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EXECUTIVE SUMMARY
In recognition of an increased global demand for clean and renewable power, the marine
energy sector has recently seen increasing activity. With the successful deployment of
several landmark tidal current and ocean wave devices in Europe, the immense potential
of this field is poised to enter a new phase.
Large-scale grid-connected ocean power plants, consisting of modular energy conversion
units, are the essence of such schemes. However, significant technological and
knowledge barriers need to be overcome before ocean power devices can be deployed for
commercial power generation.
At present very few utilities recognise this emerging marine renewable power in their
longer-term portfolio. As marine renewable energy may not make any significant
contribution within next 10 years, no specific grid-integration activities related to marine
renewables are underway. The IEA-OES Executive Committee approved an Annex
(Annex III) in 2007 with an overall aim: to provide a forum for information exchange and
co-operative research related to the short-term and long-term integration of ocean energy
into electrical systems. The Annex consisted of three work packages and co-ordination
with other relevant initiatives within IEA.
This report presents the work carried out through Work Package 1 of the Annex. It
focuses on identifying (in comparison to wind energy) any potential differences and
opportunities associated with integrating wave and tidal current energy plants into
electrical grids. The report presents the characteristics of some wave and tidal current
energy conversion processes and identifies areas where ocean energy technologies bear
unique advantages in comparison with wind energy technologies. The report also
discusses how the experience gained from the wind energy industry could be used to
mitigate any future grid integration challenges associated with large-scale
implementation of ocean energy technologies.
The present nascent status of the wave and tidal current sector, as well as the large
diversity of conversion processes, make it difficult to assess their true future in largescale integration. The success of the wind industry presents a real opportunity to learn
and overcome potential barriers to wider use of ocean energy. Effective mechanisms for
knowledge transfer, use of proven methods and adaptation of off-the-shelf technologies
will accelerate growth of the ocean power industry. Contributions from other industries
such as offshore oil and gas, offshore protection, shipbuilding and fisheries may also play
an important role.
While the vastness and predictability of ocean energy resources bear immense
opportunities, research priorities must be given to system design, deployment and
economical power production in a context of longer-term large-scale deployment
scenario. Integration of wave and tidal current energy plants into the electric power
system is subject to a multitude of design, operational and economical factors. System
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sizing and operational impact depends on resource characteristics to a great extent and
elements of geographical uniqueness need to be reflected in integration investigations.
Model for integrated electrical system scenario analysis, considering the flexibility of
electrical systems, possible generation mixes and network analysis, could determine
longer-term deployment targets for ocean energy as well as infrastructure needs in
different geographical regions.
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1 INTRODUCTION
Ocean wave and tidal current technologies, in addition to other forms of marine energy,
possess immense potential for generating electrical power in an economic and
environmentally friendly manner. Technological innovations and deployment initiatives
are currently being reported [1]. To provide a forum for information exchange related to
integration of ocean energy into electrical systems, considering generation, transmission
and distribution, the IEA-OES Executive Committee held several discussions since 2004.
An Annex (Annex III) with a scope encompassing relevant co-operative task-shared
research on short-term and long-term integration of ocean energy into electrical systems
was formally established in 2007.
The Annex consisted of three work packages and co-ordination with other relevant
initiatives within IEA. The objective of the work package 1 is to identify potential
differences and opportunities associated with the longer-term large-scale integration of
wave and tidal current energy plants in comparison with wind energy, and identify
improvements to the existing interconnection guidelines to facilitate early stage pilot
wave and tidal current projects.
The specific task activity of the work package 1 is to evaluate the experience of wind
energy technologies with respect to grid integration, and convey this know-how into the
ocean energy domain. The following sub-tasks are part of this work package:
–
–
–

Review ocean energy conversion technologies and their conversion principles, control
mechanisms and operational behaviors
Review critical power quality and grid impact issues, as well as other peripheral
technical and non-technical barriers
Identify possible similarities and differences associated with grid integration of wind
energy and marine power technologies

The following sections of this report present the work carried out through the above subtasks. Most of the discussions presented in this report refer to both tidal current and wave
energy systems. Unique aspects particular to tidal systems or wave energy converters are
identified and elaborated wherever applicable. This work essentially aims at considering
the perspectives of electric power utilities and technology developers who are
investigating the possibility of mainstreaming ocean technologies as an emerging
alternative power technology.
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2 LITERATURE REVIEW
Publications that discuss ocean energy systems in the context of knowledge learned
through the wind energy industry are quite limited. Technical reports, scholarly articles
and interconnection standards/guidelines referring to a wide variety of subject matters in
the realms of wind-grid integration, renewable energy intermittency and distributed
generation scenarios were collected and considered in preparing this report. A thorough
technology survey detailing the existing and emerging ocean energy systems has
preceded this work [2].
Econnect Consulting Group Ltd. has prepared one of the pioneering reports comparing
wind power and ocean energy technologies related to grid-interconnection [3]. While this
report was very valuable in identifying a number of critical aspects, further observations
and device-specific evaluation appears necessary. Several other presentations and articles
were also studied to gain insight into the subjacent issues [4][5][6]. In the wind energy
domain, a number review articles that outline the state of the art (e.g., wind integration in
the US. [7], experience of German wind industry [8]) have been sources of concise and
relevant information.
Literature in the realms of offshore wind [9][10][11], device performance [12][13][14],
and general technology assessment [15][16] were also reviewed. For the sake of brevity,
other relevant references are cited alongside the item being studied throughout the body
of the report [17]-[21], [30]-[33], [46]-[55].
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3 INDUSTRY TRENDS
The emergence of the ocean energy sector as a sustainable and viable industry will
require significant technological breakthroughs and knowledge of system-level
integration and operation. The history of wind energy and its successful progression into
the commercial domain will reveal a number of interesting and useful facts in this regard.
At present, the marine energy industry is in a nascent state. In many ways, the history of
wind energy resembles the progression of ocean power technologies and a concurrent
historical perspective will help understand the associated subtleties.
3.1 WIND ENERGY INDUSTRY
A brief look at the history of wind energy indicates that a multitude of research and
development initiatives undertaken by the North American and European organisations
resulted in significant knowledge and operational-experience development. Tests and
development initiatives mostly involved multi-bladed/multi-configuration horizontal and
vertical axis turbines. Such investigations have successfully identified associated system
cost, structural limitations and electro-mechanical performance. A number of high-profile
pilot projects involving small-scale experimental wind turbines trail the history of
present-day commercial-grade machines.
While these investigations were mostly carried out in the 1970s and 1980s, the Danish
three-bladed concept became the industry norm of modern wind technology (Figure 3.1).
Research into high-power, reliable, low-cost system design is still going on in various
frontiers throughout the world.

Test Systems

Single-Unit

Onshore Farm

Offshore-Farm

Figure 3.1: Progress of the wind energy industry (Images from [22])
It is understood that the wind industry has experienced an unprecedented growth in the
past two decades mostly owing to cost reductions that primarily resulted from
breakthroughs in material science, blade design assisted by computing tools, and system
engineering [8][9]. At present, further improvements are expected in realising higher
capacity ultra-large wind turbines (employing technologies such as direct drive
generators interfaced with power electronic converters or floating multi-machine wind
platforms placed far offshore) that will enable wind energy harvesting in ways that were
not possible previously.
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As seen in Figure 3.2, installed nameplate wind capacity at the end of 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 of electricity
worldwide. Germany has the highest generation capacity (~28% of worldwide wind
production), followed by the US (16.9 GW) and Spain (14.7 GW). In Denmark, wind
power accounts for around 20% of total electricity generation, and in Portugal wind
power penetration reached around 12% in 2007 [24]

Figure 3.2: Installed wind energy capacity at the end of 2006 and 2007 [24]
Most of the present-day challenges associated with wind power integration are primarily
related to high wind penetration. Being an intermittent source of power, wind farms
contribution beyond 20% of total demand may cause management challenges [3][25]. A
number of other areas of focus in this regard, are:
– Assessment of wind power impacts (steady state/dynamic) and management of multiarea wind resources [26]
– Prediction of wind resources using sophisticated real-time forecasting methods [26]
– Dynamic modelling of wind energy conversion systems for large-scale transient
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 level of wind power in
an economic and efficient manner [26]
13

As the offshore wind technologies continue to develop, it is expected that this particular
class of energy engineering will render significant support toward the ocean energy
industry in terms of knowledge-transfer and resource sharing. As identified 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, multi-unit 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 through the advancement of the wind
industry are of high relevance to the ocean energy sector. Collaboration within and
beyond various stakeholders (policy makers, technology developers, legislative entities)
and confluence of a number of research and development facilities aided the progress of
the wind industry. Engaging public communities and environmental groups eased various
concerns relating to ecological impact, aesthetic appeal, and wildlife protection. From a
more technical viewpoint, issues such as uncoordinated efforts in system modelling and
interconnection guidelines, however, affect the wind industry in a negative way and the
industry is attempting to resolve these issues.
3.2 OCEAN ENERGY INDUSTRY
In the early stages of the wind power industry, only vertical and horizontal machines
employing synchronous/asynchronous machines were the primary focus of research and
development. The domain of ocean renewable energy conversion, on the contrary, has
been historically marked by a large diversity of conceptual principles, devices and
applications [2][35]. In addition to exploiting ocean waves, tides and marine currents,
other principles such as thermal gradient, salinity gradient and hydrothermal vents are
being considered. Areas of application range from off-grid power supply to large-scale
ocean power farms, as well as non-electrical applications such as desalination for
drinking water supply and hydrogen production through electrolysis.
Harnessing energy from tides by building tidal barrage technology is the only area where
conversion of ocean energy has been demonstrated in a continuous and economic manner
for decades (Figure 3.3). However, potential environmental impacts associated with this
type (barrage type) of conversion plant hindered further deployment of this type of
projects in certain parts of the world. Nevertheless, various projects in Republic 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 demonstration projects, several
state of the art tidal current and wave power devices have been deployed in Europe
during the period 2008-2009 (Figure 3.4). In addition to these landmark installations, the
ocean energy domain is experiencing a wide range of activities mostly encircling system
design, proof of concepts and sea-trials.

SeaGenTM system deployment, UK

PelamisTM wave power farm, Portugal

Figure 3.4: Recent tidal current and wave power deployment initiatives [69][70]
While a number of wave energy converter concepts have been designed, built and tested
(albeit for limited duration) since the 1970s, the first generation of ocean technology
mostly involved onshore single-unit deployments. Most of the early efforts on wave
energy were focused on concepts such as land-based oscillatory water column (e.g., Pico
Plant, Limpet), onshore overtopping device (e.g., Tapchan), or shoreline surge systems
(e.g., Pendulor). Since, wave energy concentration increases as the devices are placed
further offshore, the more recent devices employ modular units to be placed in an array.
It is expected that multi-unit farms consisting of such modular devices, as seen in the
15

wind energy industry, will comprise the future commercial ocean power systems. For the
ocean energy sector, lessons learned through the limited number of full-scale
deployments have been instrumental in devising newer systems. Issues arising from the
harsh sea conditions and device survivability, accessibility and operation have been
identified as key concerns that require rigorous attention.
A brief look at the marine energy conversion schemes reveals that most of the tidal
stream generators are analogous to wind turbines and these units mostly utilise designs,
concepts and equipment that originated in the wind industry (Figure 3.5). In sharp
contrast to wind and tidal turbines, wave energy converters operate on diverse principles
and may require cascaded conversion mechanisms. Although tidal turbines can be viewed
through established terms and definitions of the wind energy literature, studying wave
energy devices poses a unique challenge. Different systems operate on different methods
of wave-device interaction (such as heave, pitch or surge) and may need pneumatic,
hydraulic or mechanical power take-off stages. In addition, placement of these devices
(distance from shore, depth from surface and orientation with respect to the wave-front)
and subtle structural aspects (resonance, directionality, etc,) may blur the definition
operating principles. Although the front-end stages may have significant diversity in
design, the final stages of conversion (i.e., electric machines and equipment) are
generally very similar for both wind and marine (tidal or wave) power plants.
Ocean Energy Conversion Systems (Tidal & Wave)
Tidal Current

Ocean Wave

Mechanical
Process

(Power Take
Off)

Front-end
Conversion

(Intermediate
Conversion)

Air flow

Air turbine

Water flow

Electromechanical & Electrical Process

Final Conversion

Relative motion between bodies

Water turbine

Hydraulic
pumps

Mechanical
transmission

Hydraulic
motors

Mechanical
gear

Figure 3.5: Simplified representation of wave and tidal stream devices
From design and operation point of view, subtle differences can be attributed to ocean
energy devices. For example:
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(a) For a given power level, wind turbine rotors are larger than those of tidal turbines.
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 converters has 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 engineering, newer concepts are
still emerging on a continuous basis. The process of classification and
characterisation of wave devices is therefore a major undertaking.

Figure 3.6: Artists’ impression of future (a) offshore wind [10] and (b) multitechnology wave energy [29] plants
In general, wave and tidal current energy conversion systems may follow the
development trend of wind energy technologies in many aspects. In both cases, modular
units would form clusters of devices that subsequently make up a farm. These systems
are subject to variability of energy flux, i.e., the variable nature of wind, wave or tidal
phenomena. Other forms ocean energy conversion process, such as ocean thermal energy
conversion (OTEC) and salinity power would have steady energy flux. A futuristic look
at the offshore wind and ocean energy sector reveals close similarities, as both concepts
involve offshore development of industrial scale (Figure 3.6). System design,
development, commissioning and even hybridisation of multiple concepts (such as windwave, wind-tidal or wave-tidal systems) may take place in synchronism and potentially
expose newer frontiers of energy exploration.

17

4 POTENTIAL OPPORTUNITIES
The world’s oceans constitute one of the largest inventories of untapped renewable power
[15][36]. With a dwindling supply of fossil fuels and increasing questions surrounding
the depleting resources, renewable technologies, especially ocean energy, can play a
critical role. Following the path of wind power, emergence of a viable ocean energy
industry will introduce newer economic opportunities. In addition, large-scale
deployments will contribute toward reduction in greenhouse gas emission and ensure
local and regional energy security. Other beneficial features that can be attributed to the
ocean wave and tidal power technologies are discussed in the following sections
4.1 ENERGY EXTRACTION CAPACITY
Apart from large-hydro, wind and solar power make up the lion’s share of today’s
renewable energy industry. A brief comparison of various devices having similar physical
dimensions (i.e., surface area) indicate that the capacity of ocean power devices to
harness the incident energy is several orders of magnitude higher than that of wind or
solar systems (Figure 4.1). This primarily arises from the fact that water is a dense
medium. Also, many ocean wave devices are capable of extracting the incident energy
from an effective surface area many times larger than the actual devices.

Figure 4.1: Energy density1 of various renewable processes [39]
For a given device size and an increasing capacity to harness the incident energy, the
material usage and subsequent capital costs decrease. While these observations are
preliminary in nature, further technological development, deployment and industrial
maturity will reveal the true extent of such devices’ actual size and capacity.

1

Wave power is measured using units of “W/m of wave front.” However, this comparison is a general
assessment of ”power captured per unit surface” termed as “energy density” in [39].
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4.2 GENERAL TECHNOLOGICAL ADVANCEMENT
Activities in the marine energy domain had gained elevated attention several times in the
past. However, lack of effective scientific methods and technological tools (i.e., reliable
and commercially viable solutions) contributed to the demise of such efforts resulting in
discontinuity in various landmark research and development initiatives. At present,
equipped with modern science and proven methods, many older concepts are appearing
viable. To name a few, the present-day advantages that may aid the advancement 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 offshore structures
Availability of cutting edge electrical systems (machines, power electronic
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 testing (Figure 4.2), ocean energy
research has long been heavily dependent on computing, control and data-collection
methods. With the advent of newer devices and tools, it is possible, at least in principle,
to achieve faster growth in this sector than that would have been possible in the early
1980s.
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4.3 RESOURCE PREDICTABILITY
The ability to predict a variable resource is of high significance in bulk
commercialisation, cost reduction and industrial success. From a more technical
perspective, if prediction methods are effective, grid integration and accommodation of
intermittent resources become more manageable. As indicated in Figure 4.3, tidal
variations are of semidiurnal/diurnal nature and are fully predictable. In addition,
estimation of wave characteristics involves lesser uncertainties than that of wind
velocities owing to its slower frequency of variation and direct dependence on wind
conditions in the far-fetch. Tidal charts are mostly readily available for weather
forecasting, navigation and various other marine activities. This information 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 essentially be considered as a form of
solar energy. The differential heating of the earth’s atmosphere and subsequent wind
regimes play a critical role in wave generation. In fact, ocean waves are directly related to
present or past wind variations experienced in the local or neighboring geographic
regions. Wave conditions, in spite of being not as predictable as tidal variations, can be
estimated using various direct or indirect methods. Real data transmitted from wave
buoys and historical data stored in weather-monitoring facilities may play a critical role
in this regard. In addition, wind variations and its impact on wave generation, may
provide solutions for very accurate wave forecasting (Figure 4.4). Various tools,
equipment, and methods for wind velocity measurement and prediction are already in
place around the world. Such schemes can be correlated to wave energy purposes and this
may provide solutions for effective ocean resource management and grid integration.
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Figure 4.4: Example of (a) wave and wind power density correlation at location
59.06oN, 8.42oW and (b) measured and simulated wave elevation [41]
While variable energy resources associated with tides and tidal current are predictable,
they will more easily achieve economic viability if other ocean renewable resources such
as ocean thermal and salinity power, provide the base power. Such a scheme essentially
makes wave and tidal current generating plants dispatchable, as opposed to being
completely subject to natural cyclic/stochastic variations.
4.4 MULTI-FARM AVERAGING EFFECT
The present trend in the ocean power sector is to develop modular devices that can be
placed in a spatially separated array. In such cases, it is expected that intra- and interfarm superposition of extracted power will induce an averaging effect on the net power
output of wave and tidal farms.
For many potential tidal plant sites, there exists a significant phase difference between
neighboring areas. If such features can be exploited, tidal power project development
could realize a significant power-smoothing effect. One example of such a feature occurs
on Vancouver Island’s western coast in British Columbia, Canada. Certain passages have
near-opposite phase conditions.
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Figure 4.5: Analytical study on multi-unit wave power plant’s averaging effect on
overall power output [57]
Since wave variations have significant periodic components, multi-unit wave energy
devices could potentially produce more energy if they are placed in optimum locations
and achieve near-steady cumulative output (Figure 4.5). In addition, hybridisation of
wind and wave devices may bear significant advantages, at least from resource variability
point of view [42]. The wave energy tends to remain relatively consistent through dips in
the local wind profile, and also tends to persist for a period after the wind has died down.
This has the effect of compensating for the variability in wind, and also providing a
buffering effect from a sudden drop in wind power output [58].
4.5 SHORT-TERM STORAGE
Some wave energy conversion devices, especially the ones with an intermediate
conversion process, may inherently allow energy storage for short time durations. This
acts as a low-pass filter removing some of the high frequency power oscillations
generated from wave variations or device operation. Since tidal current devices mostly
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engage an electromechanical energy conversion process, apart from the system 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 WavedragonTM, PelamisTM and Oscillating WaterColumn (OWC) systems,2 exhibit noticeable storage (Figure 4.6). Devices such as
Archimedes Wave Swing (AWSTM), where direct drive PM [permanent magnet]
generators and power electronics are used, do not exhibit this feature and may deteriorate
the frequency spectrum of the captured power unless external buffer mechanisms 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 compared with traditional fossil fuelbased generation in order to gain insight into the market strength of such renewable
power technologies.
Being a nascent technology sector, there exists significant uncertainty on the projections
of various ocean power solutions and their corresponding overall costs. However, some
initial suggestions indicate that present projections are favorable to ocean energy’s long2

The amount of storage depends on the turbine-generator design, which can be designed to have low or
high inertia, and thus corresponding energy storage levels.
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term success and further cost reduction is possible with large-scale deployment (Figure
4.7).

Figure 4.7: Market entry cost of wave energy devices [12]
4.7 OTHER OPPORTUNITIES
In addition to providing an environmentally benign means for electricity production, a
number of positive economic factors may become favorable for ocean energy
development efforts. Such technical and societal aspects would play indirect but 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 generation from
ocean energy conversion
Support to the regional renewable portfolio standards (RPS) [40]

As a natural repercussion to any industrial growth, ocean energy has the potential to
create diverse economic benefits. In addition to the apparent opportunities associated with
electricity generation through ocean energy conversion processes, other utilisation
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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5 IDENTIFICATION OF CHALLENGES
Integration of ocean energy conversion systems into the electrical network encompasses a
number of technical and non-technical issues. Being an emerging area of energy
engineering, it is therefore important to evaluate both of these areas. In this regard,
identifying possible challenges that may retard the progress of wave and tidal current
energy systems is the essential first step to mitigate these obstacles. Lessons learned from
the wind energy industry can bring important insight into the ocean energy sector and this
section of the report is dedicated to a set of broader subjects related to grid-integration
and network interconnection.

5.1 RESOURCE VARIABILITY AND INTERMITTENCY
Renewable energy systems convert the energy flux from natural sources into useful
forms. Therefore, the stochastic and periodic nature of various environmental elements
affects the operation, output and availability of such energy converters. The frequency of
variation depends heavily on the conversion principle and the mechanism employed, as
indicated in Figure 5.1 [25]. While significant wind variations may occur anywhere from
minutes to years and have very strong geospatial distribution [34][38], ocean wave and
tide variations are mostly limited between hourly and seasonal variations. This implies
wave and tidal current energy plants will exhibit lesser degree of variation 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-day cycle and (b) 14-day cycle.
Depending on the geographical location and site-specific features, tidal energy resources
may appear suitable for economic power production. Tidal power systems, in spite of
being predictable, exhibit zero output roughly twice per day and the peaks and troughs of
resource variation do not necessarily coincide with load demand. This can be smoothed
out to a certain extent with plants placed in a sufficiently distributed manner so that the
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peaks of some sites coincide with the troughs at others. By contrast, wave variations are
more stochastic in nature. Also, deepwater wave height and frequency variations depend
on wind forces that have transferred their energy flux into a water body over far-fetch
areas. In Figure 5.2 and Figure 5.3, two time series plots are given for measured tidal and
wave data, respectively.

Figure 5.2: Time series chart of tidal height and velocity near Campbell River
(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, USA [45]

Historically, resource intermittency and variability have been considered as key
hindrances toward integration of many renewable energy sources. The key aspects in this
regard are:
–

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

–

Stress on the electrical network: As the operation of many renewable energy systems
directly depends upon the variations in environmental conditions, sudden increase in
output or outage from the generation mix may cause the neighboring network to reach
its threshold of continuous operation. Also, effects of flicker, harmonics and thermal
overload may introduce various operational challenges.

–

High penetration effects: With a minimal level of renewable energy integration with
the existing bulk power system, time variations are buried in the overall loadgeneration mix. However, with higher penetration of such generating stations,
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occasional mismatch between existing load demand and generation level may cause
the system to migrate from its equilibrium conditions. In some European countries,
high penetration of wind energy is considered a major topic of interest.
Wind energy, in spite of being highly variable and difficult to predict, secured its place
alongside other conventional energy sources. The key lessons learned from this
technology includes:
–
–
–
–
–

Geographical aggregation of wind generation reduces the output fluctuations resulting
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 demand, sufficient backup
and reserve capacities need to be maintained.
Expansion and reinforcement of transmission and distribution networks plays a key
role in allowing high level of wind power integration into the grid.
Newer technologies and management strategies paved the path for fast growth of
wind power.

For penetration levels of 20% and above, conventional paradigms of accommodating
wind generation may not be sufficient and newer methods are being sought. This issue
arises from the fact that, for lower penetration levels, resource intermittency is buried
within the available grid power/loads. At high wind penetration, this issue becomes
dominant and appropriate measures (e.g., wide area balancing, spinning reserve, etc.)
need to be facilitated. Wave and tidal resource characteristics are widely considered as
more predictable than that of wind. However, in absence of reliable and sufficiently
accurate methods of wave forecasting schemes, the ocean energy sector may face
difficulties in gaining confidence within utilities. Therefore, existing global and local
wave forecasting models need to be adapted for use in energy extraction.
An electric system, in the presence of diverse energy mixes and load conditions, requires
the net load and net generation be balanced at any given time. The impact of a timevarying generation station, such as wind or wave, can be studied through three time
domains (Figure 5.4):
–
–
–

Regulation: Short-term (seconds-minutes) balance management using methods such
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 Commitment: Securing sufficient generation in advance (hours
or days), preferably in a more real-time manner
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Figure 5.4: Load balance and scheduling [7]
For wind penetration up to 10% to 15%, it has been observed that regulation and load
following operations pose minor restrictions on the overall system [7]. However,
uncertainties of wind generation availability and system balance maintenance have
remained as unresolved issues from the system operators’ perspective. With higher
penetration levels, these aspects, especially scheduling and unit commitment will become
more dominant.
Wave and tidal current generation schemes will undoubtedly require similar
arrangements for being accepted into an electric network. Capitalising on the commonly
perceived notion that wave and tidal resources are more predictable, development of
reliable, effective and accurate forecasting methods will have multi-dimensional effects,
such as:
–
–
–

Resource assessment and prediction of wave/tidal plant output for feasibility/cost
studies
Becoming competitive to dispatchable generation units and providing ancillary
services
Avoiding scheduling penalties and contributing to reliability enhancement

In a large electrical network, the variable nature of wind causes few constraints on the
electrical system from a technical operational point of view [7][20]. This variation is
buried in the supply-demand balance. However, in cases where the penetration level is
high (~25% or more) or in an island system relying significantly on a near-by wind farm,
these variations may cause technical challenges. In brief, the effects of resource
variability can be overcome by accommodating one or more of the following schemes:
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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 BPA [37]
Near real-time wind forecasting is becoming a critical aspect for integration of large-scale
wind farms into the main grid. Novel concepts and use of advanced tools are being
investigated to facilitate such forecasting schemes (Figure 5.5). Resource prediction
mechanisms using such advanced tools will accelerate the participation of wave energy
plants in the existing resource mix.
5.2 OFFSHORE COLLECTION SYSTEM
Medium- to large-sized wave and tidal current energy developments would be deployed
in arrays consisting of multiple modular units placed in an optimum spatial arrangement.
Apart from the systems that rely on hydraulic power transfer to the shore, most wave
energy systems need to be electrically connected and interfaced with the onshore
electricity grid. The offshore wind industry has demonstrated commercial success of
various configurations of collection systems. Recently, the UK’s Centre for Sustainable
Electricity and Distributed Generation (SEDG) has produced a relevant report [80] on the
design of offshore infrastructure. For wave and tidal energy, development of such
offshore networks and their cost and reliability impacts need to be established. This
implies the issue of designing cost-effective offshore networks that 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 tidal plants as most sites are located
in constrained passages, inlets and channels fairly close to the shore. However, depending
on the plant type (floating, fixed or seabed mounted), there could be conflicting issues,
such as navigation, marine life protection, etc. For wave energy, on the other hand,
resource concentration is higher as the device is placed further offshore. In addition,
water depth, array design, geological conditions, bathometry, etc. will play a critical role
in developing an optimum collection network. To mitigate these problems, a multitude of
technical and economic matters need to be addressed.
5.2.1

Cost Considerations

Although a number of wave and tidal current energy technologies are in their precommercial stage, in the absence of experience gained through large-scale deployment,
the actual cost scenarios pertaining to electrical network design are difficult to predict.
The information on plant cost development can be evaluated, to some extent, from the
wind energy literature. As indicated in recent studies [11][46], the collection system
(electrical power delivery) for offshore wind farms have encountered higher cost (2530%) compared to onshore turbines (~20%) (Figure 5.6). This arises from the added
complexity of offshore installations, grid connection and the requirement for specialised
logistics. However, higher annual wind energy extraction typical for offshore 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 wind industry (underwater
cable, DC transmission with power electronic interfaces, etc.) are potentially applicable
for ocean energy plants, it is expected that the cost for collection systems would remain
similar. Cost reduction has been the most critical aspect in the success of the wind
industry. For ocean energy, this will be equally true and concentrated efforts need to be
put forward in this regard. From a power collection and delivery point of view, 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 minimisation, offshore wave
and tidal current energy plants are subject to a set of requirements mostly arising from
potentially harsh sea conditions. Plant availability, redundancy, fault protection (from
human activity or natural events) and accessibility for maintenance are 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 example floating offshore devices)
can require connection/disconnection of the converter. Electrical connectors should
facilitate these tasks to reduce maintenance costs. The use of electrical connectors could
also give some flexibility in terms of power rates, voltage levels 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, application of DC power
transmission schemes may prove to be more economically and technically suitable. DC
power transfer essentially decouples the offshore wind farm from the onshore network.
Also, DC collection provides additional flexibility in reactive power supply and
subsequent voltage stability enhancements. However, power electronic converters need to
be placed both at the wind farm and at the onshore point of coupling. Such components
contribute to overall cost and system reliability. For ocean power systems, a set of similar
comparative observations between AC and DC systems can be made. This includes:
–
–

–

Development of power electronic interfaces for harsh conditions and assessment of
transmission efficiency and relevant cost (Figure 5.8)
Loss reduction (transformer losses, transmission line losses for AC systems) and
reactive power management (reactive power production by DC lines and consumption
by AC equipment)
Assessment of additional benefits, such as real and reactive power control, fault
mitigation, etc., through effective use of power electronic systems.

Investment Cost

Transmission Efficiency

4.0

100

Cost, pu

Percent %

AC cost/pu
DC cost/pu

3.0

Break Even
DC Line Cost

2.0

DC Terminal cost

1.0
AC Terminal cost

0

40

80

94
90

AC Line cost

0.0

AC Transmission
DC Transmission

96

120

160

84

0

40

80

120

160

Length, km

Length, km

1 per unit (pu) cost = DC investment 0 km [11]

Figure 5.8: DC vs. AC cable cost and efficiency [11]
In a typical wind farm, each turbine contains a transformer at its base in order to convert
the generator output from low voltage (LV) to medium voltage (MV). For clusters of
wind turbines this voltage still needs to be elevated to HV levels for more efficient
transmission through submarine cables. At the shore, a substation allows high power
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transfer over very high distances at extra high voltage (EHV) level. Also, at various
critical connection points, circuit breakers are placed in order to isolate faults (Figure
5.9).

Figure 5.9: Example of AC collection system [11]

Figure 5.10: Example of DC collection system [11]
In DC transmission systems, thyristor rectifiers convert offshore HV AC to HV DC.
Inverter units placed on the shore, convert DC voltage into AC form such that this can be
transmitted using transformers (Figure 5.10). Since wave energy plants may migrate
further offshore to utilise the higher energy areas, DC collection systems may become
cost-competitive (Figure 5.8). In such a case, both cost and technical aspects of DC
networks need to be thoroughly investigated.
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5.3 SYSTEM DIVERSITY
Wind turbines convert wind energy into electrical power through an electromechanical
conversion process. The three main components of wind turbines are: rotor, gearbox and
generator. In some systems, power electronic interfaces are required to achieve proper
grid connection. From an electrical point of view, the main classes of turbines are: (i)
squirrel cage induction machine; (ii) doubly fed induction machine; and (iii) multipole
synchronous machine (with power electronic interfaces). While the first system can be
directly connected to the utility grid, the latter systems require part or full-sized power
converters [55].
Wind turbine models have played critical roles in understanding system performance and
conducting grid integration studies. Likewise, model development of tidal systems and
especially ocean wave converters is a nontrivial problem, particularly for studying largescale ocean power systems. Descriptions of both steady state and dynamic characteristics
are critical in developing an understanding of aspects such as annual energy yield or
transient behavior. Models of power take-off methods (particularly for wave converters)
and corresponding short-term energy storage capacity are also critical in studying power
quality and variability issues.
As modular wave and tidal devices comprise a farm, there could be potential impacts on
their aggregate performance arising from their relative placement and the complexity of
wave/tidal interactions. Depending on the type of study, modelling of wave or tidal
current farms with may also become a critical factor. Several aspects that will need
attention in wave/tidal farm modelling include:
–
–

Tidal current energy: Bathometry, vertical velocity profile, wake and free surface
effects, effects of ducts, multi-unit farm effect
Wave energy: Wave direction, frequency, amplitude, bathometry, multi-unit
behavior, wave complexity (shoaling, breaking, refraction, reflection, diffraction)

5.4 SYSTEM OPERATIONS AND CONTROL
Continuous operation of wind turbine systems requires various dynamic and supervisory
control mechanisms embedded within the turbine system. In addition, communication
and coordination between the wind plant site and the onshore operator are required to
ensure timely and economic management of available wind energy.
Wave and tidal current energy conversion technologies, in most cases, have not yet
reached such a level of advancement. Automation and communication arrangements of
these systems may follow standard SCADA methods with provisions for special
requirements arising from operations under harsh sea conditions and limited plant
accessibility.
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Similar to any other power generating stations, ocean energy plants would require control
arrangements at various levels. This control hierarchy can be broadly divided into two
layers and may envelope a set of relevant requirements.
5.4.1

Supervisory Control

A precondition for integration of ocean energy systems into conventional generation is to
allow a certain level of dispatchability and scheduling. From the system operators to the
power producers, higher-level communication is vital. In addition, depending on the
operating conditions (resource variability, weather conditions and load demand), other
lower-level control actions with a narrow time scale may need to be 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 be deployed in offshore
environments where frequent access for maintenance and inspection is infeasible.
Therefore, robust equipment specially suited for adverse sea conditions posed by salt
water, rough conditions, public activities and marine animals needs to be developed.
While conventional technologies for remote communication, plant monitoring and data
acquisition may appear suitable for such schemes, novelty in design and cost 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
(SeaFlowTM turbine) [78]
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Figure 5.12: Outline of a communication scheme (Pearson College – Race Rock
clean energy project), Canada [79]
5.4.2

Dynamic Control

Plant dynamic control is another layer of automation that affects the power production
capability and continuous operation of the converter at a much lower level of control
hierarchy and contributes within narrower time scales.
Dynamic control requirements may vary widely depending on the plant type and its
design and operational features. While this area needs further development, a number of
concepts are being conceived [56]. This can be briefly outlined for tidal current 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 converter adjusts its operation
(rotor speed and power injection to the grid) in synchronism with the varying tidal flow
conditions.
Depending on the structure and mounting arrangement of a tidal turbine, further attention
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 varying water
elevation and/or water velocity
High frequency control scheme for machine control and/or power electronic
converters

Wave energy converters: Wave energy converters are subject to varying wave heights
and frequencies. While a large number of concepts exist, each based on a different
operational principle, it is challenging to generalize the dynamic control 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 the natural frequency
of device oscillation is matched to the incident wave frequency. This resonance or
phase control approach is complicated by device construction (cascaded multi-stage
architecture) and wave irregularity.

–

Optimum amplitude control:
In addition to the phase match, the level of power capture is directly related to the
amplitude of the device oscillation compared to the incident wave. This can be
realised by dynamically adjusting the operation of one or more elements within the
power-take-off system (such as fluid flow or turbine-generator rotational speed).

The control algorithms used by the leading wave and tidal device developers are closely
guarded commercial secrets and have never been published.
Most of the control issues relevant to the ocean energy converters are in research. While
part-scale prototype testing, numerical modelling and algorithm synthesis are in progress,
the rich knowledge base in wind energy may bring further advancement in such research
and development initiatives. At farm level, other options may be considered and, for
some devices, near-optimum control strategies may involve power exchange between the
devices themselves. This of course changes the offshore structure of the electrical
connections, and long-distance power transmission schemes may be affected.
5.5 NETWORK IMPACT
Traditionally, the electrical networks are designed and operated to facilitate power flow
from the generating stations to the load centres via the transmission system. Also,
elements of the power system are monitored and controlled to transfer electrical energy
with a fixed frequency and voltage in a reliable and cost-effective manner. Large hydro,
thermal and nuclear plants maintain the voltage (by controlling reactive 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-CurrentTM
tidal turbine [60], and (b) remote test site for PelamisTM wave converter [61]
Many ocean wave and tidal stream power plants will see deployment in areas where
network availability is limited [3][6]. In contrast to conventional systems, when sources
are connected in the distribution systems or areas where power generation was originally
not planned, various capacity limits, power quality issues and regulatory requirements
may arise.
The assumption that many future ocean energy plants will be deployed in remote areas
with limited grid capacity needs to be substantiated through further investigation and
case-by-case assessment. Generally, however, tidal stream plants will be developed in
areas with greater network accessibility than that of ocean wave converters because most
of the high-energy tidal currents are located in naturally articulated channels already
being used by shipping, navigation and neighboring populated areas. However, in the
UK, a study undertaken in 2004 [77] found that approximately 64% of the tidal stream
resource is located in the remote north of Scotland.
By contrast, ocean wave projects, in addition to being sited in coastal areas (i.e, away
from the load centres) may require substantial extension of the existing transmission lines
in order to access the areas with higher resource concentration.
In addition to plant remoteness (Figure 5.13), other grid-integration issues need to be
addressed, such as:
•
•
•

Conversion process and resources (resource intermittency, plant remoteness/weak
grid, plant type and behavior, effects of multi-unit operation)
Scale of development (plant size [pilot, full-scale, multi-unit farm], time-frame of
implementation [near term to long term], forecasted load/generation mix)
Impact location (area of impact [local, system-wide or island], network impact
[distribution or transmission system, island grid, etc.])

It is likely that future large offshore farms will be asked to contribute to the overall
network stability. This requirement is expected to become more stringent 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 wave and tidal current
turbine farm power plant size and area of impact as indicated in Figure 5.14. While many
of these factors are interrelated and cannot be viewed separately (such as reactive power
and voltage stability), this approach differentiates between the effects of a small project
against large future development initiatives.
Energy buffering for wave energy converters may represent a serious issue since the raw
power produced by a single unit may cause voltage variations at the connection node.
The impact depends on the grid strength. Due to “wave grouping” in a given sea state, a
large number of devices opportunely deployed in an array are needed to substantially
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 strength is limited, thermal
rating and fault protection mechanisms may need to be reinforced. Also, limitations in
transmission capacity expansion (for technical reasons, cost concerns or objections from
the public) may contribute to this problem.
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Switchgear Ratings
Components of the distribution network and the feeder circuits are designed and rated to
accommodate power flow within certain limits. Under a fault condition, high currents
may flow into these zones and generators may contribute significantly to this
phenomenon. Switchgear placed at various points of a typical distribution network 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 nodes of a network
vary and generally maintain a receding pattern from areas of generation to consumption
(Figure 5.15). This pattern is more obvious in weaker grids and around the distribution
networks. In a time-varying generation source (such as wave, tidal or wind) the voltage
profile throughout the network takes a more complex shape. In the vicinity of the
generation source, the steady-state voltage rises and may exceed the 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 generation [62]
Depending on the type of conversion mechanism being employed, a tidal current or wave
energy plant/farm may reflect the effects of resource variation on its output. For instance,
output from a typical tidal current turbine varies from its maximum to 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 areas, network
reinforcement (higher capacity conductors, transformers and switchgear) would allow
greater intake.
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•

•

•

Optimum sizing of generation station: Depending on the type of plant and resource
conditions, the optimum size of a generating station can be recommended for a given
network.
Power factor adjustments: Operating at the leading power factor raises the generator
terminal voltage and vice-versa. The addition of capacitor banks also affects the
voltage magnitudes.
Tap changing transformers: Systems may regulate the bus-bar voltage (step-up during
high load and step-down during high generation conditions).

Power (kW)

During the expected early deployment phase of wave and tidal plants up to 10 MW
interconnected to local utility distribution systems, the largest operational challenge will
probably be steady-state voltage control. Coastal distribution systems tend to be high
impedance, and even as little as 1 MW of generation may greatly affect the steady-state
system voltage, especially when both the load and generation occur in non-coincident
cyclic patterns [47].

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, known as
flicker, is one of the most common causes of nuisance and public complaints and is
defined as “Impression of fluctuating luminance occurring when the supply to an
electrically powered lighting source is subjected to voltage fluctuation [63].” The shortterm and long-term flicker severity factors denoted as Pst and Plt, respectively, are
typically used as measures of flicker conditions. For ocean energy devices, resource
intermittency, start-up and shutdown conditions, and interactions with network control
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 device [64]
It is expected that wave energy converters with intermediate energy storage mechanisms
will produce a more time-averaged output when compared to non-storage processes. As
shown in Figure 5.17 and Figure 4.6, the time scale and magnitude of output fluctuation
vary significantly from one type of converter to the other. It would be of interest to
determine the contribution of such fluctuations to flicker emission.
Some possible measures in reducing this condition are: (a) use of soft-starters in
induction generator-based systems to reduce inrush current consumption; and (b) use of
power electronic interfaces to buffer the resource variations.
Power Transition
Switching or voltage steps are attributed to large, sudden and sustained alterations of
network voltage [3]. These conditions may occur when generators are suddenly
disconnected from the network, due to faults or harsh environmental conditions (for
wind, tidal or wave converters). Turn on/off actions of intermittent energy converters
coupled with the use of induction machines and transformers, may also contribute to this
problem. As devices migrate from various operating zones (Figure 5.18) or respond to
resource conditions (Figure 5.19), these effects may propagate through the power
network.
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Figure 5.18: Operating regions of (a) wave (b) tidal energy converters [15]

Figure 5.19: Output variations of a power electronically interfaced wave energy
device (submerged pressure differential type) [5]
Harmonics
Harmonics is a measure of distortion of the fundamental sinusoidal wave (Figure 5.20).
While it is desired to have a constant voltage with specified frequency at any point of the
AC grid, harmonics are always present with varying levels of distortion. This distortion is
expressed through the term total harmonic distortion (THD). Presence of switching
devices, such as switch mode power supply (SMPS), adjustable speed drives (ASD), and
inverter-coupled generators (PM synchronous or doubly fed induction), may deteriorate
the harmonic conditions.
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Figure 5.20: Power quality effects [65]
Use of induction generators in tidal current and ocean wave devices may not contribute to
harmonic distortion. However, many devices use permanent magnet generators (rotary or
linear) through direct-drive or gear-coupled arrangements. Also, doubly fed induction
generators (DFIG) are being considered for variable speed operation of tidal and wave
devices. Power electronic systems (full-sized for permanent magnet generators and
partially rated for DFIGs) used in such grid-interfacing schemes may inject harmonics
into the network.
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Reactive Power
In a power system, reactive power is produced by capacitive components (capacitor
banks, cables) and is consumed by inductive components (transformers, motors,
reactors). Wave and tidal power generating systems with induction machines may
consume a significant amount of reactive power (35% to 40% at idling, 60% at rated
capacity). Therefore, to minimise the system losses and to increase the voltage stability,
compensation techniques may be essential.
5.5.3

System Analysis Issues

Load Flow Studies
In load flow studies, an electrical network is evaluated for parameters such as power,
voltage and overload conditions. Typical with any other generation or load addition,
ocean energy systems require load flow studies prior to integration to a network. The
availability of system performance data with sufficient accuracy 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-shore cables or onshore network
supplying power to the grid system are subject to fault. Such occurrences and
repercussions on the network include the following:
•
•
•

Harsh sea conditions, such as sea-ice and storms may overload, damage or disconnect
the affected unit or farm.
Human activities such as anchors, fishing and leisure activities may disconnect or
short circuit part of a circuit that connects the plants to the onshore station.
Typical to any electrical power network, fault conditions arising from transmission
line tripping (due to component failure), downed overhead lines, damaged
underground cables, short-circuit cables (due to debris or tree branches falling on the
lines) may occur to ocean power networks.

Fault contributions of wind turbines depend on the type and magnitude of the fault and
the generator classes being employed (Figure 5.21). In addition, grid stiffness/weakness
and wind farm aggregated conditions may play roles in determining the severity of the
fault [66].
Methods to reduce fault occurrence and magnitude include: network splitting; use of a
current-limiting reactor, solid-state fault current limiter or superconducting fault current
limiter; and switchgear replacement.

45

Figure 5.21: Generator types and their typical fault contribution
System Stability
Modern electrical networks are large, complex and interconnected systems subject to a
number of dynamic operating phenomena. Stability is one such aspect that requires due
attention in order to avoid exceeding the operating limits and subsequently incurring
generation loss. The stability factors can be studied through broad headings:
•

•
•
•

“Voltage stability” relates to the ability of the power system to maintain acceptable
voltages at all buses in the system under normal operating conditions and after being
subjected to a disturbance. It is usual to consider voltage instability as a local
problem, while a voltage collapse is considered to involve voltages in larger parts of
the system.
“Transient stability” refers to a form of angle stability where the ability of the system
to maintain synchronism after a large transient disturbance is studied.
“Small-signal stability” is also a form of angle stability where small system
disturbances and their effect on system synchronism are analyzed.
“Frequency stability” relates to the dynamic nature of frequency variations in the time
range of seconds to minutes. This stability issue can be related to lack of
active/reactive reserves, poor coordination of protection and inadequacies in system
equipment.

In absence of dynamic models (i.e., numerical models that can be incorporated in
transient stability studies) of ocean wave and tidal current devices, stability assessment of
electrical power systems with large-scale integrated ocean energy plants would become
difficult. Therefore, generic model development and calibration with test data should be
an essential first step. Considering that some of these conversion systems are still under
development, development of specifications for technology developers to produce such
model would help enable the investigation of impacts of integration of different level of
ocean energy plants into electrical power systems. At present, developers of many tidal
and wave power devices are considering the use of power electronic interfaces for
network integration. While these devices provide flexibility in reactive power
management, not being grid-synchronised, these devices do not naturally provide inertia
to the system during faults. As a result of widespread deployment of variable frequency
converter-controlled ocean and tidal devices, and subsequent reduction in overall 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 electricity demand and supply need to
plan the balancing process ahead of time. Load forecasting methods using statistical tools
that take inputs from previous years’ load data, expected load growth, foreseeable events
(weather conditions and public activities, etc.) form the basis for such planning. The wind
industry has successfully demonstrated the effectiveness of such scheduling processes.
Various limitations with regard to resource unavailability and accuracy of prediction are
being addressed at present [7]. Development of proper prediction tools and integration of
these schemes within ocean power plant operation are key elements in allowing an
effective scheduling and unit commitment mechanism.
Low-Voltage Ride Through
For a high level of wind energy penetration in a electrical network, a unique fault
management measure, namely the Low-Voltage Ride Through (LVRT), has been set as a
requirement by the regulating authorities (Figure 5.22) [67]. Wind power plants have
traditionally been considered as a form of distributed generation and were required to trip
following even minor disturbances. As large wind farms are disconnected due to a fault
in the transmission or distribution system, the overall system balance is affected greatly.
For ensuring the stability of the interconnected network, many utilities have been
imposing strict guidelines in the form of LVRT requirement and/or reactive power
control.
While various jurisdictions are subject to different requirements, a typical plot of the
LVRT zones indicate that all wind turbine plants should be able to stay operational under
a normally cleared single or multi-phase fault at the high-side (transmission) of the
substation transformer. For short durations the voltage-dip can be of high magnitude,
which migrates to a narrow tolerance range as the fault persists for longer period.

Figure 5.22: LVRT implementation zones (German E.ON example) [58]
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It is expected that for wave and tidal current energy converters, similar LVRT
requirements will be in place for large-scale deployment. However, as the wind industry
adopts this measure and develops necessary solutions, the ocean energy sector will also
benefit from the know-how.
Ancillary Services
In order to deliver bulk electric power from the generation stations to the load centres,
additional measures are needed to achieve sufficient system reliability, performance and
continuity. These measures include: (a) frequency control through active power
regulation; (b) voltage regulation through reactive power control; and (c) system
restoration after a major collapse using blackstart capability.
Ocean energy may appear as a bulk source of electricity in the long run. Therefore, it may
require careful assessment and long-term planning to establish the required 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 occasional severe weather conditions.
In addition, these plants are geographically located in areas away from conventional
public amenities. Plant design and grid interfacing schemes should be devised such that
safety issues are addressed in the planning stage. As with any other distributed generation
plant, islanding protection is a regulatory requirement to protect workers who may
become exposed to a partially energised network being powered by an isolated generation
plant.
Long-term Storage
Intermittency and variability issues of various alternative energy systems, including
ocean energy systems (wave and tidal current) can be mitigated through long-term
storage techniques, at least in theory. However, without realising any major
breakthrough, the present state of storage-technology and their high cost do not indicate
any economic viability.
Hybrid Applications
Though wave and tidal current energy technologies are in pre-commercial phase,
prospects of realising various hybrid objectives through co-generation methods are being
considered. In addition to direct electricity generation, other processes that can be
theoretically coupled to wave energy devices include: (a) wind-wave integrated
electricity generation; (b) offshore protection (breakwater structure; (c) desalination
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(freshwater supply); (d) refrigeration; (e) aquaculture (heating, freshwater supply); and
(f) hydrogen production through electrolysis.
While some of these concepts are yet to be conceived even at the test and prototype level,
economics of such hybridisation may become an attractive factor. In such 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 concepts are present in the marine
energy domain (especially within the ocean wave category). This poses a difficult
challenge in evaluating system behavior in a coherent and consistent way. In order to
overcome this issue, a technology prioritisation scheme (systematic and unbiased review,
evaluation and weighting process) was applied on a number of systems [2]. The
following discussion provides a brief summary of these plants along with their system
architecture.
5.6.1

Tidal Current Turbines

Axial (non-ducted): The SeaGenTM turbine (1.2 MW), installed in UK recently, consists
of two axial flow rotors each having 600 kVA output capacity (Figure 5.23a and Figure
5.24a). Active blade pitching mechanisms allow the turbine to operate in reversing tidal
conditions. Each rotor has a variable speed induction generator coupled to the low speed
shaft via epicyclic speed-increasing gearboxes. The transformer, power electronics and
control systems are installed mainly within the top part of the pile in a three-floored cage.
A housing is fitted to the top of the pile containing hydraulic jacks for lifting the crossarm and power train. This also accommodates a workspace equipped with computers and
safety equipment [70][71].
Vertical (non-ducted): The KoboldTM turbine is a cross-flow (vertical axis) turbine with a
three-blade rotor mounted on a floating cylindrical platform (Figure 5.23b and Figure
5.24b). The prototype, installed in the Strait of Messina, Italy, uses three blades with a
6 m-diameter turbine, generating up to 25 kW from currents of 2.0 m/s. A rectifierinverter is used to provide a stable electrical output, and the overall turbine and power
system have been enhanced with a fully automatic control system. Based on available
information the generation type is believed to be a gear-coupled brushless DC generator
[72].
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Figure 5.23: Tidal current converters (a) SeaGenTM (b) KoboldTM (c) Clean CurrentTM
Axial (Ducted): The Clean CurrentTM Turbine uses a ducted configuration, with a
variable-speed permanent magnet generator rated at 65 kW (Figure 5.23c). The generator
is termed as a ‘rim-type’ direct-drive generator, where the ends of each turbine blade
form the rotor and the surrounding cowling forms the stator (Figure 5.24c). The first
prototype device was installed at a research facility at Race Rocks, BC, Canada where an
off-grid hybrid system was designed. Future developments will provide grid-interfaced
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) SeaGenTM (b) KoboldTM (c) Clean CurrentTM
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 the shoreline with a rated
power of 400 kW (Figure 5.25a and Figure 5.26a). A concrete structure forms an air
chamber with a frontal submerged opening facing the waves. The internal free surface of
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the water mass within the pneumatic chamber produces a low pressure reciprocating flow
that drives a Wells turbine placed within a relief vane. The generator is a wound rotor
induction type machine, capable of operating over a relatively wide range of speeds
(Kramer link or DFIG type) [6].

Figure 5.25: Ocean wave converters (a) Pico OWC (b) AWSTM (c) AquaBuOYTM (d)
WaveDragonTM (e) PelamisTM
Submerged Pressure Differential (SPD): The AWSTM is a bottom-mounted heaving
device consisting of an upper part (floater) moving against a fixed lower part (Figure
5.25b and Figure 5.26b). The periodic pressure variation above this underwater buoy
structure initiated by the wave motion results in vertical movement. The power take off
mechanism is comprised of one linear permanent magnet generator whose magnets are
mounted on the floater whereas the anchor-base contains the stator coils [6].
Point Absorber System (PAS): The AquaBuOYTM is a freely floating heaving point
absorber that reacts against a submersed tube, filled with water (reaction mass) (Figure
5.25c and Figure 5.26c). The reaction mass acts on the piston assembly that forces a hose
to pump water on a higher-pressure level. An accumulator is used to smooth the power
output and is then discharged onto an impulse turbine. The latter stages of the power
take-off system will involve a variable-speed generator connected to the grid via a
rectifier-inverter-transformer. The AquaBuOYTM 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): WaveDragonTM is a floating offshore overtopping device
tested for 1:4.5 scale prototype (22 kW) in Nissum Bredning, Denmark (Figure 5.25d and
Figure 5.26d). A twin-arm reflector concentrates the wave-induced water and overtops a
ramp that fills a reservoir. This storage structure contains the water at a higher level than
the mean sea level and is pneumatically adjusted for its height against the varying sea
conditions. The hydraulic head generated in the reservoir is used to drive multiple units
of propeller turbines. These turbines are coupled to permanent magnet generators, which
are interfaced to the grid using power electronic modules. A three-phase submarine cable
connects the offshore plant to the shore-based network [6].
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Hinged Contour Device (HCD): The PelamisTM is a semi-submerged pitching device
composed of cylindrical sections linked by hinged joints subject to both heave and sway
motion (Figure 5.25e and Figure 5.26e). The wave-induced motion of these joints is
resisted by hydraulic rams. These hydraulic cylinders pump a fluid, via control
manifolds, into high-pressure accumulators for short-term energy storage. Fluids from the
smoothing accumulators are controlled to drive multiple sets of hydraulic motors coupled
to induction generators for interfacing to the grid via a transformer [12][69].
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Figure 5.26: Converter schematics (a) Pico OWC (b) AWSTM (c) AquaBuOYTM (d)
WaveDragonTM (e) PelamisTM

The system schematic diagrams presented in Figure 5.26 reflect the conventional
approach taken in the wind energy literature. Being a technology still in its early phase,
many of the wave and tidal current devices may evolve in a different manner in the
future.
In light of the technology review, system dependent observations and possible network
impact issues presented in the previous sections, a qualitative set of observations can be
52

deduced. A matrix of converter types and their responsiveness to these grid-integration
issues is presented in Figure 5.27: While this may reveal a partial picture and leave scope
for detailed discussion, broad conclusions can be drawn by reviewing the subtle aspects
of this presentation.
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Figure 5.27: Device-dependent observations
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5.7 NON-TECHNICAL BARRIERS
Ocean energy development projects are an unconventional means of ocean resource
utilisation. In addition, various environmental and societal factors may appear as
significant challenges limiting development of electrical systems. These include,
•

•
•
•

Competing users [6] (shipping routes, fishing grounds, military exercise areas, coastal
and offshore establishments [bridges, harbors, shore-protection], petroleum industry,
tourism and recreation [surfing, boating]
Environmental Impacts [49] (marine wildlife habitat and effects of noise emission,
sediment disturbance, sea bed disturbance, alterations to coastal geography)
Societal aspects [6] (leisure activities, visual impact, aesthetics, land use in
developing onshore electrical network and substations)
Land usage [50] (land ownership and easements, interconnection facilities, power
lines, access roads)

Various jurisdictions have a number of regulatory requirements with regard to many of
these issues [51][52][53]. In addition to abiding by these restrictions, the ocean energy
sector still needs to secure the support from strategic policy makers, investment entities
and other public bodies. Considering the immensity of the potentials and the trend of
technology development, this energy solution probably deserves greater momentum.
From prototype testing to sea trials, the associated financial risk is very high. In the
absence of a protection envelope from these uncertainties and integrated support from the
relevant policy mechanisms, ocean energy concepts may become delayed. Most of these
obstacles were present in the development phase of offshore wind farms. However,
through collaborative efforts and participation of stakeholders at various levels, these
were successfully addressed in certain countries. Similar concentrated efforts amongst the
public entities and technology developers would undoubtedly benefit the advancement of
the ocean energy sector.
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6 SUMMARY
This report makes a qualitative comparison of ocean technologies in light of the success
and history of the wind energy industry. Possible challenges and extent of their impact
are discussed with specific attention to a set of devices in order to stimulate discussion of
grid integration. Being an emerging technology, costs, environmental impacts and
general public perception will play an important role in addition to the discussions
presented in this report.
To summarise the current status of the ocean power sector, with regard to their
challenges, opportunities and grid interconnection issues, the following key observations
can be put forward:
•

•

•

•
•
•
•
•

Most of the ocean wave and tidal current technologies are at early stages of
development. Only a few of the devices have been tested in grid-connected mode and
the duration of such tests has been relatively short.
Resource and experimental performance data would facilitate device modelling and
characterisation. These models (dynamic and steady-state) could be used in
subsequent system studies to identify electrical network impacts.
Greater predictability of ocean wave and tidal current resources may appear as a
unique advantage of ocean renewable technology. However, methods for resource
forecasting need to be realised and integrated with plant operation.
Short-term energy storage inherent in several converter systems may reduce the
effects of high frequency resource variability.
State-of-the-art technologies such as DFIGs, power electronics and multi-pole
permanent magnet generators could play an important role.
Optimum configurations of multi-unit/multi-farm ocean energy plants and their
impact on electrical networks need to be understood.
Design of offshore electrical networks and realisation of remote operation and control
will play a key role in realising reliable grid integration of ocean power plants.
Detailed investigations need to be carried out on a case-by-case basis. Such studies
should accommodate various site-specific features (resource, network, load and
generation) and device-specific characteristics (steady-state and dynamic
performance models calibrated with test results).

In a very general and subjective manner, it can be stated that grid integration of ocean
energy systems will encounter similar challenges that were prevalent in the wind energy
domain and especially the offshore wind sector. Further consideration of the needs and
concerns put forward by various stakeholders (electric power utilities, technology
developers, environmental regulators and other public bodies) should also be considered
in order to identify the system-wide repercussions of bulk ocean power harnessing. As
this area of research, development and demonstration accumulates further operational
experience, solutions to many of the expected challenges will evolve. In addition,
knowledge sharing and interaction within multiple disciplines of engineering practices,
scientific research and policy discussion will aid the process of ocean 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 normal maximum output of a
generating source. For example, a wind turbine may be referred to as a 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 annual period. Generally
stated as a percentage of the nameplate capacity. For wind, capacity factors 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 statistically relied upon during periods of
peak demand. This figure will depend on the correlation of local production and demand
features, and will not be directly comparable between different grids. Crucially, the
correlation between different generating facilities is a key factor in determining overall
system reliability. If different wind farms, for example, can separately be relied upon to
produce 10% of peak demand, but they have low correlations between them because they
are located far apart, their combined capacity contribution will be higher than 10% due to
diversification. Estimates of the capacity credit for wind vary from 10-30%, although
10% is used in some locations as a baseline figure (due to lack of sufficient historical
data, for example).
Penetration or Peak Penetration
This refers to the nominal capacity over estimated peak demand in the system grid (for
example, of wind-generated power) in percentage. As noted below, this figure does not
provide much information beyond the scale of the amount of (potential) wind generation
to peak demand. Most large systems have wind penetration of substantially less than 5%,
although Denmark has approximately 44%, Spain 26%, Portugal 24% and Germany 23%.
At much higher penetrations, more appropriate measures and corrections to the gross
penetration have been proposed to better characterise the issue of intermittency.
Penetration may also be used to refer to the amount of energy generated as a percentage
of annual consumption.
Electrical network and equipment
Spacer Cable
A pole-mounted, overhead line construction method using multi-layer-dielectric covered
conductors supported by insulated spacers with a high-strength steel messenger cable; in
use world-wide at voltages of 5 kV, 15 kV, 25 kV, 35 kV, 46 kV and 69 kV; highly
resistant to outages caused by storms, hurricane force winds, tree contact and
birds/animals; single-circuit and multi-circuit three-phase, narrow right of-way
construction on single poles or as under-build on existing power lines; more economical,
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with low environmental impact and less disruptive to trees, property and roads when
compared to underground concrete-encased duct bank or direct-buried URD installations.
115 kV and 138 kV-rated spacer cable may be available pending completion of research
and development by manufacturer and high-voltage labs [75].
Circuit Breaker
A piece of switchgear equipment designed to protect an electrical network from the
damage of fault [64].
Transformer
A piece of equipment that transforms voltage from one value to another. For 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 electrical network from another
under abnormal operational conditions. Some switchgears have protective capabilities,
such as circuit breakers [76].
Distribution Network
The part of the electrical network of a country or region that carries current at medium
and low voltage. For example, in England the voltage for the distribution system ranges
from 132 kV to 230 kV. In other parts of the UK and abroad, the definition of the voltage
range may be different [76].
Transmission Network
The part of the electrical network of a country or region that carries current at high
voltage. For example, in England the voltages for the transmission system range from
400 kV to 275 kV. In other parts of the UK and abroad, the definition of the voltage
range may be different [76].
Point of Common Coupling
The point in the network where the connection for the new embedded generation is also
used for the connection of another user [76].
Power Factor
The measure of the amount of usable power produced by a generator. The value of the
power factor is an indication of the efficiency of the generator. Power 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 practice, power 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 observed through
identifying the strength of a grid. The term “grid strength” refers to the ability of a part of
a grid to absorb disturbances. It is indicated through the parameter “short circuit power”
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 voltage USC can be taken as constant
(not influenced by the condition at the load) [8]. Short circuit power is SSC = U2SC/ZSC
(MVA), where ZSC is the line impedance. If this impedance is high, then the voltage
variations USC would have small effect on Ut .

Figure A.1: Equivalent representation of an electrical network
Alternately, for a plant with P(MW) capacity, the ratio RSC = SSC/P is a measure of the
grid strength, with respect to the installed capacity. Typically grid capacity is ranked as:
(a) Weak if RSC < 10; (b) Moderate if 10 < RSC < 20; or (c) Strong if RSC > 20.
Generator types [76]
Synchronous Generators
Synchronous generators are capable of being controlled such that their output is
synchronised with the grid frequency. They can generate both active and reactive power,
thus providing voltage stability for the network. Synchronous generators are generally
used for large centralised generation schemes such as nuclear, combined cycle gas
turbine (CCGT) or coal-fired plants.
Asynchronous Generators
Asynchronous generators are more commonly used for DG applications (i.e., with
individual generator capacities less than a few MW). Asynchronous generators cannot
generate reactive power on their own; therefore, they cannot operate independently of the
grid unless a source of reactive power is provided (e.g., power factor correction
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 to the electricity network via
power electronics. Direct current (DC) sources (photovoltaic [PV] batteries, fuel cells)
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need power electronic inverters to convert DC to AC for grid connection. In terms of
existing distributed generations (DG), these power electronic technologies are being
applied increasingly at connections of larger wind turbines. Traditional asynchronous
wind generators are being superseded by Doubly Fed Induction Generators (DFIGs) that
through the use of power electronic inverters allow much greater control of active and
reactive power output.
Terminology
Ocean Energy Conversion Processes/Systems (Acronyms)
OTEC
Ocean Thermal Energy Conversion
OWC
Oscillating Water Column
SPD
Submerged Pressure Differential
PAS
Point Absorber System
OTD
Overtopping Device
HCD
Hinged Contour Device
Terminology Standards
–
–
–
–
–
–
–
–
–
–
–
–
–

–

IEC 62600-1 TS Ed.1: Marine energy - Wave, tidal and other water current converters Part 1: Terminology (Working document)
IEC 60050-411: International Electrotechnical Vocabulary - Chapter 411: Rotating
machinery
IEC 60050-415: International Electrotechnical Vocabulary - Part 415: Wind turbine
generator systems
IEC 60050-448: International Electrotechnical Vocabulary - Chapter 448: Power system
protection
IEC 60050-461: International Electrotechnical Vocabulary - Part 461: Electric cables
IEC 60050-466: International Electrotechnical Vocabulary. Chapter 466: Overhead lines
IEC 60050-471: International Electrotechnical Vocabulary - Part 471: Insulators
IEC 60050-551: International Electrotechnical Vocabulary - Part 551: Power electronics
IEC 60050-551-20:International Electrotechnical Vocabulary - Part 551-20: Power
electronics - Harmonic analysis
IEC 60050-601: International Electrotechnical Vocabulary. Chapter 601: Generation,
transmission and distribution of electricity - General
IEC 60050-602: International Electrotechnical Vocabulary. Chapter 602: Generation,
transmission and distribution of electricity - Generation
IEC 60050-603: International Electrotechnical Vocabulary. Chapter 603: Generation,
transmission and distribution of electricity - Power systems planning and management
IEC 60050-604: International Electrotechnical Vocabulary. Chapter 604: Generation,
transmission and distribution of electricity - Operation
IEC 60050-605: International Electrotechnical Vocabulary. Chapter 605: Generation,
transmission and distribution of electricity - Substations
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