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EXECUTIVE SUMMARY

In recognition of an increased global demand for clean and rereypabwker, the marine
energy sector has recently seen increasing activity. Wehsticcessful deployment of
several landmark tidal current and ocean wave devices in Euhgpenmense potential
of this field is poised to enter a new phase.

Large-scale grid-connected ocean power plants, consisting of medelay conversion
units, are the essence of such schemes. However, significaimokegical and
knowledge barriers need to be overcome before ocean power devicesdegolyed for
commercial power generation.

At present very few utilities recognise this emergingingarenewable power in their
longer-term portfolio. As marine renewable energy may not malke significant
contribution within next 10 years, no specific grid-integration agtwitelated to marine
renewables are underway. The IEA-OES Executive Committeeosgipran Annex
(Annex IIl) in 2007 with an overall aim: to provide a forum for information exchange
co-operative research related to the short-term and long-tezgration of ocean energy
into electrical systems. The Annex consisted of three work paskagd co-ordination
with other relevant initiatives within IEA.

This report presents the work carried out through Work Package 1 &ntiex. It
focuses on identifying (in comparison to wind energy) any potentidreinces and
opportunities associated with integrating wave and tidal curreatgg plants into
electrical grids. The report presents the characteristicomwie wave and tidal current
energy conversion processes and identifies areas where oceay teclrwlogies bear
unique advantages in comparison with wind energy technologies. The mdport
discusses how the experience gained from the wind energy industdy m®ulsed to
mitigate any future grid integration challenges associatedh warge-scale
implementation of ocean energy technologies.

The present nascent status of the wave and tidal current,sastavell as the large
diversity of conversion processes, make it difficult to assess tiioe future in large-
scale integration. The success of the wind industry presemal @pportunity to learn
and overcome potential barriers to wider use of ocean energyti¥gdfarechanisms for
knowledge transfer, use of proven methods and adaptation of off-the-sihelblegies

will accelerate growth of the ocean power industry. Contributicors fother industries
such as offshore oil and gas, offshore protection, shipbuilding and éishmeay also play
an important role.

While the vastness and predictability of ocean energy resoureas immense
opportunities, research priorities must be given to system desapipychent and
economical power production in a context of longer-term large-scghkoymeent
scenario. Integration of wave and tidal current energy plants int@léuotric power
system is subject to a multitude of design, operational and econdamtals. System



sizing and operational impact depends on resource characteiasacgreat extent and
elements of geographical uniqueness need to be reflected in ilegratestigations.
Model for integrated electrical system scenario analysissidering the flexibility of
electrical systems, possible generation mixes and network enatysild determine
longer-term deployment targets for ocean energy as welhfesstructure needs in
different geographical regions.
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1 INTRODUCTION

Ocean wave and tidal current technologies, in addition to obnersfof marine energy,
possess immense potential for generating electrical power incanomic and
environmentally friendly manner. Technological innovations and deploymgiaitives
are currently being reported [1]. To provide a forum for informagiwchange related to
integration of ocean energy into electrical systems, considgengration, transmission
and distribution, the IEA-OES Executive Committee held severalsigans since 2004.
An Annex (Annex Ill) with a scope encompassing relevant co-apershsk-shared
research on short-term and long-term integration of ocean energgiectacal systems
was formally established in 2007.

The Annex consisted of three work packages and co-ordination with alesamt

initiatives within IEA. The objective of the work package 1 isidentify potential

differences and opportunities associated with the longer-terra-$aae integration of
wave and tidal current energy plants in comparison with wind energy,icentify

improvements to the existing interconnection guidelines to faelligarly stage pilot
wave and tidal current projects.

The specific task activity of the work package 1 is to evalttegeexperience of wind
energy technologies with respect to grid integration, and convekrbis-how into the
ocean energy domain. The following sub-tasks are part of this work package:

Review ocean energy conversion technologies and their conversion principled, cont
mechanisms and operational behaviors

Review critical power quality and grid impact issues, as wasllother peripheral
technical and non-technical barriers

Identify possible similarities and differences associatat wiid integration of wind
energy and marine power technologies

The following sections of this report present the work carried oatigfr the above sub-
tasks. Most of the discussions presented in this report refer toidatburrent and wave
energy systems. Unique aspects particular to tidal systemaver energy converters are
identified and elaborated wherever applicable. This work essgrdialls at considering
the perspectives of electric power utilities and technology dpeed who are
investigating the possibility of mainstreaming ocean technologesan emerging
alternative power technology.
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2 LITERATURE REVIEW

Publications that discuss ocean energy systems in the contéxtowfedge learned
through the wind energy industry are quite limited. Technical repseilarly articles
and interconnection standards/guidelines referring to a widetyaf subject matters in
the realms of wind-grid integration, renewable energy inteemsit and distributed
generation scenarios were collected and considered in prepaisngport. A thorough
technology survey detailing the existing and emerging ocean ersygems has
preceded this work [2].

Econnect Consulting Group Ltd. has prepared one of the pioneering reponsring
wind power and ocean energy technologies related to grid-intercamg&jt While this
report was very valuable in identifying a number of critical etpdurther observations
and device-specific evaluation appears necessary. Several @bsentations and articles
were also studied to gain insight into the subjacent issues Bl][5} the wind energy
domain, a number review articles that outline the state of ti{e.grf wind integration in
the US. [7], experience of German wind industry [8]) have been soofaascise and
relevant information.

Literature in the realms of offshore wind [9][10][11], device perfance [12][13][14],
and general technology assessment [15][16] were also reviewetheFsaike of brevity,
other relevant references are cited alongside the item beidigdtthroughout the body
of the report [17]-[21], [30]-[33], [46]-[55].

11



3 INDUSTRY TRENDS

The emergence of the ocean energy sector as a sustainableabled intdlustry will
require significant technological breakthroughs and knowledge of nsyetesl
integration and operation. The history of wind energy and its suatgsefjression into
the commercial domain will reveal a number of interesting anfilusets in this regard.
At present, the marine energy industry is in a nascent stateany ways, the history of
wind energy resembles the progression of ocean power technotglea concurrent
historical perspective will help understand the associated subtleties.

3.1WIND ENERGY INDUSTRY

A brief look at the history of wind energy indicates that a nudgt of research and
development initiatives undertaken by the North American and Europegnisations
resulted in significant knowledge and operational-experience devehbpihests and
development initiatives mostly involved multi-bladed/multi-configuratrmmizontal and
vertical axis turbines. Such investigations have successfulhjifiée associated system
cost, structural limitations and electro-mechanical performahe@imber of high-profile
pilot projects involving small-scale experimental wind turbinesl titee history of
present-day commercial-grade machines.

While these investigations were mostly carried out in the 19704.98@s, the Danish
three-bladed concept became the industry norm of modern wind techifiéiggse 3.1).

Research into high-power, reliable, low-cost system designlliggitng on in various
frontiers throughout the world.

' Test Systems Single-Unit Onshore Farm Offshore-Farm
Figure 3.1: Progress of the wind energy industrylfhnages from [22])

It is understood that the wind industry has experienced an unprecedemidt in the

past two decades mostly owing to cost reductions that primaesylted from

breakthroughs in material science, blade design assisted by cognimatis, and system
engineering [8][9]. At present, further improvements are expect realising higher
capacity ultra-large wind turbines (employing technologies sash direct drive

generators interfaced with power electronic converters atifig multi-machine wind
platforms placed far offshore) that will enable wind energyédsting in ways that were
not possible previously.
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As seen in Figure 3.2, installed nameplate wind capacity arttieof 2007 was around

94 GW. During this period, a 10-year growth trend remained unchanged at 28.5% (annual
growth). Currently, wind power generation supplies around 194 TWh ofrieigc
worldwide. Germany has the highest generation capacity (~28%odfiwde wind
production), followed by the US (16.9 GW) and Spain (14.7 GW). In Denmark], win
power accounts for around 20% of total electricity generation, andortugal wind
power penetration reached around 12% in 2007 [24]

Installed Wind Generation Capacity

B Germany
Spain
us

B India
China

Cenmark
RaW

25% 255,

A% 3%

3% 6% 16%
16%
16% 18%
End - 2006 End - 2007
Total = 74.3 gigawatts Total = 34.0 gigawatts

Source: BTM Consult
Figure 3.2: Installed wind energy capacity at the end of 2006 and 2007 [24]

Most of the present-day challenges associated with wind povegration are primarily
related to high wind penetration. Being an intermittent source of powad farms
contribution beyond 20% of total demand may cause management challefiggs 8]
number of other areas of focus in this regard, are:
Assessment of wind power impacts (steady state/dynamicin@nagement of multi-
area wind resources [26]
Prediction of wind resources using sophisticated real-time forecastihgasdp6]
Dynamic modelling of wind energy conversion systems for lacgéestransient
stability-type studies [7][27]
Development of interconnection standards accommodating different types of
machines and their corresponding ancillary service capacities [28]
Design of transmission networks for accommodating a higher ¢éweind power in
an economic and efficient manner [26]
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As the offshore wind technologies continue to develop, it is expéatédhis particular
class of energy engineering will render significant supportatdwhe ocean energy
industry in terms of knowledge-transfer and resource sharing. Asfidée in [10], many
of the challenges foreseeable by the advanced offshore systems include:

Establishing the design basis for offshore turbines

Offshore design codes and methods

Minimising work at sea

Low-cost anchors and mooring

Offshore wind-wave measurement

Turbine weight reduction

Electric grid and systems integration (fault, stability, multit effects, control and
communication)

Ultra-large turbine development and deployment

Socio-economic, environmental and regulatory issues

In general, it can be stated that the lessons learned througbwaecement of the wind
industry are of high relevance to the ocean energy sector. Cotiabovathin and
beyond various stakeholders (policy makers, technology developersatiggigntities)
and confluence of a number of research and development facilded thie progress of
the wind industry. Engaging public communities and environmental groups\eaga
concerns relating to ecological impact, aesthetic appeal, adtifevpprotection. From a
more technical viewpoint, issues such as uncoordinated effortstensynodelling and
interconnection guidelines, however, affect the wind industry ingative way and the
industry is attempting to resolve these issues.

3.20CEAN ENERGY INDUSTRY

In the early stages of the wind power industry, only vertical antdrdal machines
employing synchronous/asynchronous machines were the primarydboesearch and
development. The domain of ocean renewable energy conversion, on the cdrasary
been historically marked by a large diversity of conceptual iptes; devices and
applications [2][35]. In addition to exploiting ocean waves, tides andhengurrents,
other principles such as thermal gradient, salinity gradient andthygdmal vents are
being considered. Areas of application range from off-grid power supplgrge-scale
ocean power farms, as well as non-electrical applications suctiesaination for
drinking water supply and hydrogen production through electrolysis.

Harnessing energy from tides by building tidal barrage techggoothe only area where
conversion of ocean energy has been demonstrated in a continuousamehie manner

for decades (Figure 3.3). However, potential environmental impastsiaged with this
type (barrage type) of conversion plant hindered further deploymettioftype of
projects in certain parts of the world. Nevertheless, various psaje&tepublic of Korea,
Mexico, UK and India are being proposed or built and may see further deployment [23].
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La Rance Barrage, France Annapolis Barrage, Canada

Figure 3.3: Commercially operational tidal barrage power plants

After multiple iterations of design exercises and pilot demanstr projects, several
state of the art tidal current and wave power devices have lm@oyed in Europe
during the period 2008-2009 (Figure 3.4). In addition to these landmarkatistadl the

ocean energy domain is experiencing a wide range of actimibasly encircling system
design, proof of concepts and sea-trials.

SeaGef" system deployment, UK Pelarfiiswave power farm, Portugal

Figure 3.4: Recent tidal current and wave power deployment initiatives [69]0]

While a number of wave energy converter concepts have been desigtieandtested
(albeit for limited duration) since the 1970s, the first genamatf ocean technology
mostly involved onshore single-unit deployments. Most of the earbytefbon wave
energy were focused on concepts such as land-based oscillatorgeaten (e.g., Pico
Plant, Limpet), onshore overtopping device (e.g., Tapchan), or shoralge systems
(e.g., Pendulor). Since, wave energy concentration increases dsvibes are placed
further offshore, the more recent devices employ modular units ptabed in an array.
It is expected that multi-unit farms consisting of such modularcdeyias seen in the
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wind energy industry, will comprise the future commercial ocearepsystems. For the
ocean energy sector, lessons learned through the limited number efcahall
deployments have been instrumental in devising newer systemss lagsing from the
harsh sea conditions and device survivability, accessibility and aperaéive been
identified as key concerns that require rigorous attention.

A brief look at the marine energy conversion schemes revealsmibstt of the tidal

stream generators are analogous to wind turbines and these unlisutiist designs,

concepts and equipment that originated in the wind industry (Figure &.5hdrp

contrast to wind and tidal turbines, wave energy converters operdigesse principles
and may require cascaded conversion mechanisms. Although tidal tudnmies ciewed

through established terms and definitions of the wind energy literagtwdying wave
energy devices poses a unique challenge. Different systemagepa different methods
of wave-device interaction (such as heave, pitch or surge)raydneed pneumatic,
hydraulic or mechanical power take-off stages. In addition, placeaighese devices
(distance from shore, depth from surface and orientation with tetspdte wave-front)

and subtle structural aspects (resonance, directionality, etg,)bina the definition

operating principles. Although the front-end stages may have samtifidiversity in

design, the final stages of conversion (i.e., electric machinesegaogpment) are
generally very similar for both wind and marine (tidal or wave) power plants.
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Figure 3.5: Simplified representation of wave and tidal stream devices

From design and operation point of view, subtle differences can rfidsutgtl to ocean
energy devices. For example:

16



(a) For a given power level, wind turbine rotors are larger than thosgabturbines.
On one hand, the larger inertia reduces power output fluctuations and on the
other, tidal streams are more steady than blowing wind.
(b) The wave grouping effect on power fluctuation in wave energy ctargdnas no
equivalent in either tidal or wind energy, and is unique for such class of resources.
(c) Because ocean energy is an emerging field of engineeravger concepts are
stil emerging on a continuous basis. The process of clasgificaand
characterisation of wave devices is therefore a major undertaking.

Figure 3.6: Artists’ impression of future (a) offshore wind [10] and (b) nulti-
technology wave energy [29] plants

In general, wave and tidal current energy conversion systems follow the
development trend of wind energy technologies in many aspects. Icdsgh, modular
units would form clusters of devices that subsequently make upma Tdrese systems
are subject to variability of energy flux, i.e., the variable matfrwind, wave or tidal
phenomena. Other forms ocean energy conversion process, such afhegeahenergy
conversion (OTEC) and salinity power would have steady energy fldntudistic look
at the offshore wind and ocean energy sector reveals clogargies, as both concepts
involve offshore development of industrial scale (Figure 3.6). Systesigrge
development, commissioning and even hybridisation of multiple concepts dsweind-
wave, wind-tidal or wave-tidal systems) may take placeyiclsronism and potentially
expose newer frontiers of energy exploration.
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4 POTENTIAL OPPORTUNITIES

The world’s oceans constitute one of the largest inventories of untegpesable power

[15][36]. With a dwindling supply of fossil fuels and increasing goest surrounding

the depleting resources, renewable technologies, especiaby areergy, can play a
critical role. Following the path of wind power, emergence of &leiacean energy
industry will introduce newer economic opportunities. In addition, largesc
deployments will contribute toward reduction in greenhouse gas emiastbrensure

local and regional energy security. Other beneficial featinascan be attributed to the
ocean wave and tidal power technologies are discussed in the following sections

4.1ENERGY EXTRACTION CAPACITY

Apart from large-hydro, wind and solar power make up the lion'sesbé today’s
renewable energy industry. A brief comparison of various devices haviiigrgamysical
dimensions (i.e., surface area) indicate that the capacity ednopower devices to
harness the incident energy is several orders of magnituder higire that of wind or
solar systems (Figure 4.1). This primarily arises from #et that water is a dense
medium. Also, many ocean wave devices are capable of extréleiingcident energy
from an effective surface area many times larger than the actualslevice

Figure 4.1: Energy density of various renewable processgs9]

For a given device size and an increasing capacity to hatimesacident energy, the
material usage and subsequent capital costs decrease. Wiside adbgervations are
preliminary in nature, further technological development, deployment rohastrial
maturity will reveal the true extent of such devices’ actual size and tapaci

! Wave power is measured using units of “W/m of wheet.” However, this comparison is a general
assessment of "power captured per unit surfaceigdras “energy density” in [39].

18



4.2 GENERAL TECHNOLOGICAL ADVANCEMENT

Activities in the marine energy domain had gained elevated attesdiveral times in the
past. However, lack of effective scientific methods and technologiodd (i.e., reliable
and commercially viable solutions) contributed to the demise of dtmftseresulting in
discontinuity in various landmark research and development initiativereésent,
equipped with modern science and proven methods, many older concepgipeagng
viable. To name a few, the present-day advantages that may adviémecement of the
ocean energy sector include:

Knowledge gained from wind energy (especially, offshore wind) [10]
Application of advanced design, simulation and development tools
Advancements in offshore structure design and deployment

Better understanding of marine hydrodynamics and its effects on offsthareiges
Availability of cutting edge electrical systems (machines, povestrenic
converters, controllers and communication tools)

Figure 4.2: Control bench for the University of Edinburgh’s narrow wave tank
equipped with real-time multi-axis analogue control (1975) [59]

From analytic studies to system design and physical te@figgre 4.2), ocean energy
research has long been heavily dependent on computing, control andlbatiEeo
methods. With the advent of newer devices and tools, it is possildasain principle,
to achieve faster growth in this sector than that would have esible in the early
1980s.
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4.3RESOURCE PREDICTABILITY

The ability to predict a variable resource is of high signitea in bulk
commercialisation, cost reduction and industrial success. From a taohaical
perspective, if prediction methods are effective, grid integratmmhaecommodation of
intermittent resources become more manageable. As indicatédgume 4.3, tidal
variations are of semidiurnal/diurnal nature and are fully praliet In addition,
estimation of wave characteristics involves lesser uncedsirthan that of wind
velocities owing to its slower frequency of variation and didependence on wind
conditions in the far-fetch. Tidal charts are mostly readilwilable for weather
forecasting, navigation and various other marine activities. Thesnaftion can be used
to complement the power production capabilities of tidal turbine systems.

Figure 4.3: Wave and tidal variation time-scale

The energy transferred to the ocean waves can essentiallynbelared as a form of
solar energy. The differential heating of the earth’s atmospaerd subsequent wind
regimes play a critical role in wave generation. In fact, ocean veaeedirectly related to
present or past wind variations experienced in the local or neighgbgeographic
regions. Wave conditions, in spite of being not as predictable aséidations, can be
estimated using various direct or indirect methods. Real dataniitted from wave
buoys and historical data stored in weather-monitoring facilitiag play a critical role
in this regard. In addition, wind variations and its impact on wave gegoer may
provide solutions for very accurate wave forecasting (Figure A/d)ious tools,
equipment, and methods for wind velocity measurement and predicticalreagly in
place around the world. Such schemes can be correlated to wave energy pumgdsss a
may provide solutions for effective ocean resource management and gridtiotegra
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Figure 4.4: Example of (a) wave and wind power density correlation at location
59.06N, 8.42W and (b) measured and simulated wave elevation [41]

While variable energy resources associated with tides ardctid&nt are predictable,
they will more easily achieve economic viability if other ate@newable resources such
as ocean thermal and salinity power, provide the base power. Sucbnaesessentially
makes wave and tidal current generating plants dispatchable, asedpmoseing
completely subject to natural cyclic/stochastic variations.

4. 4MULTI-FARM AVERAGING EFFECT

The present trend in the ocean power sector is to develop modular déatesn be
placed in a spatially separated array. In such cases,xpected that intra- and inter-
farm superposition of extracted power will induce an averagiregtetin the net power
output of wave and tidal farms.

For many potential tidal plant sites, there exists a sigmfiphase difference between
neighboring areas. If such features can be exploited, tidal powgcpdevelopment
could realize a significant power-smoothing effect. One exaofdech a feature occurs
on Vancouver Island’s western coast in British Columbia, CanadaiCpdssages have
near-opposite phase conditions.
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Figure 4.5: Analytical study on multi-unit wave power plant’s averaging effetcon
overall power output [57]

Since wave variations have significant periodic components, multivuene energy
devices could potentially produce more energy if they are placed imwnptlocations
and achieve near-steady cumulative output (Figure 4.5). In additiondisgtion of
wind and wave devices may bear significant advantages, afrastesource variability
point of view [42]. The wave energy tends to remain relativelyistarg through dips in
the local wind profile, and also tends to persist for a periea #fe wind has died down.
This has the effect of compensating for the variability in wind, @sd providing a
buffering effect from a sudden drop in wind power output [58].

4.5SHORT-TERM STORAGE
Some wave energy conversion devices, especially the ones witimtermediate
conversion process, may inherently allow energy storage for shertdumations. This

acts as a low-pass filter removing some of the high frequemeyer oscillations
generated from wave variations or device operation. Since tidantwtevices mostly
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engage an electromechanical energy conversion process, apathé&®@ystem inertia
there is no additional storage capacity.

Figure 4.6: Averaged power output from wave energy device, examples of (a) hinged
contour device [43] and (b) overtopping device [14]

Several wave converters, such as Wavedragofelamis¥ and Oscillating Water-
Column (OWC) systents,exhibit noticeable storage (Figure 4.6). Devices such as
Archimedes Wave Swing (AWY), where direct drive PM [permanent magnet]
generators and power electronics are used, do not exhibitahiseeand may deteriorate
the frequency spectrum of the captured power unless external mdéranisms are in
place [4].

4.6 COMPETITIVE ENTRY COST

Cost of energy is one of the most common indices that contribute to the market success of
any alternative energy source. Typically, this cost is compaitedraditional fossil fuel-

based generation in order to gain insight into the market strefigthch renewable
power technologies.

Being a nascent technology sector, there exists significaettamty on the projections
of various ocean power solutions and their corresponding overall costs. Hps@ve
initial suggestions indicate that present projections are favot@alleean energy’s long-

2 The amount of storage depends on the turbine-genedesign, which can be designed to have low or
high inertia, and thus corresponding energy stolewgds.
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term success and further cost reduction is possible with $maje-deployment (Figure
4.7).

Figure 4.7: Market entry cost of wave energy devices [12]
4.70THER OPPORTUNITIES

In addition to providing an environmentally benign means for electrpidgluction, a
number of positive economic factors may become favorable for oceamyene
development efforts. Such technical and societal aspects would plegctriglit critical
roles. A few of the possible economic benefits can be listed as:

Creation of job and business opportunities in the local and global markets
Contribution to the local economy in the form of direct revenue generfxbam
ocean energy conversion

Support to the regional renewable portfolio standards (RPS) [40]

As a natural repercussion to any industrial growth, ocearggrieas the potential to
create diverse economic benefitsaddition to the apparent opportunities associated with
electricity generation through ocean energy conversion processes, ubitlisation
schemes are being exploited, such as:

Production of drinking water through desalination

Land-based and offshore aquaculture

Heating and cooling systems for shoreline commercial plants

Integration with offshore protection structures, offshore wind turbines, and oil/gas
facilities or hydrogen production
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S5 |IDENTIFICATION OF CHALLENGES

Integration of ocean energy conversion systems into the electrical nenipasses a
number of technical and non-technical issues. Being an emerging areaey
engineering, it is therefore important to evaluate both of thesas.aln this regard,
identifying possible challenges that may retard the progresgawé and tidal current
energy systems is the essential first step to mititpetee obstacles. Lessons learned from
the wind energy industry can bring important insight into the ocean energy aedttiis
section of the report is dedicated to a set of broader subjeatsdreéb grid-integration
and network interconnection.

5.1RESOURCE VARIABILITY AND INTERMITTENCY

Renewable energy systems convert the energy flux from nagatetes into useful
forms. Therefore, the stochastic and periodic nature of various emardal elements
affects the operation, output and availability of such energy ctamgef he frequency of
variation depends heavily on the conversion principle and the mechanismyetps
indicated in Figure 5.1 [25]. While significant wind variations noagur anywhere from
minutes to years and have very strong geospatial distribution [34¢&8n wave and
tide variations are mostly limited between hourly and seasonialtieas. This implies
wave and tidal current energy plants will exhibit lesser degfeariation than that of
wind turbines when connected to an electrical grid.

Figure 5.1: Timescale of natural cycle of renewable energy processes [25]

Tidal variations constitute two major time-scales: (a) Half-cycle and (b) 14-day cycle.
Depending on the geographical location and site-specific faatidal energy resources
may appear suitable for economic power production. Tidal power systenspite of
being predictable, exhibit zero output roughly twice per day and ties@and troughs of
resource variation do not necessarily coincide with load demand. Thisecamoothed
out to a certain extent with plants placed in a sufficientlyitigied manner so that the
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peaks of some sites coincide with the troughs at others. By spnti@ve variations are
more stochastic in nature. Also, deepwater wave height and frequamatjons depend
on wind forces that have transferred their energy flux into @weddy over far-fetch
areas. In Figure 5.2 and Figure 5.3, two time series plots ame fgiveneasured tidal and
wave data, respectively.

Figure 5.2: Time series chart of tidal height and velocity near Campbell iRer
(Vancouver Island, Canada)[44]

Figure 5.3: Graph of hourly maximum wave height data from NOAA Station 46041
and AXYS Buoy near coast of Washington, USA45]

Historically, resource intermittency and variability have beemsdered as key
hindrances toward integration of many renewable energy sourceke¥laspects in this
regard are:

Lack of dispatchability:In absence of sufficient prior knowledge on how much
generation can be realised from a time-varying generatatgstand what time-
frame of operation can be ensured, the system operators find such intesoiitees
difficult to synchronise with present or predicted load demand.

Stress on the electrical networks the operation of many renewable energy systems
directly depends upon the variations in environmental conditions, suddeas&ane
output or outage from the generation mix may cause the neighboring network to reach
its threshold of continuous operation. Also, effects of flicker, harmamdsthermal
overload may introduce various operational challenges.

High penetration effectaiVith a minimal level of renewable energy integration with

the existing bulk power system, time variations are buried in trezath load-
generation mix. However, with higher penetration of such generaiagons,
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occasional mismatch between existing load demand and generatiomkyelause
the system to migrate from its equilibrium conditions. In somefaan countries,
high penetration of wind energy is considered a major topic of interest.

Wind energy, in spite of being highly variable and difficult to predecured its place
alongside other conventional energy sources. The key lessons |eaonedthis
technology includes:

Geographical aggregation of wind generation reduces the output fluctuatiotisgesul
from resource variations.

Improved forecasting methods allow greater penetration of wind power into the grid.
In order to maintain system stability and to supply the load demaffidjent backup
and reserve capacities need to be maintained.

Expansion and reinforcement of transmission and distribution networks alagy
role in allowing high level of wind power integration into the grid.

Newer technologies and management strategies paved the pd#stfgrowth of
wind power.

For penetration levels of 20% and above, conventional paradigms of aodamnmgy
wind generation may not be sufficient and newer methods are beugit. This issue
arises from the fact that, for lower penetration levels, resountermittency is buried
within the available grid power/loads. At high wind penetration, thssi@ becomes
dominant and appropriate measures (e.g., wide area balancing, gpiesarve, etc.)
need to be facilitated. Wave and tidal resource charaatsriste widely considered as
more predictable than that of wind. However, in absence of reliatulesafficiently
accurate methods of wave forecasting schemes, the ocean essmtgy may face
difficulties in gaining confidence within utilities. Therefore, sikig global and local
wave forecasting models need to be adapted for use in energy extraction.

An electric system, in the presence of diverse energy naixésgoad conditions, requires
the net load and net generation be balanced at any given time. paetiaf a time-
varying generation station, such as wind or wave, can be studied thimeghtime
domains (Figure 5.4):

Regulation Short-term (seconds-minutes) balance management using methbds suc
as automatic generation control (AGC).

Load-Following Mid-term (minutes-hours) arrangement to follow the load
variations, such as morning peak-load and evening light-load conditions

Scheduling and Unit Commitmer8ecuring sufficient generation in advance (hours
or days), preferably in a more real-time manner

27



Figure 5.4: Load balance and schedulingy]

For wind penetration up to 10% to 15%, it has been observed that rexgudat load
following operations pose minor restrictions on the overall systejn Héwever,

uncertainties of wind generation availability and system balanasmtenance have
remained as unresolved issues from the system operators’ pmesp&¢ith higher

penetration levels, these aspects, especially scheduling andmniitcnent will become
more dominant.

Wave and tidal current generation schemes will undoubtedly requm@ars
arrangements for being accepted into an electric network. Gsipgeon the commonly
perceived notion that wave and tidal resources are more predjctilelopment of
reliable, effective and accurate forecasting methods will Inawii-dimensional effects,
such as:

Resource assessment and prediction of wave/tidal plant outputafibili¢y/cost
studies
Becoming competitive to dispatchable generation units and providinglaaycil

services
Avoiding scheduling penalties and contributing to reliability enhancement

In a large electrical network, the variable nature of wind afs& constraints on the
electrical system from a technical operational point of vi&{2p]. This variation is
buried in the supply-demand balance. However, in cases where theapendgavel is
high (~25% or more) or in an island system relying signifigaotl a near-by wind farm,
these variations may cause technical challenges. In brief, feetsefof resource
variability can be overcome by accommodating one or more of the followiegesh
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Resource prediction

Intra- and inter-site smoothing

Generation and load mix (balancing area management)
Storage (large hydro, pumped hydro, battery storage)
Load forecasting and demand side management

Figure 5.5: Near real-time wind forecasting scheme by BP87]

Near real-time wind forecasting is becoming a critical aspeanfiegration of large-scale
wind farms into the main grid. Novel concepts and use of advanced teolseiby
investigated to facilitate such forecasting schentéguife 5.5. Resource prediction
mechanisms using such advanced tools will accelerate the patitai of wave energy
plants in the existing resource mix.

5.20FFSHORE COLLECTION SYSTEM

Medium- to large-sized wave and tidal current energy developmentisl we deployed
in arrays consisting of multiple modular units placed in an optimatiad arrangement.
Apart from the systems that rely on hydraulic power transfehé shore, most wave
energy systems need to be electrically connected and ingriaite the onshore
electricity grid. The offshore wind industry has demonstrated comahesuccess of
various configurations of collection systems. Recently, the UKsti@ for Sustainable
Electricity and Distributed Generation (SEDG) has producettaamt report [80] on the
design of offshore infrastructure. For wave and tidal energy, alevent of such
offshore networks and their cost and reliability impacts need teshkablished. This
implies the issue of designing cost-effective offshore netwtinks are reliable and
suitable for integration of wave/tidal power plants.
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Network design is unlikely to be a critical issue for tigints as most sites are located
in constrained passages, inlets and channels fairly close to the shoreeHaegpending
on the plant type (floating, fixed or seabed mounted), there could blctogfissues,
such as navigation, marine life protection, etc. For wave energyheomther hand,
resource concentration is higher as the device is placed furtistodt In addition,
water depth, array design, geological conditions, bathometry, et@layila critical role

in developing an optimum collection network. To mitigate these problemmsultitude of
technical and economic matters need to be addressed.

5.2.1 Cost Considerations

Although a number of wave and tidal current energy technologiesnatieeir pre-

commercial stage, in the absence of experience gained thragghstale deployment,
the actual cost scenarios pertaining to electrical networlgmlesie difficult to predict.
The information on plant cost development can be evaluated, to some &xianthe

wind energy literature. As indicated in recent studies [11][4d, ¢ollection system
(electrical power delivery) for offshore wind farms have encoudtérgher cost (25-
30%) compared to onshore turbines (~20%) (Figure 5.6). This arisestlimmdded
complexity of offshore installations, grid connection and the reqen¢ror specialised
logistics. However, higher annual wind energy extraction tygmabffshore sites has
been proven to be an important factor in offshore wind’s economic success.

Figure 5.6: Capital cost breakdown of onshore and offshore wind farm
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As many of the technologies and concepts being used in the windrinflwsderwater
cable, DC transmission with power electronic interfaces, ate.)potentially applicable
for ocean energy plants, it is expected that the cost for tollesystems would remain
similar. Cost reduction has been the most critical aspedbansticcess of the wind
industry. For ocean energy, this will be equally true and concenhteffierts need to be
put forward in this regard. From a power collection and delivery pbimiew, the layout
of plants, their reliability and cost impacts need also be considered.

5.2.2 Plant Layout and Cabling

In addition to conventional restrictions such as cost and loss matiamsoffshore wave
and tidal current energy plants are subject to a set of requitemmstly arising from
potentially harsh sea conditions. Plant availability, redundancy, faatection (from

human activity or natural events) and accessibility for mainnare critical to such
projects. Areas where emphases can be given are discussed below.

Design of Plant Configuration
Provisions for redundant cables, switchgear and protection equipment for alternate
routing during fault conditions (Figure 5.7).

Placement of underwater and above-surface equipment such as transformers, power

electronic systems, etc. with hermetic seals.

Figure 5.7: Example of a fault protection scheme through plant layout design

Cable Type Selection

Selection of cable types (high-voltage or medium-voltage cable) and number of
parallel units (single or multiple)

Considerations for cable cost and capacity

Necessity of umbilical and riser cables (for floating devices)
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5.2.3 Connectors

Maintenance tasks of ocean energy converters (for examplenfoattishore devices)
can require connection/disconnection of the converter. Electrical comnestould
facilitate these tasks to reduce maintenance costs. The esical connectors could
also give some flexibility in terms of power rates, voltagele and accommodation of
different type of devices into the same point of coupling.

5.2.4 DC vs. AC Collection system

For selected large-scale offshore wind power plants, appiicatif DC power
transmission schemes may prove to be more economically and tdlshaigtable. DC
power transfer essentially decouples the offshore wind farm tfhenonshore network.
Also, DC collection provides additional flexibility in reactive powsupply and
subsequent voltage stability enhancements. However, power electronic canveeidito
be placed both at the wind farm and at the onshore point of coupling.c8ugonents
contribute to overall cost and system reliability. For ocean poysterss, a set of similar
comparative observations between AC and DC systems can be made. This includes:

Development of power electronic interfaces for harsh conditions asdsaeent of
transmission efficiency and relevant cost (Figure 5.8)

Loss reduction (transformer losses, transmission line losseAQosystems) and
reactive power management (reactive power production by DC lines and consumption
by AC equipment)

Assessment of additional benefits, such as real and reactive poweol, fault
mitigation, etc., through effective use of power electronic systems.

Investment Cost Transmission Efficiency
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3.04 — AC cost/pu i —— AC Transmission
S — DC cost/pu < 96 — DC Transmission
o Break Even 4/ E -
- | DC Line Cost )
B 2 _ O 94
o] DC Terminal cost g
(@] o 1
1.0 904
AC Line cost i
AC Terminal cost
0.0 T T T | 84 T T T J
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1 per unit (pu) cost = DC investment O km [11]
Figure 5.8: DC vs. AC cable cost and efficiency [11]
In a typical wind farm, each turbine contains a transformes dtaise in order to convert
the generator output from low voltage (LV) to medium voltage (M\0x. Elusters of

wind turbines this voltage still needs to be elevated to HV def@ more efficient
transmission through submarine cables. At the shore, a substatios alighv power
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transfer over very high distances at extra high voltage (EldwW@ll Also, at various
critical connection points, circuit breakers are placed in ordésdlate faults (Figure

5.9).

Figure 5.9: Example of AC collection system [11]

Figure 5.10: Example of DC collection systerfi1]

In DC transmission systems, thyristor rectifiers convefshoffe HV AC to HV DC.
Inverter units placed on the shore, convert DC voltage into AC formtkat this can be
transmitted using transformers (Figure 5.10). Since wave eneagyspinay migrate
further offshore to utilise the higher energy areas, DC dallesystems may become
cost-competitive (Figure 5.8). In such a case, both cost and techsatts of DC
networks need to be thoroughly investigated.
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5.3SYSTEM DIVERSITY

Wind turbines convert wind energy into electrical power through asireieechanical
conversion process. The three main components of wind turbines are: eaidag>gand
generator. In some systems, power electronic interfacesequéred to achieve proper
grid connection. From an electrical point of view, the main clagdsrbines are: (i)
squirrel cage induction machine; (ii) doubly fed induction machine; ghdnlltipole
synchronous machine (with power electronic interfaces). Whilditstesystem can be
directly connected to the utility grid, the latter systems reqpart or full-sized power
converters [55].

Wind turbine models have played critical roles in understandingraysérformance and
conducting grid integration studies. Likewise, model development of ydé&tras and
especially ocean wave converters is a nontrivial problem, partictibarstudying large-
scale ocean power systems. Descriptions of both steady isthtl/mamic characteristics
are critical in developing an understanding of aspects such as amargly yield or
transient behavior. Models of power take-off methods (particularlyvhve converters)
and corresponding short-term energy storage capacity are iisal an studying power
guality and variability issues.

As modular wave and tidal devices comprise a farm, there could éetipbimpacts on
their aggregate performance arising from their relative piac¢ and the complexity of
waveltidal interactions. Depending on the type of study, modelling asevor tidal
current farms with may also become a critical factor. S#vaspects that will need
attention in wavel/tidal farm modelling include:

Tidal current energy: Bathometry, vertical velocity profile,keiaand free surface
effects, effects of ducts, multi-unit farm effect

Wave energy: Wave direction, frequency, amplitude, bathometry, omitti-
behavior, wave complexity (shoaling, breaking, refraction, reflection, difrgc

5.4SYSTEM OPERATIONS AND CONTROL

Continuous operation of wind turbine systems requires various dynachsuaervisory
control mechanisms embedded within the turbine system. In addition, waoation
and coordination between the wind plant site and the onshore operatog@redr¢o
ensure timely and economic management of available wind energy.

Wave and tidal current energy conversion technologies, in most deses,not yet
reached such a level of advancement. Automation and communicationeaneang of
these systems may follow standard SCADA methods with provisionssgecial
requirements arising from operations under harsh sea conditions raield liplant
accessibility.
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Similar to any other power generating stations, ocean energy plants waquile i@ntrol
arrangements at various levels. This control hierarchy can be broadly divioé&aaont
layers and may envelope a set of relevant requirements.

5.4.1 Supervisory Control

A precondition for integration of ocean energy systems into convengenatation is to
allow a certain level of dispatchability and scheduling. Fromsyiséem operators to the
power producers, higher-level communication is vital. In addition, depgnaoin the
operating conditions (resource variability, weather conditions anddeathnd), other
lower-level control actions with a narrow time scale maydrneebe integrated into the
supervisory controls. This includes:

Normal operation (start-up, shut-down, power flow control)
Extreme conditions (network outage, storm condition, plant failure)

Ocean power plants, especially wave energy converters, will beyaepin offshore
environments where frequent access for maintenance and inspectiofeasihile.

Therefore, robust equipment specially suited for adverse seaiooadtosed by salt
water, rough conditions, public activities and marine animals need® developed.
While conventional technologies for remote communication, plant monitondglata

acquisition may appear suitable for such schemes, novelty imndasdcost reduction
may become key to supervisory control (Figure 5.11 and Figure 5.12).

Figure 5.11: Example of supervisory control scheme of a tidal current plant
(SeaFlow" turbine) [78]
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Figure 5.12: Outline of a communication scheme (Pearson College — RacecRo
clean energy project), Canada [79]

5.4.2 Dynamic Control

Plant dynamic control is another layer of automation that afteetgpower production
capability and continuous operation of the converter at a much lowelr dé control
hierarchy and contributes within narrower time scales.

Dynamic control requirements may vary widely depending onpthat type and its
design and operational features. While this area needs furthdopi®eat, a number of
concepts are being conceived [56]. This can be briefly outlineddfardurrent and wave
energy converters within separate headings.

Tidal current turbines: The power production capability, efficiency and subsequent
cost-competitiveness of a tidal turbine are related to how a denwaeljusts its operation
(rotor speed and power injection to the grid) in synchronism witlvdingng tidal flow
conditions.

Depending on the structure and mounting arrangement of a tidal turbine, fueh&oatt
needs to be given for:

Turbine yaw and blade pitch control for horizontal-axis turbines

Start-up and torque ripple adjustments for vertical-axis turbines
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Maximum power tracking algorithm for turbine operation under varyingemwa
elevation and/or water velocity

High frequency control scheme for machine control and/or power @bectr
converters

Wave energy converters:Wave energy converters are subject to varying wave heights
and frequencies. While a large number of concepts exist, each basaddifferent
operational principle, it is challenging to generalize the dyoammtrol requirements for
wave energy devices. However, several fundamental aspects are as follows:

Resonance and phase control:

The theoretical optimum operation of a device is achieved when thelreggrency
of device oscillation is matched to the incident wave frequency. résisnance or
phase control approach is complicated by device construction (castadiedtage
architecture) and wave irregularity.

Optimum amplitude control:

In addition to the phase match, the level of power capture is dinetdied to the
amplitude of the device oscillation compared to the incident waves ddm be
realised by dynamically adjusting the operation of one or memegits within the
power-take-off system (such as fluid flow or turbine-generator rotationatispe

The control algorithms used by the leading wave and tidal deviceogevelare closely
guarded commercial secrets and have never been published.

Most of the control issues relevant to the ocean energy convaréens research. While
part-scale prototype testing, numerical modelling and algoritmthasis are in progress,
the rich knowledge base in wind energy may bring further advamtemsuch research
and development initiatives. At farm level, other options may be coesidend, for
some devices, near-optimum control strategies may involve powearexe between the
devices themselves. This of course changes the offshore strumftuhe electrical
connections, and long-distance power transmission schemes may be affected.

5.5NETWORK IMPACT

Traditionally, the electrical networks are designed and operattitivate power flow
from the generating stations to the load centres via the tramsmisgstem. Also,
elements of the power system are monitored and controlled toetraisttrical energy
with a fixed frequency and voltage in a reliable and cost-effeatiaener. Large hydro,
thermal and nuclear plants maintain the voltage (by controlliagtive power) and
frequency (through active power control) within a tolerable range.
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(a) (b)
Figure 5.13: Examples of a remote off-grid demonstration for Clean-Curreft’
tidal turbine [60], and (b) remote test site for Pelami&”' wave converter [61]

Many ocean wave and tidal stream power plants will see depfdymeareas where
network availability is limited [3][6]. In contrast to conventiosgstems, when sources
are connected in the distribution systems or areas where poweatgene/as originally
not planned, various capacity limits, power quality issues and reguleqQuirements
may arise.

The assumption that many future ocean energy plants will be @gployremote areas
with limited grid capacity needs to be substantiated through fuiivestigation and
case-by-case assessment. Generally, however, tidal shlaeats will be developed in
areas with greater network accessibility than that of oesee converters because most
of the high-energy tidal currents are located in naturallcddied channels already
being used by shipping, navigation and neighboring populated areas. Howettez, i
UK, a study undertaken in 2004 [77] found that approximately 64% of thestigam
resource is located in the remote north of Scotland.

By contrast, ocean wave projects, in addition to being sited in ceast@d (i.e, away
from the load centres) may require substantial extension of isttngxransmission lines
in order to access the areas with higher resource concentration.

In addition to plant remoteness (Figure 5.13), other grid-integratioesisseed to be
addressed, such as:

Conversion process and resources (resource intermittency, planemnessitveak
grid, plant type and behavior, effects of multi-unit operation)

Scale of development (plant size [pilot, full-scale, multi-uaitnf], time-frame of
implementation [near term to long term], forecasted load/generation mix)
Impact location (area of impact [local, system-wide or islamatwork impact
[distribution or transmission system, island grid, etc.])

It is likely that future large offshore farms will be askiedcontribute to the overall

network stability. This requirement is expected to become margait as the size of
the ocean power plants increase.
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A set of possible network impact issues can be broadly linked with aad tidal current
turbine farm power plant size and area of impact as indicatedunes.14. While many
of these factors are interrelated and cannot be viewed sdp4sateh as reactive power
and voltage stability), this approach differentiates betweemrffleets of a small project
against large future development initiatives.

Energy buffering for wave energy converters may represegi@us issue since the raw
power produced by a single unit may cause voltage variations abtineation node.
The impact depends on the grid strength. Due to “wave groupirgiven sea state, a
large number of devices opportunely deployed in an array are needetstantially
reduce the short-term variations of the output power.

Figure 5.14: Possible grid impact issues pertaining to ocean energy systems

5.5.1 Capacity Limits and Plant Remoteness

Thermal Limits

When locating an ocean power plant in areas where network tstrisngnited, thermal
rating and fault protection mechanisms may need to be reinforced, Whitations in

transmission capacity expansion (for technical reasons, cost conceybgctions from
the public) may contribute to this problem.
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Switchgear Ratings

Components of the distribution network and the feeder circuits arenddsand rated to
accommodate power flow within certain limits. Under a fault camlithigh currents
may flow into these zones and generators may contribute signjicémt this
phenomenon. Switchgear placed at various points of a typical distribetimonk where
ocean power plants are to be connected may require attention .

5.5.2 Local Impact and Power Quality Issues
Steady State Voltage

For a fixed generation and a constant load, the voltages at various afcalestwork
vary and generally maintain a receding pattern from areasnefa&fgon to consumption
(Figure 5.15). This pattern is more obvious in weaker grids and aroundsthibutiion
networks. In a time-varying generation source (such as waveptigahd) the voltage
profile throughout the network takes a more complex shape. In thetwiahithe
generation source, the steady-state voltage rises and megdettee prescribed limits.
The extent of this rise also depends on load conditions and network parameters.

Figure 5.15: Voltage profile along feeders with/without additional genetion [62]

Depending on the type of conversion mechanism being employed, eutickt or wave
energy plant/farm may reflect the effects of resourceatian on its output. For instance,
output from a typical tidal current turbine varies from its maxmto zero within hours
(Figure 5.16), roughly twice per day. Methods that may mitigate this problem include

Network reinforcement. For bulk power generation in remote areasyork

reinforcement (higher capacity conductors, transformers and se&ghgould allow
greater intake.
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Optimum sizing of generation station: Depending on the type of plahtresource
conditions, the optimum size of a generating station can be recominemdgegiven
network.

Power factor adjustments: Operating at the leading powenrfeaises the generator
terminal voltage and vice-versa. The addition of capacitor banksa#iscts the
voltage magnitudes.

Tap changing transformers: Systems may regulate the busibage (step-up during
high load and step-down during high generation conditions).

During the expected early deployment phase of wave and tidal plante 10 MW
interconnected to local utility distribution systems, the largestrational challenge will
probably be steady-state voltage control. Coastal distribution sydtamd to be high
impedance, and even as little as 1 MW of generation may gedédht the steady-state
system voltage, especially when both the load and generation ocawnicoincident
cyclic patterns [47].

Power (kW)

Time (Hour)
Figure 5.16: Effects of resource variation on a tidal turbine’s output [63]

Flicker

Fast and small variations of line voltage caused by load/generation fluctuations, &mnow
flicker, is one of the most common causes of nuisance and public cotepdaid is
defined as “Impression of fluctuating luminance occurring when tigplg to an
electrically powered lighting source is subjected to voltagetdhtion [63].” The short-
term and long-term flicker severity factors denotedPasand Py, respectively, are
typically used as measures of flicker conditions. For ocean \ergces, resource
intermittency, start-up and shutdown conditions, and interactions withorietwontrol
equipment may aggravate the flicker levels.
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Figure 5.17: Low frequency variations and possible flicker emission from a
shoreline OWC wave devicg64]

It is expected that wave energy converters with intermediagegy storage mechanisms
will produce a more time-averaged output when compared to non-storagsspsicls
shown in Figure 5.17 and Figure 4.6, the time scale and magnitude of thutpudtion
vary significantly from one type of converter to the other. It \@olé of interest to
determine the contribution of such fluctuations to flicker emission.

Some possible measures in reducing this condition are: (a) usefteftarters in
induction generator-based systems to reduce inrush current consumptidi) aise of
power electronic interfaces to buffer the resource variations.

Power Transition

Switching or voltage steps are attributed to large, sudden andnsdstdterations of
network voltage [3]. These conditions may occur when generatorssuatdenly

disconnected from the network, due to faults or harsh environmental condfiions
wind, tidal or wave converters). Turn on/off actions of intermittentggneonverters

coupled with the use of induction machines and transformers, may alsibete to this

problem. As devices migrate from various operating zones (Figure &.I8spond to

resource conditions (Figure 5.19), these effects may propagate ithtbagpower

network.
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Figure 5.18: Operating regions of (a) wave (b) tidal energy convertef$5s]

Figure 5.19: Output variations of a power electronically interfaced wave emgy
device (submerged pressure differential typep]

Harmonics

Harmonics is a measure of distortion of the fundamental sinusoalad (Figure 5.20).
While it is desired to have a constant voltage with specifeguigncy at any point of the
AC grid, harmonics are always present with varying levels ebdisn. This distortion is
expressed through the term total harmonic distortion (THD). Preseinssvitching
devices, such as switch mode power supply (SMPS), adjustable spesd A8, and
inverter-coupled generators (PM synchronous or doubly fed induction)detasiorate
the harmonic conditions.

43



Figure 5.20: Power quality effectg65]

Use of induction generators in tidal current and ocean wave devices nmapntrdiute to
harmonic distortion. However, many devices use permanent magnettgené@tary or
linear) through direct-drive or gear-coupled arrangements. Also, doa@lyntiuction
generators (DFIG) are being considered for variable speedtmpeof tidal and wave
devices. Power electronic systems (full-sized for permaneagnet generators and
partially rated for DFIGs) used in such grid-interfacingesnes may inject harmonics
into the network.

44



Reactive Power

In a power system, reactive power is produced by capacitive comtgo(@pacitor
banks, cables) and is consumed by inductive components (transformers,, motors
reactors). Wave and tidal power generating systems with inductechines may
consume a significant amount of reactive power (35% to 40% at idling, &6Q0%ted
capacity). Therefore, to minimise the system losses and teageithe voltage stability,
compensation techniques may be essential.

5.5.3 System Analysis Issues
Load Flow Studies

In load flow studies, an electrical network is evaluatedpframeters such as power,
voltage and overload conditions. Typical with any other generation dr dddition,
ocean energy systems require load flow studies prior to iti@greo a network. The
availability of system performance data with sufficientuaacy that would be suitable
for carrying out numerical modelling is a precondition for such studies.

Fault Levels

Internal connection circuits of a multi-unit farm, site-to-shables or onshore network
supplying power to the grid system are subject to fault. Such recces and
repercussions on the network include the following:

Harsh sea conditions, such as sea-ice and storms may overloade adardesgonnect

the affected unit or farm.

Human activities such as anchors, fishing and leisure activitégs disconnect or
short circuit part of a circuit that connects the plants to the onshore station.

Typical to any electrical power network, fault conditions aridimogn transmission

line tripping (due to component failure), downed overhead lines, damaged
underground cables, short-circuit cables (due to debris or tree brdaltimgson the
lines) may occur to ocean power networks.

Fault contributions of wind turbines depend on the type and magnitutie ¢ult and
the generator classes being employed (Figure 5.21). In additidnstdgihess/weakness
and wind farm aggregated conditions may play roles in determiningetiezity of the
fault [66].

Methods to reduce fault occurrence and magnitude include: networkngplise of a

current-limiting reactor, solid-state fault current limitersmperconducting fault current
limiter; and switchgear replacement.
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Figure 5.21: Generator types and their typical fault contribution
System Stability

Modern electrical networks are large, complex and interconnecgtensy subject to a
number of dynamic operating phenomena. Stability is one such dspecequires due
attention in order to avoid exceeding the operating limits and sulbrgquircurring
generation loss. The stability factors can be studied through broad headings:

“Voltage stability” relates to the ability of the power &ya to maintain acceptable
voltages at all buses in the system under normal operating cmsd#tnd after being
subjected to a disturbance. It is usual to consider voltage instadsl a local
problem, while a voltage collapse is considered to involve voltagesgarlparts of
the system.

“Transient stability” refers to a form of angle stabiltyere the ability of the system
to maintain synchronism after a large transient disturbance is studied.
“Small-signal stability” is also a form of angle stalyilivhere small system
disturbances and their effect on system synchronism are analyzed.

“Frequency stability” relates to the dynamic nature of frequemriations in the time
range of seconds to minutes. This stability issue can be delatelack of
active/reactive reserves, poor coordination of protection and inadequasigstem
equipment.

In absence of dynamic models (i.e., numerical models that can begpaonated in
transient stability studies) of ocean wave and tidal currentegvstability assessment of
electrical power systems with large-scale integrated oeeargy plants would become
difficult. Therefore, generic model development and calibration wgh data should be
an essential first step. Considering that some of these conveysitams are still under
development, development of specifications for technology developers to @rsdcit
model would help enable the investigation of impacts of integrationffefeht level of
ocean energy plants into electrical power systems. At predentlopers of many tidal
and wave power devices are considering the use of power electmaitaces for
network integration. While these devices provide flexibility in teac power
management, not being grid-synchronised, these devices do not naturaitie pnertia
to the system during faults. As a result of widespread deydat of variable frequency
converter-controlled ocean and tidal devices, and subsequent reductiomaih system
inertia, the stability of the network may weaken.
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5.5.4 System-Wide Issues
Scheduling and Unit Commitment

The system operators responsible for managing the electtaityand and supply need to
plan the balancing process ahead of time. Load forecasting metsiagsstatistical tools
that take inputs from previous years’ load data, expected load grontkeéable events
(weather conditions and public activities, etc.) form the basis for glaoning. The wind
industry has successfully demonstrated the effectiveness of suetiung processes.
Various limitations with regard to resource unavailability aocugacy of prediction are
being addressed at present [7]. Development of proper prediction todtgegration of
these schemes within ocean power plant operation are key elemeali®wing an
effective scheduling and unit commitment mechanism.

Low-Voltage Ride Through

For a high level of wind energy penetration in a electrical otwa unique fault
management measure, namely the Low-Voltage Ride Through (L\H&%)been set as a
requirement by the regulating authorities (Figure 5.22) [67]. Wind p@hants have
traditionally been considered as a form of distributed generatidiwere required to trip
following even minor disturbances. As large wind farms are discoguheltte to a fault
in the transmission or distribution system, the overall systdamba is affected greatly.
For ensuring the stability of the interconnected network, manyiesilihave been
imposing strict guidelines in the form of LVRT requirement and&active power
control.

While various jurisdictions are subject to different requirementypecal plot of the
LVRT zones indicate that all wind turbine plants should be ableayoogterational under
a normally cleared single or multi-phase fault at the high-didesmission) of the
substation transformer. For short durations the voltage-dip can be tointagnitude,
which migrates to a narrow tolerance range as the fault persists for pmvge.

Figure 5.22: LVRT implementation zones (German E.ON examplgp8]
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It is expected that for wave and tidal current energy conversmilar LVRT
requirements will be in place for large-scale deployment. Hewes the wind industry
adopts this measure and develops necessary solutions, the ocean ectergwil also
benefit from the know-how.

Ancillary Services

In order to deliver bulk electric power from the generationstatto the load centres,
additional measures are needed to achieve sufficient systeilitgli performance and
continuity. These measures include: (a) frequency control througke apower
regulation; (b) voltage regulation through reactive power control; a@&hdsystem
restoration after a major collapse using blackstart capability.

Ocean energy may appear as a bulk source of electricity in the long ruefof@geit may
require careful assessment and long-term planning to establistegbeed level of
contribution from such generation in providing ancillary services [68].

5.5.5 Other Considerations
Grounding, Protection and Safety

Ocean energy plants would naturally be subject to occasionaksseather conditions.
In addition, these plants are geographically located in areag &#am conventional
public amenities. Plant design and grid interfacing schemes sheulévised such that
safety issues are addressed in the planning stage. As withhemydistributed generation
plant, islanding protection is a regulatory requirement to proteckers who may
become exposed to a partially energised network being powered by an isotetiedige
plant.

Long-term Storage

Intermittency and variability issues of various alternative gnesystems, including
ocean energy systems (wave and tidal current) can be nitigiateugh long-term
storage techniques, at least in theory. However, without realismg raajor
breakthrough, the present state of storage-technology and theicdsgdo not indicate
any economic viability.

Hybrid Applications

Though wave and tidal current energy technologies are in pre-cammehase,
prospects of realising various hybrid objectives through co-gémemaethods are being
considered. In addition to direct electricity generation, other psesethat can be
theoretically coupled to wave energy devices include: (a) wind-wiategrated
electricity generation; (b) offshore protection (breakwater strac (c) desalination
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(freshwater supply); (d) refrigeration; (e) aquaculture (hgaffreshwater supply); and
(f) hydrogen production through electrolysis.

While some of these concepts are yet to be conceived even atthederototype level,
economics of such hybridisation may become an attractive faot@udh cases, grid
integration and impact issues may need to be studied through a different paradigm.

5.6 CONVERSION SYSTEM REVIEW

Unlike wind technologies, a great variety of converter conceptgrasent in the marine
energy domain (especially within the ocean wave category). Thies pasdifficult
challenge in evaluating system behavior in a coherent and tnsigay. In order to
overcome this issue, a technology prioritisation scheme (systeamatiunbiased review,
evaluation and weighting process) was applied on a number of sy$#m$he
following discussion provides a brief summary of these plants alatihgtheir system
architecture.

5.6.1 Tidal Current Turbines

Axial (non-ducted): The SeaGeM' turbine (1.2 MW), installed in UK recently, consists
of two axial flow rotors each having 600 kVA output capacity (Fegb.23a and Figure
5.24a). Active blade pitching mechanisms allow the turbine to operaiversing tidal
conditions. Each rotor has a variable speed induction generator coupledaw #peed
shaft via epicyclic speed-increasing gearboxes. The transfopoweer electronics and
control systems are installed mainly within the top part optleein a three-floored cage.
A housing is fitted to the top of the pile containing hydraulic jeokdifting the cross-
arm and power train. This also accommodates a workspace equippednvjhbters and
safety equipment [70][71].

Vertical (non-ducted):The Kobold" turbine is a cross-flow (vertical axis) turbine with a
three-blade rotor mounted on a floating cylindrical platform (Fegbu23b and Figure
5.24b). The prototype, installed in the Strait of Messina, Italy, useg blades with a
6 m-diameter turbine, generating up to 25 kW from currents of 2.0 m/s. thierec
inverter is used to provide a stable electrical output, and the btetzihe and power
system have been enhanced with a fully automatic control sy8tased on available
information the generation type is believed to be a gear-coupled ésadbC generator
[72].
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Figure 5.23: Tidal current converters(a) SeaGeR™ (b) Kobold™ (c) Clean Current™

Axial (Ducted): The Clean Curreff' Turbine uses a ducted configuration, with a
variable-speed permanent magnet generator rated at 65igWe 5.23c). The generator
is termed as a ‘rim-type’ direct-drive generator, wheredhds of each turbine blade
form the rotor and the surrounding cowling forms the stator (Figu4ch. The first
prototype device was installed at a research facility aeRocks, BC, Canada where an
off-grid hybrid system was designed. Future developments will prayideinterfaced
power using an array of commercial tidal turbines ranging from 1.1 to 5.0 MW [60]
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Figure 5.24:Tidal converter schematic (a) SeaGelf (b) Kobold™ (c) Clean Current™

5.6.2 Ocean Wave Converters

Oscillating Water Column (OWC)The Pico OWC pilot plant on the island of Pico in
the Azores, Portugal, is a bottom-mounted structure built at thelstgomwith a rated
power of 400 kW (Figure 5.25a and Figure 5.26a). A concrete structure fam air
chamber with a frontal submerged opening facing the waves. Theahteye surface of



the water mass within the pneumatic chamber produces a losuprasciprocating flow
that drives a Wells turbine placed within a relief vane. The rgéoreis a wound rotor
induction type machine, capable of operating over a relativetle wange of speeds
(Kramer link or DFIG type) [6].

Figure 5.25: Ocean wave converters (a) Pico OWC (b) AWY (c) AquaBuOY™ (d)
WaveDragon™ (e) Pelamis™

Submerged Pressure Differential (SPD)fhe AWS™ is a bottom-mounted heaving
device consisting of an upper part (floater) moving against @ fieeer part (Figure
5.25b and Figure 5.26b). The periodic pressure variation above this underwater buo
structure initiated by the wave motion results in vertical movenmkhe power take off
mechanism is comprised of one linear permanent magnet genetaise magnets are
mounted on the floater whereas the anchor-base contains the stator coils [6].

Point Absorber System (PAS)The AquaBuOYM is a freely floating heaving point
absorber that reacts against a submersed tube, filled with (re@detion mass) (Figure
5.25c and Figure 5.26¢). The reaction mass acts on the piston asdehbbdydes a hose
to pump water on a higher-pressure level. An accumulator is usedadoth the power
output and is then discharged onto an impulse turbine. The latter statges power
take-off system will involve a variable-speed generator condeittethe grid via a
rectifier-inverter-transformer. The AquaBu®Y is rated at 250 kW, and expected to
produce an average of 63 kW in a 33 kW/m wave environment [73].

Overtopping Device (OTD)WaveDragof" is a floating offshore overtopping device
tested for 1:4.5 scale prototype (22 kW) in Nissum Bredning, DenrRagré 5.25d and
Figure 5.26d). A twin-arm reflector concentrates the wave-indueddrvand overtops a
ramp that fills a reservoir. This storage structure contamsviater at a higher level than
the mean sea level and is pneumatically adjusted for its haggimst the varying sea
conditions. The hydraulic head generated in the reservoir is uskd/éomultiple units
of propeller turbines. These turbines are coupled to permanent mageehtprs, which
are interfaced to the grid using power electronic modules. A thresegwomarine cable
connects the offshore plant to the shore-based network [6].
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Hinged Contour Device (HCD):The Pelami®" is a semi-submerged pitching device
composed of cylindrical sections linked by hinged joints subject to le@hehand sway
motion (Figure 5.25e and Figure 5.26e). The wave-induced motion of these ipint
resisted by hydraulic rams. These hydraulic cylinders pumpuid, fvia control
manifolds, into high-pressure accumulators for short-term enesgggst Fluids from the
smoothing accumulators are controlled to drive multiple sets ohbjfdmotors coupled
to induction generators for interfacing to the grid via a transformer [12][69].
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Figure 5.26: Converter schematicga) Pico OWC (b) AWS™ (c) AquaBuOY™ (d)
WaveDragon™ (e) Pelamig"

The system schematic diagrams presented in Figure 5.26t réflecconventional
approach taken in the wind energy literature. Being a technoldlgin sts early phase,
many of the wave and tidal current devices may evolve in arelffenanner in the
future.

In light of the technology review, system dependent observations antlpassiwork
impact issues presented in the previous sections, a qualitative aletervations can be
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deduced. A matrix of converter types and their responsiveness & ghdsantegration
issues is presented in Figure 5.27: While this may reveal algactiare and leave scope
for detailed discussion, broad conclusions can be drawn by reviewirsgilthie aspects
of this presentation.
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Figure 5.27: Device-dependent observations
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5.7NON-TECHNICAL BARRIERS

Ocean energy development projects are an unconventional means of esearcer
utilisation. In addition, various environmental and societal factors ap@year as
significant challenges limiting development of electrical systetnesd& include,

Competing users [6] (shipping routes, fishing grounds, militaryceseeareas, coastal
and offshore establishments [bridges, harbors, shore-protectiordlepetrindustry,
tourism and recreation [surfing, boating]

Environmental Impacts [49] (marine wildlife habitat and effewtsoise emission,
sediment disturbance, sea bed disturbance, alterations to coastal geography)
Societal aspects [6] (leisure activities, visual impact, heéiss, land use in
developing onshore electrical network and substations)

Land usage [50] (land ownership and easements, interconnectiondsgcitibwer
lines, access roads)

Various jurisdictions have a number of regulatory requirements egard to many of
these issues [51][52][53]. In addition to abiding by these resinstithe ocean energy
sector still needs to secure the support from strategic polders, investment entities
and other public bodies. Considering the immensity of the potentidigshantrend of
technology development, this energy solution probably deserves greatezntuom
From prototype testing to sea trials, the associated finarislalis very high. In the
absence of a protection envelope from these uncertainties and edegwpport from the
relevant policy mechanisms, ocean energy concepts may bectayeddéMost of these
obstacles were present in the development phase of offshore wind tdowsver,
through collaborative efforts and participation of stakeholders @buslevels, these
were successfully addressed in certain countries. Similar concdreffdgs amongst the
public entities and technology developers would undoubtedly benefit the acheariasf
the ocean energy sector.
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6 SUMMARY

This report makes a qualitative comparison of ocean technologigghirof the success
and history of the wind energy industry. Possible challenges andt éftéheir impact

are discussed with specific attention to a set of devices im mrééimulate discussion of
grid integration. Being an emerging technology, costs, environmemiacts and

general public perception will play an important role in additionth® discussions
presented in this report.

To summarise the current status of the ocean power sector, wgéndréo their
challenges, opportunities and grid interconnection issues, the ifojjdkey observations
can be put forward:

Most of the ocean wave and tidal current technologies are at st@ades of
development. Only a few of the devices have been tested inggeected mode and
the duration of such tests has been relatively short.

Resource and experimental performance data would facilitateedenodelling and
characterisation. These models (dynamic and steady-statd)l de used in
subsequent system studies to identify electrical network impacts.

Greater predictability of ocean wave and tidal current resounzgs appear as a
unique advantage of ocean renewable technology. However, methodsolarcees
forecasting need to be realised and integrated with plant operation.

Short-term energy storage inherent in several converter systayisreduce the
effects of high frequency resource variability.

State-of-the-art technologies such as DFIGs, power electramds multi-pole
permanent magnet generators could play an important role.

Optimum configurations of multi-unit/multi-farm ocean energy plaatsl their
impact on electrical networks need to be understood.

Design of offshore electrical networks and realisation obteroperation and control
will play a key role in realising reliable grid integration of ocean powaantpl
Detailed investigations need to be carried out on a case-byaase Such studies
should accommodate various site-specific features (resourceprketivad and
generation) and device-specific characteristics (steadg-stand dynamic
performance models calibrated with test results).

In a very general and subjective manner, it can be statedridaintegration of ocean
energy systems will encounter similar challenges that werealent in the wind energy
domain and especially the offshore wind sector. Further consideratithie ofeeds and
concerns put forward by various stakeholders (electric poweriagjlitechnology
developers, environmental regulators and other public bodies) shouldeatsmsidered
in order to identify the system-wide repercussions of bulk oceamrpbarnessing. As
this area of research, development and demonstration accumuldtes bperational
experience, solutions to many of the expected challenges valvee In addition,
knowledge sharing and interaction within multiple disciplines of ermging practices,
scientific research and policy discussion will aid the procelssocean energy’s
emergence as a viable industry.
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GLOSSARY

Variability of Resource [74]

Nominal or nameplate capacity

This is the most common number used for referring to the normatmaxoutput of a
generating source. For example, a wind turbine may be referr@sia 1.5 MW turbine,
or a 120 MW wind farm.

Capacity or average capacity factor

The average expected output of a generator, usually over an anrnodl @enerally
stated as a percentage of the nameplate capacity. For wiadjtgefactors are generally
between 25% to 40% of the nameplate capacity, depending on the local wind resource.

Capacity credit

Generally, the amount of output that may be statisticallgdealipon during periods of
peak demand. This figure will depend on the correlation of local ptioduand demand
features, and will not be directly comparable between diffeggids. Crucially, the
correlation between different generating facilities is g feetor in determining overall
system reliability. If different wind farms, for examplencseparately be relied upon to
produce 10% of peak demand, but they have low correlations between thersebibes
are located far apart, their combined capacity contributidrbeihigher than 10% due to
diversification. Estimates of the capacity credit for wind vapm 10-30%, although
10% is used in some locations as a baseline figure (due to lackfiofest historical
data, for example).

Penetration or Peak Penetration

This refers to the nominal capacity over estimated peak demahe system grid (for
example, of wind-generated power) in percentage. As noted belowigtinie floes not
provide much information beyond the scale of the amount of (potential) wimerafion

to peak demand. Most large systems have wind penetration of sublstéedgthan 5%,
although Denmark has approximately 44%, Spain 26%, Portugal 24% and Germany 23%.
At much higher penetrations, more appropriate measures and @orsetti the gross
penetration have been proposed to better characterise the issuderafittency.
Penetration may also be used to refer to the amount of energsatgehas a percentage

of annual consumption.

Electrical network and equipment

Spacer Cable

A pole-mounted, overhead line construction method using multi-layer-dieleovered
conductors supported by insulated spacers with a high-strengtimgtestnger cable; in
use world-wide at voltages of 5kV, 15 kV, 25 kV, 35 kV, 46 kV and 69 kV; highly
resistant to outages caused by storms, hurricane force winds, ctnetact and
birds/animals; single-circuit and multi-circuit three-phase, avarrright of-way
construction on single poles or as under-build on existing power lires; @sonomical,

61



with low environmental impact and less disruptive to trees, propartroads when
compared to underground concrete-encased duct bank or direct-buriech&tRItions.
115 kV and 138 kV-rated spacer cable may be available pending complet&seafch
and development by manufacturer and high-voltage labs [75].

Circuit Breaker
A piece of switchgear equipment designed to protect an eléct@teork from the
damage of fault [64].

Transformer
A piece of equipment that transforms voltage from one value th@ndtor example, a
transformer may change a voltage value from 11 kV to 690 V [76].

Switchgear

A piece of equipment designed to separate one part of an elengtevork from another
under abnormal operational conditions. Some switchgears have proteajiadeilities,
such as circuit breakers [76].

Distribution Network

The part of the electrical network of a country or region thaiesacurrent at medium
and low voltage. For example, in England the voltage for the distiibsiistem ranges
from 132 kV to 230 kV. In other parts of the UK and abroad, the definitiomeo¥adltage
range may be different [76].

Transmission Network

The part of the electrical network of a country or region thatiesaccurrent at high
voltage. For example, in England the voltages for the trangmissistem range from
400 kV to 275 kV. In other parts of the UK and abroad, the definition of thageolt
range may be different [76].

Point of Common Coupling
The point in the network where the connection for the new embeddedatjen is also
used for the connection of another user [76].

Power Factor

The measure of the amount of usable power produced by a generatoalddef the

power factor is an indication of the efficiency of the gener&owver factor values can

be between 0 to 1. A value of 0 means that no power is produced. A value of 1 means that
the generator produced the maximum possible usable power. In @raumieer factor
values range from 0.6 to 1 depending on the type of equipment.
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Network Strength

In qualitative terms, power flow capacities of part of a network can be obshreedh
identifying the strength of a grid. The term “grid strength” referi¢cability of a part of

a grid to absorb disturbances. It is indicated through the parameter “shortoreait’

level of the point in question. A grid network can be modelled as an equivalent circuit as
shown below. Far away from the load, the source volthgean be taken as constant

(not influenced by the condition at the load) [8]. Short circuit powegds3)sd/Zsc

(MVA), where Zscis the line impedance. If this impedance is high, then the voltage
variations ¢ would have small effect on;U

Figure A.1: Equivalent representation of an electrical network

Alternately, for a plant with P(MW) capacity, the ratigd® Ssd/P is a measure of the
grid strength, with respect to the installed capacity. Tylyigaid capacity is ranked as:
(a) Weak if Rc< 10; (b) Moderate if 10 <& < 20; or (c) Strong if &> 20.

Generator types [76]

Synchronous Generators

Synchronous generators are capable of being controlled such thatotheut is

synchronised with the grid frequency. They can generate both activesactive power,
thus providing voltage stability for the network. Synchronous generaier generally
used for large centralised generation schemes such as nuclear, cbroyhe gas
turbine (CCGT) or coal-fired plants.

Asynchronous Generators

Asynchronous generators are more commonly used for DG applicationswitle
individual generator capacities less than a few MW). Asgormous generators cannot
generate reactive power on their own; therefore, they cannot opetependently of the

grid unless a source of reactive power is provided (e.g., poweor factrection
capacitors or synchronous compensator). The most common form of asynchronous
generator is the induction wind generator.

Power Electronic Converter (Inverter)

Certain generating technologies are generally connected teldbgicity network via
power electronics. Direct current (DC) sources (photovoltaic [BAtieries, fuel cells)
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need power electronic inverters to convert DC to AC for grid cororectn terms of

existing distributed generations (DG), these power electr@athnblogies are being
applied increasingly at connections of larger wind turbines. Traditiasynchronous
wind generators are being superseded by Doubly Fed Induction GendEtdGs) that

through the use of power electronic inverters allow much greatdrol of active and

reactive power output.

Terminology

Ocean Energy Conversion Processes/Systems (Acronyms)

OTEC Ocean Thermal Energy Conversion
owcC Oscillating Water Column

SPD Submerged Pressure Differential
PAS Point Absorber System

OTD Overtopping Device

HCD Hinged Contour Device

Terminology Standards

— |EC 62600-1 TS Ed.1: Marine energy - Wave, tidal and other water current converters
Part 1: Terminology (Working document)

— |EC 60050-411: International Electrotechnical Vocabulary - Chapter 411: Rotating
machinery

— |EC 60050-415: International Electrotechnical Vocabulary - Part 415: Wind turbine
generator systems

— |IEC 60050-448: International Electrotechnical Vocabulary - Chapter 448: Postensy
protection

— |EC 60050-461: International Electrotechnical Vocabulary - Part 461: Eleeatries

— |IEC 60050-466: International Electrotechnical Vocabulary. Chapter 466: Ovenhesd |

— IEC 60050-471: International Electrotechnical Vocabulary - Part 471: Insulators

— |IEC 60050-551: International Electrotechnical Vocabulary - Part 551: Powé&oeies

— IEC 60050-551-20:International Electrotechnical Vocabulary - Part 551-20: Power
electronics - Harmonic analysis

— IEC 60050-601: International Electrotechnical Vocabulary. Chapter 601: Generati
transmission and distribution of electricity - General

— IEC 60050-602: International Electrotechnical Vocabulary. Chapter 602: Generati
transmission and distribution of electricity - Generation

— |IEC 60050-603: International Electrotechnical Vocabulary. Chapter 603: Generati
transmission and distribution of electricity - Power systems planning amalgement

— |EC 60050-604: International Electrotechnical Vocabulary. Chapter 604: Generati
transmission and distribution of electricity - Operation

— |EC 60050-605: International Electrotechnical Vocabulary. Chapter 605: Generati
transmission and distribution of electricity - Substations
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