost. LPFF cables run the riskuid leakage,
which is an environmental risk.

Similar in construction are the solid, mass-impetgd paper-insulated cables, which are traditignadied for HYDC
transmission. The lapped paper insulation is impaged with a high-viscosity fluid and these caldesnot have the
LPOF cable’s risk of leakage.

Cross-linked polyethylene (XLPE, also called PEX)lower cost than LPOF of a similar rating and lhaser
capacitance, leading to lower losses for AC appboa. XLPE can be manufactured in longer lengtientLPFF.
Another extruded insulation used in submarine isiethylene propylene rubber (EPR), which hadlaimproperties to
XLPE at lower voltages, but at 69 kV and above, iigher capacitance.

Figure 4.8 Typical three core XLPE submarine cable for 150/kV,
3*1*1200 mm2; left ABB (FXBTV), right: Nexans (TKFA

Conductors

The conductor in medium and high voltage is coplgss commonly aluminium which has a lower currantying capacity and
requires greater diameters. Capacity increasepiopally with the cross-sectional area, which camge up to about 2000 im
before cable becomes unwieldy and the bending saditoo great. Large cables may have a bendiriggad 6m. The amperage
is function of voltage, length, insulation typeyiteg formation, burial depth, soil type.

Number of conductors

If is possible, in AC cables the three phases amdled in order to reduce cable and laying costsldo produces weaker
electromagnetic fields outside the cable and hasidnduced current losses than three single calbées laid separately.
Screening

A semi-conductive screening layer, of paper orwged polymer, is placed around the conductor toatmthe electric field and
avoid concentrations of electrical stress, and sassure a complete bond of the insulation tatmuctor.
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Sheating

It helps earth the cable as a whole and carridsdatrent if the cable is damaged. It also createsoisture barrier. In AC cables,
current will be induced in this sheath, leadingitoulating sheath losses; various sheath-grounsithgmes have been developed
to reduce circulating currents that arise in theash.

Armor

An overall jacket and then armoring complete thastaction. Corrosion protection will be appliedthee armor. Fibre optic
cables for communications and control can be buhiie® the cables.

AC transmission

The most cost effective AC technology for this typieinterconnection is solid dielectric (also cdllextruded dielectric or
polymeric insulated) cable, usually with crosslidkmlyethylene (XLPE) insulation. This is the cabjstem technology used for
all offshore wind farms constructed to date (allwbich are located in Europe) primarily as a restilt

Interconnection
Installation
Maintenance
Operational reliability
Cost effectiveness

The main difference between XLPE cables and theibunpregnated paper (OIP) cables is the insofatiThe XLPE insulation
can support higher temperatures, 90°C in the cdodircsteady-state, and 250°C in a 3 second slivadit.

Also the losses of XLPE are significantly lowernhhe OIP ones, and since it does not use oilénisronmental friendly, easy
to install, and require less maintenance. Frorodtaponents it is important to note two things:

The optic fibre, which is used to communicate betwthe farm and the management centre on the shore.

The sea shielding and the polypropylene threadchvhave two objectives: to provide both electratadon to the cable
and mechanical protection;

The biggest electrical difference between cables arerhead lines is the large capacitance of #is¢ dines. This phenomenon
increases the reactive power generated by the ssabléxreasing its capacity to transmit active powspecially over long
distances. Because of this, it is hecessary toigeaeactive compensation at the cables extremities

The capacitance of HVAC insulated cable plays aomegle in limiting the technically and economigafieasible length of
HVAC cable. Capacitance causes charging currefibtoalong the length of the cable. Because thdecatust carry this current
as well as the useful load current, this physicaitation reduces the load carrying capability loé table. Because capacitance is
distributed along the entire length of the calite, lbnger the cable the higher the capacitance@sdtant charging current. As
the cable system design voltage is increased toimize line losses and voltage drop, the chargingrecits also
increase,aggravating the situation.

The charging current is given by the formula:
lc=2 fCE

Wheref is frequency, so that in DC circuits= 0 in the steady state. Capacita@cis a function of cable geometry and insulation
type (XLPE insulation has the lowe8tvalue of the most commonly used alternatives fisuliation in HVAC cables)E is
voltage. The available capacity of the cable (antppto carry useful load currety, in its simplest form, is given by:

2 12 2
Ip—IT'IC

I+= cable rated ampacity.

Because the cable capacitance is a distributedrgtea, the charging current is not uniform along léngth of the cable. If the
charging current were supplied from one end ordyude the more exact convention, reactive poweuldvbe absorbed at that
end), IC would be highest at that end and the geltaould be highest at the opposite end of theecalliese peak values of IC
and voltage become problematic for electrical reastience limiting factors in selection of the ealif the charging current

could be supplied from both ends, IC would be hagleg both ends but only half the magnitude if fiedn one end only; the

voltage would be highest in the middle of the cable

Power losses

Real power losses within the cable also limit thacpical distance for HVAC cable transmission. lessi an HVAC submarine
cable have four components:

Dielectric losses, which are relatively small,



Workpackage 5 EquiMar D5.1

I2R Losses in the conductors, usually the largestponent of losses,

I2R Losses in the metallic shield: current flowrriduced in the shield by the current in the conoisstshield losses can
be on the order of one-third of conductor lossed, a

I2R Losses in the steel wire armor: current flownuced in the armor by the current in the conaitg;tarmor losses can
be on the order of one-half of conductor losses.

Effect of increasing transmission cables
As the length of high voltage AC transmission cabtgeases, the following can be expected:
Increased cable lengths will result in higher alitiapital costs;
Construction and maintenance costs will increase;
Line losses will increase;
Complexity of the design required to maintain ofierel reliability of the cable system would incseaand
Amounts of available energy (MW) transmitted to ¢ttmreshore grid will decrease, due to increasingcapnce.

Physical limits

Transfer capacities of three phase XLPE AC cabteslimited, most of all as a consequence of ragris of their physical
dimensions. The maximum cross section is about h2®t®, a cable diameter of more than 230 mm anceeifép weight about
100 kg/m.

Table 4.1Capacities of high voltage cable (Hausler, ABB, 200

System AC DC

3 single-core cables bipolar operation, 2 cables
Cable insulation XLPE LPOF: LPOF: Mass imp. XLPE
type polymer Oil- filled Oil- filled Paper polymer

paper paper

Maximum Voltage 400 kV 500 kV 600 kv 500 kv akv
Maximum Power 1200 MVA* 1500 MVA* 2400 MW 200awW 500 MW
Max. length, km 100 (62) 60 (37) 80 (50) Unlimited Unlimited

(mi.)

The most significant difference between AC and B@at AC cables have a high capacitance and thegrgte reactive current.

The power cable acts as a capacitor and chargimgntus produced along the entire cable, if thieleas longer more reactive

power is generated. The reactive current redueesittive current-carrying capacity of the cableexjuires a scheme to absorb
the reactive current. For a length over 10km soonen fof reactive power compensation will be require.
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