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Executive summary
The attraction towards ocean energy is clear. There is a massive known resource and huge
market potential for a clean renewable energy source. The opportunities for investment and
technology are great. The technology to exploit this market and to contribute to sustainable
world energy demand is still at the prototype stage. This reports considers the status of the
technology and research and development (R&D) requirements of the emerging industry.
There are two forms of ocean energy considered in this study—
Tidal streams are mainly caused by the movements of oceans and are driven by the interaction
of the gravitational fields of the earth, sun and moon. The potential resource for tidal stream is
estimated as 5 TW.
Wave power is derived from winds blowing across large expanses of sea. These winds generate
sea waves that contain significant quantities of energy. The total world wave energy resource is
estimated to be 1-10 TW.
This report details the status of three generic tidal stream concepts and four prototypes—the
Marine Current Turbines rotor, the ENERMAR design, the Engineering Business Stingray
concept and the Edinburgh University rotor. Even in such a conceptually straightforward
resource as marine currents, there is considerable variety of device concept.
There are even more concepts proposed for wave energy extraction. Over twenty prototype
designs are discussed and detailed here. With the exception of shoreline oscillating water
columns there is very little consolidation onto a few good ideas. There is great variety and each
prototype developer faces an almost unique set of engineering and environmental challenges.
Several countries in the world have supported ocean energy development through R&D
programmes and other support measures. Details of the programmes run in eighteen countries
worldwide are included. Most of the activity is concentrated in Europe although there is
ongoing work in Japan and Australia and elsewhere. The European Commission is playing an
important part in coordinating the development of the technologies.
With such variety in ocean energy technologies, it is difficult to make many generic
recommendations for the R&D requirements. However, all the technologies need support in
establishing good resource assessments and market size predictions. All of the technologies will
require testing and eventually certification if they are to attract the investment needed to exploit
the markets fully. This report contains several proposals for mechanisms and activities to support
this.
If exploited fully these technologies will be deployed in large numbers in a marine environment.
The environmental implications of this can currently only be estimated. As the technology
develops and prototypes and commercial schemes are deployed, due care should be paid to the
environment. Research into the main impacts and how these might be predicted for future
schemes needs to continue and understanding of the environmental impacts developed.

There are some issues that are common to all the technologies but for which generic research is
difficult. These issues include mooring technology, electrical connection, power conditioning,
power forecasting, operation and maintenance methods. Whilst the issues themselves are
common the problems manifest themselves in different ways for each of the wide variety of
concepts. Generic research for these issues is of limited applicability and therefore of limited
worth.
It is important to enable concept developers to prove their devices. They must be allowed to
work through the complex design and economic assessments and tackle the many technical
challenges they will face. They also need to be afforded sufficient freedom and support to be
able to develop technologies that make optimum use of materials, technology, resource and
financing to enable the development of economic technologies. It is therefore recommended
that emphasis be placed on supporting the development of individual device concepts rather
than only on generic studies.
Of critical importance in this is the ability to be able to assess designs for their merits and to
establish which designs and developers are credible and which to pursue. Assessment of the
different technologies therefore needs to be consistent and reliable. It is therefore recommended
that robust assessment methodologies be developed and applied to device concepts prior to their
full support.
This report concludes by summarising a number of key aspects of ocean energy, stating where
the potential lies and how the R&D priorities suggested can help the development of this
promising technology.
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1. Introduction
The International Energy Agency (IEA) recently signed an Implementing Agreement on ocean
energy, to promote international co-operation in developing wave and tidal energy
technologies. At present, the signatories comprise Canada, Denmark, The European
Commission, Ireland, Japan, Portugal and the United Kingdom. Expressions of interest have
been received from France, Italy, Mexico, New Zealand and the United States of America.
This step from IEA member countries demonstrates recognition that ocean energy deserves
serious consideration alongside the other renewable energy technologies.
This study has collected together information available on the technical, economic,
environmental and social aspects of ocean energy systems (wave and tidal currents), in order to
give an assessment of the Research and Development (R&D) priorities for these technologies.
This report forms one of the annexes for the IEA Implementing Agreement, and shows how the
Agreement will support national research and development programmes.
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2. Background to the technologies
The oceans contain an enormous energy resource that could be exploited to contribute in a
sustainable manner to meeting the increasing global energy demand.
Energy exists in the oceans in several different forms, which have different origins. Two of the
most significant forms are marine currents, caused by tidal effects and thermal and salinity
differences, and ocean waves, generated by the action of winds blowing over the ocean
surface.
The exploitation of marine currents may make use of underwater systems similar in principle to
modern wind turbines1, but some development work is required. Alternative approaches using
reciprocating machines have been proposed. Some of the first prototypes for tidal current
exploitation are currently being constructed.
Due to the complex characteristics of ocean waves and their energy extraction hydrodynamics,
the development of technologies to harness this resource requires a great deal of research. Many
fundamentals of wave energy are now well understood, but there is as yet no consensus over the
best technology to exploit the resource.
The following sections of this report review—
•

the two resources, marine current and ocean wave;

•

the energy conversion technologies associated with each resource;

•

the most significant prototypes and existing plants, and

•

the economics of conversion and key environmental impacts.

1

An alternative design using a reciprocating wing rather than a rotor—the Stingray—is currently proposed by the Engineering Business in the
UK for use in marine currents.
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3. Marine currents
Kinetic energy from tidal currents can be harnessed using relatively conventional techniques,
following similar principles to those for extracting energy from the wind. A number of
submarine converters akin to ‘underwater windmills’1 have been proposed, although this option
requires further development.
Several studies have been carried out on the energy potential of marine currents, but there have
been few on the engineering requirements for utilisation of the resource. Countries where
theoretical studies and experimental projects have been performed include the UK, Italy,
Canada, Japan, Russia, Australia and China.
Several of the technologies proposed to exploit marine current energy make use of conventional
engineering components and systems, but further work is required to—
•

develop efficient converters which produce electrical energy at low unit costs.

•

prove the reliability and durability (‘survivability’) of these converters at low operational
and maintenance costs.

3.1

RESOURCE

The fastest oceanic non-tidal currents are derived by a complex process involving the adsorption
of solar radiation in the ocean and atmosphere. This is followed by a transformation and
redistribution from the Equator towards the poles by moving currents of air and water, and
finally a focusing of the oceanic currents on the western edges of ocean basins (or the eastern
coasts of continents) by the Earth’s rotation. The Gulf Stream in the Atlantic, the Kuroshio off
Japan and the Agulhas-Somali system on the east African coast form the main current systems.
Tidal currents are the consequent flow of ocean water due the rise and fall of tides. Other factors
such as salinity and local temperature differences also make a contribution to the movement of
ocean water. This can be magnified by underwater topography, particularly in the vicinity of
land, or in straits between islands and mainlands.
The tides are generated by the rotation of the earth within the gravitational fields of the moon
and sun. The relative motions of these bodies cause the surface of the oceans to be raised and
lowered periodically, according to a number of interacting cycles—
•

A half-day (semi-diurnal) cycle, due to the rotation of the earth within the gravitational
field of the moon. This results in a period of 12 hours 25 minutes between successive high
waters.

•

Daily (diurnal) tides occur in some regions such as the Gulf of Mexico. These have only
one high tide and one low tide in a 24-hour period.

•

A 14-day cycle, resulting from the superposition of the gravitational fields of the moon
and sun. At new moon and full moon, the sun’s gravitational field reinforces that of the
moon, resulting in maximum tides or spring tides. At quarter phases of the moon, there is no
reinforcement, resulting in minimum or neap tides. The range of a spring tide is typically
about twice that of a neap tide.
3

The tides create movements of water into and out of bays and estuaries. These movements can
create currents, significant tidal ranges or both. In some (amphidromic) regions there is no tidal
range but sizeable marine currents can still occur. The processes by which these currents are
formed depend on the local topography and vary widely. The currents created by the
movements are known as tidal streams or marine currents.
The total power of ocean currents is estimated to be about 5 TW (Isaacs and Seymour, 1973)
which is of the same order as global electricity consumption. However, energy extraction is
practical only in a few areas where the currents are concentrated near the periphery of the
oceans, or through straits and narrow passages between islands and other landforms. Thus, only
a small part of the total energy can be converted to electrical or other useful forms of energy.
The power of a current is proportional to the cube of the current velocity. For tidal currents
close to the shoreline in estuaries, and in channels between mainland and islands, the velocity
varies sinusoidally with time, with a period relating to the different tidal components. Sites of
most interest for exploitation—that is, where exploitation is likely to be most economic—have
a maximum current velocity in excess of 1.5 m/s2. For sites with non-oscillating currents, the
maximum current velocity may need to exceed 1.0 m/s before the site is considered economic.
Studies to assess the marine current resource have been carried out in the UK (DTI, 1993),
European Union (CEC, 1996), and in some of the far-eastern countries (CEC, 1998). Within
Europe, the resource is strongest and therefore of special interest around the UK, Ireland,
Greece, France and Italy. In these areas, 106 promising locations have been identified and it is
estimated that, using present day technology, these could supply 48 TWh/y to the European
electrical grid networks. In China, it has been estimated that 7000 MW of tidal current power is
available. Locations with high potential have also been identified in the Philippines, Japan,
Australia, Northern Africa and South America.
The predictability of marine currents and the high load factor (20-60 %) are important positive
factors for its utilisation. Sites with a pure tidal flow offer capacity factors in the range 40-50 %
in most cases. For non-tidal flows, the capacity factor may reach up to 80 %.
There remains some uncertainty about the detailed characteristics of the marine current
resource—available data are limited and not fully consistent. Further development of efficient
three-dimensional numerical flow models, in addition to long-term data collection, will enable
production of more comprehensive and accurate resource assessments.

3.2

TECHNOLOGY

The technique most commonly considered for exploitation of marine currents employs a
turbine, set normal to the flow direction and mounted either on the seabed or suspended from a
floating platform. The extractable power, as a function of the turbine rotor diameter for several
current velocities, is shown in Figure 1. An alternative concept, comprising a reciprocating
wing design, has recently been proposed (Figure 5). This device comprises wings whose attitude
to the water is controlled in such a way that the arms reciprocate against a power take-off
restraint, such as an hydraulic ram. This could have average conversion efficiencies—equivalent
to those shown in Figure 1—of 15-30 %.

2

1m/s = 1.94 Knots
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As with wind energy conversion, two types of rotor are being considered for tidal stream
devices: axial-flow rotors (propeller-type, horizontal axis) and the cross-flow rotors (Darrieustype, vertical-axis). These may have a fixed geometry, or their blades pivoted to allow the pitch
to be adjusted. A schematic layout of the principal components of a (horizontal-axis) marine
current turbine is shown in Figure 2. The support structure holding the turbine in position may
be either fixed to the seabed or floating within a suitable mooring system. The former is most
suitable for installation in shallow waters (20-30 m water depth), while floating structures could
find application in both shallow and deep water sites (50 m depth or greater).
The first generation of tidal stream conversion systems will be based on the use of
conventional engineering components and systems in order to achieve reasonable reliability at
low costs. A medium-sized turbine, of 10-15 m diameter and 200-700 kW rated power,
deployed in as shallow water as possible (i.e. 20-30 m water depth), is likely to be the most
economic overall solution for first generation machines (CEC, 1996). The greatest technical
problems are likely to arise from the need for adequate operational lifespan and low
maintenance costs from machinery operating in the relatively harsh marine environment.
Second generation systems may follow these, introducing specialised components such as low
speed multi-pole electrical generators, hydraulic transmission systems, etc.
Some novel concepts are currently under developed, including advanced rotor designs and
control techniques. The devices which ultimately employ these systems may be considered
third generation systems.

3.3

DEMONSTRATION PLANTS

The first few prototype tidal stream devices are being developed by Small-to-Medium-sized
Enterprises (SMEs) in Italy and in the UK, with support from national research programmes and
the European Commission.
In the UK, a 300 kW prototype system is currently being developed called the Seaflow
(Figure 3) (Fraenkel et al, 1998). This uses a horizontal-axis rotor, and will be installed on a
mono-pile driven into the sea-bed. The proposed site, in the Bristol Channel in south-west
England, has a current velocity of about 2.5 m/s.
Also in the UK, a system using a reciprocating wing design (Figure 5) is being developed by the
Engineering Business Ltd. This is known as the Stingray, and a 150 kW demonstration plant is
being planned for installation in the Yell Sound near the Shetland Islands.
In Italy, a 130 kW prototype was developed in the late 1990s, known as the Enermar project.
This used a cross-flow, 3-bladed Kobold turbine, mounted on a floating platform of cylindrical
shape. The device was deployed in the Strait of Messina, close to the Sicilian shore (Ponte di
Archimede, 2000—see Figure 4), where the mean current velocity is about 1.5 m/s and the
water depth 20 m. A maximum efficiency of 42 % has been claimed for the Kobold turbine
resulting from numerical and physical modelling.
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Figure 1 Extractable power from marine currents of a given velocity at average 30 % efficiency (from
CEC, 1996)3
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Figure 2 Schematic layout of the principal mechanical components for a marine current turbine

3

Calculated as a proportion of all energy in the stream and not specifically accounting for the Betz limit. This naturally limits the power
extraction to a theoretical 59 % of the available power. Higher efficiencies may be obtained in ducted or high ‘fill fraction’ channels, e.g. tidal
fence arrangements or rows of individual devices.
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Figure 3 IT Power Seaflow tidal stream rotor
concept (Picture from Marine Current
Turbines Ltd)

Figure 4 General arrangement platform and
superstructure of the ENERMAR system

Figure 6 Artist’s impression of the Edinburgh
University vertical-axis tidal stream turbine,
proposed with a ring-cam hydraulic power
take-off system (Picture from Prof. Stephen
Salter)

Figure 5 Proposed Stingray reciprocating wing
tidal stream concept (Picture from the
Engineering Business Ltd.)

3.4

DEVELOPMENT STATUS OF MARINE CURRENT SYSTEMS

Table 1 shows a snapshot of the development status of some of the main marine current
concepts.
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Theoretical
Scale
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!
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!

Table 1 Snap-shot of the status of technical development of the main marine current concepts

3.5

ECONOMICS AND ENVIRONMENTAL IMPACTS

The predicted cost of energy from the tidal stream devices proposed is strongly dependent on—
•

the size of machine

•

the load factor of the power take-off system

•

the running costs

•

the choice of economic parameters

Preliminary estimates of the unit electricity costs from tidal stream devices vary between
0.045-0.135 $US/kWh, depending on the device and the assumptions made in the evaluation.
An assessment described in the CEC report (1996b) estimated that a cost of less than
0.09 $US/kWh would be achievable with first generation machines in a good current regime
(current velocity of 3 m/s) with load factor greater than 30 %.
The environmental impacts of submerged marine current turbines will be low. The main areas
of concern are likely to be with regard to navigation and fishing. Large-scale installations,
whereby the downstream current velocity is altered significantly across the width of an estuary,
may have consequences for the transport of sediments and downstream ecosystems. In the
development of demonstration and later commercial plants, site-specific environmental impact
assessments will be needed to fully evaluate such effects.
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4. Wave energy
Converting the kinetic energy present in ocean waves to electrical energy or other useful
products is a formidable engineering challenge, and requires the development of new
technologies to a greater extent than harnessing some of the other renewable energy sources.
Scientific research into wave energy began in earnest in the 1970s, prompted by the oil crisis,
and since then a large number of conversion devices have been proposed. However, only a few
have been the subject of widespread peer-review and been demonstrated at a large scale.

4.1

RESOURCE

Wave energy can be considered a concentrated form of solar energy. Winds are generated by
the differential heating of the earth, and as they blow over large areas of water, part of their
energy is converted to waves. The amount of energy transferred, and the size of the resulting
waves, depends on the wind speed, the length of time for which the wind blows, and the
distance over which it blows, (the ‘fetch’). Energy is concentrated at each stage in the
conversion process, so that original solar power levels of typically ∼100 W/m2 can be converted
to waves with power levels of 10-50 kW per metre of the wave crest length, (the standard form
of measurement). Within or close-to the generation area, storm waves known as the ‘wind sea’
exhibit a very irregular pattern, and continue to travel in the direction of their formation, even
after the wind turns or dies down. In deep water, waves can travel out of the storm areas with a
minimal loss of energy, and progressively becoming regular, smooth waves or a ‘swell’, which
can persist for great distances (i.e. tens of thousands of kilometres) from the origin.
Consequently, coasts with exposure to the prevailing wind direction and long fetches tend to
have the most energetic wave climates—e.g. the western coasts of the Americas, Europe and
Australia/New Zealand, as shown in Figure 7.
The global wave power potential has been estimated to be 8000-80,000TWh/y (1-10 TW),
which is again of the same order of magnitude as world electrical energy consumption (Isaacs
and Seymour, 1973; WEC,1993). Figure 7 shows that the best wave climates, with annual
average power levels between 20-70 kW/m or higher, are found in the temperate zones
(30-60 degrees latitude) where strong storms occur. However, attractive wave climates are still
found within ±30 degrees latitude where regular trade winds blow; the lower power levels
being compensated by the smaller wave power variability.
The power available is proportional to the square of the wave height and to the wave period.
There are great variations in power levels with the passage of each wave, from day to day and
from month to month. However, the seasonal variation is generally favourable in temperate
zones, since wave energy (like wind power) is at its greatest in the winter months coinciding
with the greatest energy demand.
As they approach shorelines, waves can be modified in several ways, leading to changes in
direction (due to refraction) and power (due to losses arising from seabed friction and wave
breaking). Refraction may cause re-focusing and wave energy concentration (‘hot spots’) over a
convex seabed, and this behaviour is seen frequently in the vicinity of headlands. The opposite
effect (defocusing and energy refraction over a concave bottom) may occur in bay areas. The

9

energy losses depend on the width of the continental shelf and the steepness and roughness of
the seabed, and can reach values of about half the offshore wave power level. The difference
between near-shore and deep water power levels may however be considerably smaller in
coastal waters with smooth seabeds, and deepwater closer to shore—as is the case, for example,
around most volcanic islands.
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Figure 7 Global distribution of offshore annual wave power level in kW/m wave crest

The shoreline wave energy resource is even lower than the near-shore resource because of
further energy dissipation mechanisms. For a variety of reasons, including
unsuitable geomorphologic conditions at the shoreline, excessive tidal range and environmental
impacts, not all shoreline sites are suitable for deployment of wave energy devices. Nevertheless,
shoreline devices may make a significant contribution to the electric energy needs of small
islands, where the energy consumption per unit length of coastline is much smaller than in most
continental regions.
A number of resource assessments have been undertaken at regional and national levels around
the world. In Europe, a Wave Energy Atlas (WERATLAS) has been developed (Pontes et al,
1998), which contains a detailed description of the European Atlantic and Mediterranean
offshore resource and wave climate (Figure 8). This has enabled the total European resource to
be estimated 120-190 TWh/year (offshore) and 34-46 TWh/year (nearshore) (Commission of
the European Communities, 1992b).

Figure 8 Annual power level and its directional distribution at the WERATLAS southernmost Atlantic
area (Pontes et al, 1998)
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In assessing how much power can be converted to electricity from waves (that is, the technically
achievable resource), account must be taken of limitations on device deployment and losses in
the energy conversion and transmission schemes. Conversion of the wave resource could supply
the whole or a substantial part of the electrical energy demands of several countries; in Europe,
particularly Ireland and Portugal (CEC, 1992b). On islands and in remote areas, conversion of a
small fraction of the available resource could meet communities’ entire electrical energy
demands.

4.2

TECHNOLOGY

A large number of different wave energy concepts are currently being investigated by
companies and academic research groups around the world. There is no consensus on the best
technology, although a gradual convergence towards a few fundamental approaches is expected
to emerge in time. Although many working designs have been developed, and numerical and
laboratory tests (particularly wave tank-tests) carried out, only a few device concepts have so far
progressed to sea testing. Several large demonstration plants with reasonable prospects for
commercial viability have recently been built or are currently being built.
The literature presents several different ways of classifying wave energy devices, e.g. by their
energy extraction method, size, etc. For the general review here, it is convenient to adopt a
categorisation with respect to device location—
•

shoreline devices

•

near-shore devices (bottom-fixed)

•

offshore devices

The following concentrates on devices that have already been demonstrated or are approaching
the demonstration stage.
4.2.1

Shoreline devices

Shoreline devices have the advantage of relative ease-of-access for maintenance and installation,
and do not require deep-water moorings, nor very long sub-sea electrical cables. The less
energetic wave climate at the shoreline can be partly compensated by natural wave energy
concentration due to refraction and/or diffraction. The main types of shoreline device are the
oscillating water column (OWC) and the tapered channel (TAPCHAN). Another type of
shoreline (or bottom-fixed near-shore) device is the Pendulor.
Oscillating water columns (OWCs)
The OWC essentially comprises a partly submerged structure, open below the water surface,
inside which air is trapped above the free water surface. Incident waves cause the height of the
water surface to oscillate, and the air can be channelled through a turbine to drive an electric
generator. Figure 9 shows a schematic diagram of a typical OWC device.
The most significant parts of an OWC are—
•

The collector structure. In addition to the requirement for survivability, the collector
geometry may strongly influence the power capture and must be designed to suit the
prevailing wave climate.
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•

The turbine. The bi-directional, axial-flow Wells turbine has been used in some OWC
prototypes, notably those developed by Queen’s University Belfast and Wavegen. Other
turbines have also been proposed.

TAPCHAN
The TAPCHAN (TAPered-CHANnel) concept is illustrated in Figure 10. The structure
features a walled channel that gradually narrows as it rises from the mean water level. As waves
propagate up the channel, the wave height is amplified until the wave crests spill over the walls
to a reservoir, which provides a stable water supply to a conventional low-head turbine. The
power-take off is then akin to a small low-head hydro scheme, the technology for which is
relatively mature.
Pendulor
A shoreline or near-shore device named ‘Pendulor’ (Figure 11), based on a pendulum or
oscillating flap acted upon directly by the waves, has been under development (including
models tests at sea) for a number of years in Japan (Watabe et al, 1999). Plans have recently been
made for construction of a 150-250 kW system in Sri-Lanka.
Air turbine

Air

Valve

Water
column

Waves

Figure 9 Oscillating Water Column device

Figure 10 TAPCHAN
Hydraulic pump
Pendulum
Caisson

Incident waves

Figure 11 Schematic of Pendulor

4.2.2

Bottom-fixed near-shore devices

Bottom-fixed near-shore devices are intended for shallow waters (typically 10-25 m water
depth). The OWC is again the main type of bottom-fixed near-shore device. A way of building
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the power plant at relatively low costs consists of incorporating it into a breakwater, whose
primary purpose is harbour or coastal protection. This approach was adopted in the port of
Sakata, Japan and in Trivandrum, India.
The Energetech OWC (Figure 12) is also applicable to existing breakwater structures. This
consists of an OWC arrangement as described above, fitted with a parabolic reflector structure
intended to concentrate waves towards the OWC chamber. An alternative bi-directional
turbine to the Wells turbine, the Denniss-Auld, is an integral part of the design. Two
installations are being planned for Port Kembla (300 kW), Australia and Vancouver Island
(1.5-2 MW), Canada. The Deniss-Auld turbine is currently being built in Sydney and is being
assessed independently by Lloyds.

Figure 12 Energetech OWC with wave
concentrators (Picture from Energetech)

Figure 13 Testing of a 1:10-scale prototype and
artist’s impression of the Wave Rotor concept

The Ecofys company, based in the Netherlands, is developing a concept known as the Wave
Rotor. This concept combines a vertical axis Wells rotor with a vertical axis Darrieus rotor. The
system is acted on by both the wave motions and any marine currents. A grid-connected 1:10scale prototype was tested as the Danish Wave Energy test site in August 2002. Ecofys has plans
for a 30 m-diameter unit with a rated power of 0.5 MW. It is envisaged that the system could be
combined with a mono-pile-mounted wind turbine (see Figure 13).
4.2.3

Offshore devices

Offshore wave energy devices are intended to exploit the greater energy content of waves found
in deeper water, (e.g. deeper than 50 m). While various analyses and model tests of devices
designed for offshore use suggest they have good prospects for commercial development, no
full-scale offshore device has yet been demonstrated at sea.
In order to extract energy from the waves, offshore devices need to be at, or near, the water
surface. In most designs proposed, the main element is an oscillating body that either floats or is
submerged near the surface. Several ways of converting the oscillating motion of the body into
useful mechanical energy have been suggested, some of which involve hydraulic pumps or rams
incorporated into, or acting on, the moorings. Examples of such devices are the Swedish Hose
Pump (Figure 14) described by Sjostrom (1993), Danish Point Absorber (e.g. Nielsen and Plum,
2000—Figure 15) and the DWP Float Pump. The Danish Point Absorber was tested during the
Danish Wave Energy programme at 1:4 scale in a flume. This work revealed the need for more
R&D and the project is currently mothballed. The DWP Float Pump was tested at 1:2 scale and
1:4 scale in the North Sea. These tests indicated the need for more R&D and that high-pressure
hydraulics could be considered to replace the seawater-based power take-off system.
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Another type of offshore device is the fully submerged Archimedes Wave Swing (Rademakkers
et al 1998). This consists of a bottom-fixed, air-filled cylindrical chamber, whose volume
oscillates due to the reciprocating piston-like motion of its top part or ‘floater’ (see Figure 16).
The floater’s up-and-down movement is caused by wave crests successively passing over it, and
the motion is transmitted to a linear electrical motor. The floater is sealed against a fixed vertical
sleeve, like a gasometer, and the device is tuned by adjusting the air pressure inside the float.
The Pelamis is a floating device composed of cylindrical sections linked by hinged joints, which
move with respect to each other in the waves (Figure 17). Energy is extracted at the joints by
hydraulic rams which drive electrical generators (Yemm et al, 2000), and a device rated at
375 kW is currently being developed and is planned for deployment in 2003. Currently a
1:7-scale model is being tested in real sea conditions.
Another form of floating device involves a gyroscope to provide an inertial reference frame for a
hydraulic power take-off mechanism. The most well-known is the Edinburgh Duck, which was
one of the first wave energy devices to be proposed (1974) (Salter, 1993—Figure 19). The
Duck has evolved over many years and incorporates a wide range of new and novel concepts,
many of which are finding applications in other devices.
The Wave Dragon is illustrated in Figure 21. This is an ‘overtopping’ device, whereby water in
the waves topples over a ramp and into a raised basin, from where it flows through a turbine and
back into the sea. Wave reflectors are positioned at either side of the basin, which concentrate
the waves towards it and thus raise their effective height. The whole structure floats, and the
freeboard is adjusted to maximise the energy output. A 1:4.5-scale test of the Wave Dragon is
planned to start in Autumn 2002 in Nissum Bredning, supported by the Danish Energy Agency
and the EU ENERGIE programme.
Another overtopping device is the Waveplane (Figure 25). This concept involves capturing
waves of different heights and allowing them to top over into a channel. The water is then fed
through turbines to produce power. A non-generating version of the concept has been built and
tested in real sea conditions for over three years. To date the device has not been used to
produce electricity though a 200 kW version is planned but already has show the potential for
use in oxygenating water, reverse osmosis and water pumping.
Wavebob, based in Ireland, are developing a compound, axi-symmetric, heaving point absorber
device, tuneable to the prevailing wave climate. The Wavebob is intended for deep offshore
waters (>75m) and plans exist to deploy a prototype in the North Atlantic off Ireland or
Scotland. Two scale-models have been tested at HMRC Cork and FZK Hanover, and
investment has been received from Fred Olsen (through Forrest Renewables Ltd), the Marine
Institute, Dublin, as well as the inventor William Dick.
An elegant device concept is the PS Frog. This design has evolved over time and the latest guise
is shown in Figure 24. The device is a pitching/surging paddle about 20m wide and 15m deep.
A ‘handle’ connects the blade to a massive fixed ballast compartment, and pivoted to the top of
the blade is an arm carrying a power take-off mass. The arm and mass move approximately
harmonically, and power is extracted through their relative movements. The concept
incorporates some novel applications of control systems to maximise output in given sea states.
Much theoretical work has been done on the concept and its evolution and some wave tank
testing has been completed. There are no immediate plans for deployment.
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The Sloped IPS buoy is a modification of an earlier device conceived by the Swedish company
Interproject Service AB (IPS). This uses a water piston, contained in a long tube beneath the
buoy, to transfer the relative motion of the buoy and water to an energy conversion system
located within the buoy’s hull. The Edinburgh University Wave Energy Group modified the
IPS design by changing the buoy’s orientation from the vertical to a ‘sloped’ inclination with
respect to the mean wave surface, and changing the shape of the buoy head to make it
asymmetric. Figure 26 shows the modified design.
The TMOWC is a floating OWC device, based on a design patented by Embley Energy Ltd. Its
principle of operation is similar to shoreline OWCs, in that a trapped air-column and pneumatic
power take-off are used, but it has the novel feature of several different-length water column
tubes. These effectively ‘tune’ the device and allow it to be active in a broader range of
frequencies than is possible with a single tube. An experimental prototype has been developed
by a consortium including Plymouth University, and was deployed in early 2002 in the
Plymouth Sound, off the south coast of the UK.
The original IPS Buoy and Swedish Hosepump concepts have been combined into a further
device known as the Aquabuoy (Figure 28). This consists of a slack-moored buoy floating on
the surface, an ‘acceleration tube’, and an hydraulic power take-off on the sea bed. As the buoy
rides the waves, the moving seawater drives a piston inside the tube, and the motion of the
piston in turn drives a hose pump. As the hose elongates its internal volume decreases to create a
pressurized flow of seawater, which turns a Pelton wheel in the seabed assembly.
Another device, the Floating Wave Power Vessel was originally developed by Sea Power AB to
feed a head of sea water into a basin (a little like a floating TAPCHAN) (Sea Power, 2002).
Originally this water was then passed through a filtration system to capture valuable elements
from the sea (e.g. gold). It is only in the 1990s that the wave energy capturing potential of the
scheme has been investigated. A large-scale prototype has been tested. The device is a moored,
barge-like vessel fitted with a sloping ramp that funnels incoming waves up to an elevated basin
(see Figure 29). Water is discharged from the basin through a low head turbine, which drives a
gearbox, connected to a generator. It is intended to work in a wide range of water depths
(20-100 m) and the device can be raised or lowered (by using sea water as ballast) to ensure that
the device is at an elevation best suited to a particular sea state. This device will be deployed
with a Scottish Renewables Order power-purchase contract in the UK.
In Australia a prototype of the OPT floating device is being deployed, to be followed by larger
schemes off USA eastern coast and in the Hawaii.
The above devices are all intended for electricity production. Desalination is another important
application, and a device primarily designed for this is the McCabe Wave Pump (Figure 20).
Energy is extracted from the rotation of the pontoons about the hinges by linear hydraulic
pumps, which pressurise a closed loop oil hydraulic system that drives generators, and/or an
open loop sea water system that drives a turbine and generator. A 40 m-long prototype has
undergone sea tests in Ireland (Kraemmer et al, 2000).

4.3

FULL-SCALE PROTOTYPES

Several full-scale prototypes of shoreline and near-shore devices have been tested in the sea
since 1985.
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4.3.1

Oscillating water columns

A shoreline OWC prototype was installed at Toftesfallen, in Norway, but was destroyed by a
storm three years later (White, 1989).
Two prototype OWCs have been developed on the Scottish island of Islay. The first, rated at
75 kW, was operational from 1991 to the late 1990s (Whittaker et al, 1993). This has been
followed by a larger device, the LIMPET (500 kW), which used a different in situ construction
method (Heath et al, 2000). Development of the LIMPET was supported by the European
Commission, and the plant began operation in late 2000.
Also, under the sponsorship of the European Commission, a prototype 400 kW OWC has been
constructed on the Portuguese Azores islands, (Falcão, 2000). In the South China Sea, a small
plant started operation in 1991 (Yu at al., 1993), and following this, another shoreline plant
rated at 100 kW is being constructed in the Guangdong Province.
Two near-shore breakwater OWC devices have been built and tested in Japan and India. The
Japanese one, incorporated in the breakwater of Sakata harbour (Sea of Japan) became
operational in 1989. The Indian plant was commissioned in 1991, and was equipped with a
Wells turbo-generator rated at 150 kW (Raju et al, 1993).
4.3.2

Floating OWC

In Japan, JAMSTEC have been engaged in research and development of ocean-wave energy
extraction technology for many years. In the 1970’s, the wave-energy group at JAMSTEC
developed a large-scale floating prototype named ‘Kaimei’. That device was tested in the Sea of
Japan, near the town of Yura in Yamagata Prefecture. Two series of open-sea tests were
undertaken. Through these experiments, the possibility of large-scale wave generation was
demonstrated to the rest of the world. Then, in the early 1980’s, a shoreline test device was
developed by JAMSTEC near Sanze, also in Yamagata Prefecture. Since 1987, an offshore
floating wave power device called the ‘Mighty Whale’ has been researched (Figure 18). This
30 m-wide, 50 m-long, 4,830 tonne device is based on the Oscillating Water Column (OWC)
principle. The prototype for open-sea tests was built and moored about 1.5 km from Gokasho
Bay entrance, Nansei Town, Watarai District in Mie Prefecture in July 1998. The open sea tests
were started on 10 September 1998 and have since been concluded. The maximum total
generated output is 110kW.
4.3.3

TAPCHAN

A demonstration TAPCHAN device with rated output 350 kW operated from 1985 to the
mid-1990s in Norway. The construction in Java, Indonesia, of a 1.1 MW commercial plant
(Tjugen, 1993) was halted shortly after its beginning due to non-technical causes.
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Figure 14 Hose Pump

Figure 15 Danish Point Absorber concept (Drawing from Rambøll)
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Figure 16 2 MW Archimedes Wave Swing
prototype (Picture from INETI)

Figure 17 Artist’s impression of a farm of
Pelamis devices (Picture from Ocean Power
Delivery)

Duck motion in
waves

Duck body
Power cannister
Buoyancy tanks
Water-filled bearing
14 m diameter spine

Figure 18 Mighty whale prototype

Power take-off & damping system
Hydraulic pumps
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Central pontoon

Figure 19 Schematic of the Salter Duck
concept

Equipment cabin
Hinge
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Steel tubes
Damper plate

Figure 20 Schematic of McCabe wave pump

Figure 21 Scale model of the Wave Dragon
concept (Picture from EMU)
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Figure 22 400 kW turbo-generator group of the
OWC power plant in the Pico island, Azores
(Falcão 2000)

Figure 23 100 kW OWC power plant at
Zhelang Town, Guangdong Province, China
(Yu, 2001)

Schematic of
reactor concept

Pendulum
displacer

Figure 24 PS Frog principle (Picture supplied
by Prof. French)

Figure 25 Prototype of the Waveplane
undergoing sea trials (Picture from Waveplane)

Figure 26 The Sloped IPS Buoy (Courtesy Edinburgh University)
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Figure 27 TMOWC prototype device during
sea trials 5km South of Plymouth, ( F
Johnson, University of Plymouth)

Figure 28 Prototype Aquabuoy undergoing sea
trials (Picture from AquaEnergy)

Figure 29 Artist’s impression of the Floating Wave Power Vessel (Picture from Sea Power
International)

4.4

DEVELOPMENT STATUS OF WAVE ENERGY SYSTEMS

Table 2 shows a snapshot of the status of the development of some of the current wave energy
concepts.
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Concept
only

Theoretical
/ wave tank

Scale
prototype

Full-scale
prototype

Aqua Energy Aquabuoy
Archimedes Wave Swing
Backward Bent Duck Buoy
DWP Float Pump
Energetech OWC
Floating Wave Power Vessel
Hosepump (Swedish)
Limpett OWC
McCabe Wavepump
Mighty Whale
Osprey
Pelamis
Pendulor
Pico Azores OWC
Point Absorber (Danish)
PS Frog
Salter Duck
Sloped IPS Buoy
Sperboy
TAPCHAN
TMOWC
Unión Eléctrica Fenosa OWC
Wave Dragon
Wave Plane
Wave Rotor
Wavebob
WaveGen Project X

Ongoing
research
!
!
!
!
!
!
!

!
!

!
!
!
!
!
!
!
!
!

Table 2 Snap-shot of the status of technical development of the main wave energy concepts

4.5

ECONOMICS AND ENVIRONMENTAL IMPACTS

It is difficult to estimate realistically the unit costs of electrical energy produced from the waves
since the few existing schemes have been prototypes with the additional costs incurred by such a
stage of development. However, the estimated costs have shown a steady decrease with time,
despite the little financial support received in recent years. It should be noted that the cost of
energy produced is a function of local wave climate and, in the case of shoreline devices, is site
specific. The costs of a number of devices have been evaluated in the last UK review of wave
energy, as reported by Thorpe (2000). This shows that there have been significant reductions in
the predicted generating costs of devices. It appears that several devices already have the
potential to provide cheaper electrical energy for small islands and remote coastal communities,
which depend on relatively expensive diesel generation.
Wave power generation is generally considered environmentally benign. For shoreline power
plants, the main negative impacts are visual intrusion and noise from some designs of air
turbines. Near-shore and offshore plants may constitute obstacles to coastal marine traffic and,
when deployed in large numbers, may promote modifications to coastal dynamics. Other
impacts—on the ecosystems, fishing and recreation—may also occur. Most of these effects can
be minimised and, in some cases, eliminated. A detailed environmental impact assessment (EIA)
will often be required. A strategy for the assessment and quantification of environmental impacts
needs to be developed, although the underlying principles of EIA are well developed.
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5. International R&D programmes
R&D in wave energy is underway in several countries around the world. There follows a brief
overview of activities in several of these.

5.1

AUSTRALIA

Since 1998 Australia has had legislation in force to encourage renewable energy and is aiming to
source 9,500 GWh/y of electricity from renewable sources.
Australia is home to Energetech which is developing an OWC with a parabolic reflector (see
Section 4.2.2). This is with support from the Australian Greenhouse Gas Office (AGO), under
its Renewable Energy Commercialisation Programme (RECP) which offers up to 50 % grant
funding to help commercialise novel energy technologies. Also funded under the Programme is
the Ocean Power Technology (OPT) buoy.
The AGO reports to a Ministerial Council comprising the Ministers for the Environment,
Industry, Science and Resources, Agriculture, Fisheries and Forestry, and Finance and
Administration. It is responsible for implementing a range of programmes and policy initiatives,
including—
•

Supporting the use of renewable energy for remote power generation (RRPGP)

•

Supporting renewable energy industry development activities (RECP SHOWCASE)

•

Equity funding for renewable energy (REEF)

There is no specific support for marine current or wave energy in Australia, although the
development of both areas falls within the remit of the AGO.

5.2

CANADA

5.2.1

Ocean wave energy

Canada’s coastlines have favourable wave energy resources. In 1995, Powertech Labs Inc.
carried out a wave energy resource assessment [Buyan, et. al., 1995] for the coast of British
Columbia based on the wave records obtained by Marine Environmental Data Services of
Canada. The most promising resources were shown to be in the Queen Charlotte Sound and
on the West coast of Moresby and Graham Island. The ‘Green Electricity Resource Map’,
recently issued by BC Hydro (also available on the BC Hydro web site), shows an average wave
power level of 33 kW/m along the West coast of Vancouver Island. The total incident wave
power for the west coast of Vancouver Island is estimated to be 8.25 GW. A wave energy
resource map for BC can be viewed at the Canadian Cartographic web site.
Encouraged by the rising electricity demand for Vancouver Island and in line with a voluntary
commitment to meeting 10 % of increased demand through a variety of new green energy
sources, BC Hydro have initiated a pre-feasibility assessment of the potential for developing
wave energy resources in 2000. Two specific sites (Ucluelet and Winter Harbour) have been
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identified, each with over 200 MW of potential wave power capacity. In 2001, BC Hydro
selected Ucluelet site as the initial site for the wave demonstration projects in Vancouver Island.
Presently, wave parameters near the Ucluelet site are being monitored using a moored tri-axis
buoy. BC Hydro has signed memorandum of understanding with Energetech (Australia) and
Ocean Power Delivery (UK), to build two demonstration plants in 2004, both through joint
ventures. Each of the plants will have an installed capacity of 2 MW. It is intended that both of
these demonstration plants be connected to the existing BC Hydro distribution grid.
On the east coast of Canada, the Wavemill Energy Corp, located in the province of Nova
Scotia, is marketing a wave energy converter called ‘wavemill’ with a patented suction chamber,
capable of being factory produced as an off the self unit. A series of performance trials of a
wavemill device were conducted in 1998, at the hydraulic laboratory of the National Research
Council of Canada.
5.2.2

Tidal current energy

As part of BC Hydro’s initiatives on green energy technologies, the feasibility of exploiting tidal
current energy as one of the green energy resources has been examined [Triton Consultants,
2002] in 2002. The report is available in its entirety on BC Hydro’s web site. A tidal current
resource map for British Columbia can be viewed at the Canadian Cartographic web site. The
resource assessment identified 55 sites with current speeds over 2 m/s, which would yield a
gross annual energy potential in the order of 20,000 GWh. Twelve specific sites, identified
considering the deployment feasibility, with a total energy production of 2,700 GWh per year.
The Blue Energy Canada company is soliciting financing for a tidal current demonstration
project using their technology particularly for tidal fence concept. They have, through their
previous association with another company, undertaken some laboratory trials on Darrieus-type
underwater vertical-axis turbines, or often called as Davis Turbines. Another Canadian
company called Clean Current, recently established in British Columbia, has undertaken
numerical hydrodynamic design on the ducted horizontal axis turbines and has developed two
innovative ideas related to electricity generation and turbine design. There are plans for a model
of the turbine to be tested soon.

5.3

CHINA

5.3.1

Funding

The main body funding comes from the State Science and Technology Committee which is
aiming to develop offshore wave power stations. Fundamental research on wave power is
continually supported by the Nature Science Fund of China and the Chinese Academy of
Sciences.
5.3.2
•

Activities

A shoreline OWC. This is being undertaken by Gunagzhou Institute of Energy
Conversion of the Chinese Academy of Sciences. After problems encountered in
considering the device for Nanao island, the latest plans are for it to be built at Shanwei city
in Guangdong province and will be a two chambered device with total width of 20 m and
rated at 100 kW.
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•

A shoreline pivoting flap device (Pendulor) is being developed by Tianjin Institute of
Ocean Technology of the State Oceanic Administration.

•

An experimental 3 kW shoreline OWC was installed on Dawanshan Island in the Pearl
river estuary. This supplied electricity to the island community and, following its good
performance, it is being upgraded with a 20 kW turbine.

China also produces mini-wave power devices for navigation buoys, with a rating of 60 W.
Over 650 units have been deployed in the past 17 years, mainly along Chinese coast with a few
exported to Japan.
The main activities of the Nature Science Fund of China and the Chinese Academy of Sciences
include—
•

Developing a new turbine for oscillating airflows.

•

Evaluating safety factors for the design of wave energy devices.

•

Time domain modelling and control.

•

Non-linear hydrodynamic simulation.

•

Providing an information system for wave energy resources.

5.4

DENMARK

5.4.1

Resource

The annual wave energy resource of Denmark has been estimated to be about 30 TWh with a
low annual wave power regime of 7-24 kW/m (Rugbjerg et al, 2000). A Danish Wave Energy
Atlas has been finalised and published (Rambøll et al, 1999).
5.4.2

Funding

The Danish Wave Energy Programme started in 1996 spending 5,300,000 between 1998 and
2002 in an attempt to emulate Denmark’s previous success with wind energy. Several Danish
developers also are receiving funding from the European Commission.
Recent changes in the government in Denmark have significantly cut research and
development budgets for renewable energy. This may have a serious impact on the research into
ocean energy systems in the country; research is expected to slow significantly.
5.4.3

Activities

The Danish Wave Energy Association was formed in 1997 to disseminate information and
arrange meetings for its members and those interested in wave energy. The Danish Energy
Agency has established an Advisory Panel of experts to advise on appropriate wave energy
testing and research—
•

The Danish Hydraulic Institute—DHI

•

The Danish Maritime Institute—DMI

•

The Folkecenter for Renewable Energy
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•

The University of Aalborg

•

The Technical University of Denmark

•

The Danish Wave Energy Association.

In the first two years of the Danish Wave Energy Programme, 40 new ideas have been
developed into models and tested in wave tanks, either at DMI or DHI, using guidelines
prepared by the Advisory Panel (Nielsen and Meyer, 1998). One concept, the Point Absorber,
has been piloted at an outdoor site in Nissum Bredning, and another, the Wave Dragon, is soon
to be tested there. A proposal for a hybrid wave and offshore wind pilot project in Horns Rev is
under consideration.
In addition to generating data on the performance of the schemes (both capture efficiency and
power conversion), the Danish Programme has developed a methodology for comparing the
economic prospects of the different systems (not an absolute economic evaluation).
The Wave Energy Programme is also promoting public information and education by
producing a film and information packs. Further details can be found in the status report on the
programme (BS, 2000).
Denmark is a founder member of the International Energy Agency (IEA) Implementing
Agreement on Wave Energy, signed in October 2001.
5.4.4

Status

Wave energy is still perceived in Denmark as being at the R&D stage, with one concept
expected to progress to the demonstration stage within the next few years. When the wave
energy programme was established in 1997—as a result of a political agreement on the national
budget—the political wish was for a programme structured in a similar way as the successful
wind energy programmes 20 years earlier. This wish is still being pursued using the broad
‘bottom-up’ support for device development, testing and ultimately deployment of devices at
full scale. Progress will therefore depend heavily on the availability of national budget
henceforth, which at the time of writing is in question.

5.5

FRANCE

5.5.1

Resource

France has annual power levels of 30-50 kW/m on its Atlantic seaboard and 4-5 kW/m on the
Mediterranean side.
5.5.2

Funding

A number of wave energy projects were operated in France during the early part of the last
century but the sources of funding for these are unclear. A few recent activities have been
funded by the Government and the European Commission through universities.
5.5.3

Activities

The 1980s saw several projects being carried out by the Centre Nationale pour l’Exploitation de
Oceans (CNEXO), but funding was stopped after the initial development phase.
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The École Nationale Superieure de Mechanique (ENSM) Nantes has been following a
programme of fundamental research, which, since 1995, has focussed on the development of
wave absorbing devices (paddles) for the equipment of wave basins. The same research group is
participating in the development of the European wave power pilot plant on Pico island
(Azores), mainly in the area of (sub)-optimal control strategies for wave energy OWC devices.
5.5.4

Status

With its heavy investment and large production from nuclear Pressurised Water Reactor
(PWR) technologies, France has showed little interest in wave energy. However, there are signs
that this might be about to change, and some interest is being shown in the IEA Implementing
Agreement.

5.6

GREECE

5.6.1

Resource

The resource around Greece is low although Greece does have over 16,000 km of coastline.
The Mediterranean does not have a large wave energy resource and Greece’s share lies in the
range 1.6-4.2 kW/m (according to the WERAtlas) but there is the possibility for some wave
energy ‘hot-spots’, (e.g. around Crete where the resource may reach 11 kW/m). There is some
scope for using wave power to supply remote island communities with power where the
electricity would displace expensive imported diesel fuel.
5.6.2

Activities

There are plans for deploying a full scale, semi-commercial demonstration plant for fresh water
and electricity production at the island of Amorgos in the South Aegean Sea, Greece. This is
based on the Hosepump and/or the IPS buoy and arises out of the joint efforts of Dunlop Oil &
Marine (UK), IPS, Sercon, and Technocean (Sweden). The project is being planned in three
phases—
•

Sea trials of a 5 kW converter in Sweden to evaluate its suitability for desalination processes.

•

Deploying a prototype power and desalination plant consisting of about 10 wave energy
Converters rated at 30 kW each, producing up to 200 kW plus 10 m3/h of desalinated sea
water.

•

Installing a demonstration plant at Amorgos, which will include high basin energy storage
(a mixture of the Hosepump and TAPCHAN devices.

Greece has also played a role in developing the European wave energy atlas and the Department
of Marine and Shipbuilding participated in the development of European Commission-funded
MAST3 project ‘Eurowaves’—a prototype tool for assessing the wave climate at a coastal or
shallow water location.

5.7

INDIA

The Indian wave energy programme started in 1983 at the Institute of Technology, Madras and
has concentrated almost exclusively on the OWC concept. A 150 kW prototype OWC with
harbour walls was built onto the breakwater of the Vizhinjam Fisheries Harbour, near
Trivandrum in India in 1991 (Ravindran et al, 1995). This scheme has functioned well,
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producing data that have been used to design and build an improved demonstration scheme at
the same site. This will have the following new features—
•

The squirrel cage induction generator will be superseded by a slip ring, variable speed
induction generator with an improved performance under fluctuating load conditions.

•

The previous device suffered from losses of 15 kW, which had to be supplied from the grid
under low wave energy conditions. The new scheme will comprise two power modules,
only one of which will run under low power conditions.

•

The fixed chord blade turbine will be replaced by one where the blade chord varies along
its length for improved efficiency.

Following the successful testing of this, it is proposed to build a commercial scheme of 10
caissons, each 21 m wide, at Thangassery, on the west coast of India. Each caisson will have two
power modules, both with a 55 kW rating, leading to an overall rating of 1.1 MW. These
caissons will be spaced at an optimum distance apart, in order to increase their overall capture
efficiency to above that of a single caisson.

5.8

INDONESIA

A feasibility study has been carried out by Groner AS (Norway) on deploying a TAPCHAN
scheme at Baron on the island of Java. Discussions have since taken place between interested
parties, but the demonstration has not yet been taken forward despite the project’s technical
feasibility.

5.9

IRELAND

5.9.1

Resource

Ireland has considerable potential for generating electricity from wave power, being on the
eastern edge of the North Atlantic Ocean with only a relatively narrow strip of continental shelf
separating the coast from the deep ocean.
The deepwater wave power levels off the southwest, west and northwest coasts of Ireland are
among the best in Europe. The mean values vary from 68 kW/m in the south west to
75 kW/m in the north west according to the European Wave Energy Atlas (WERAtlas),
corresponding to an available annual offshore resource of ~30 GW. Using data from modern
wave power converters this suggests that the resource could be exploited to deliver
15-20 TWh/year of electricity to the Irish grid. This is somewhat lower than the 25 TWh/year
estimated by Mollison’s benchmark study (1982), because of the more realistic estimates that can
now be made as to the efficiencies of wave power conversion.
A joint study carried out by ESBI and ETSU (1997), using simplified methods, for shoreline
wave power development indicated a nearshore/shoreline resource of over 7 TWh/year. How
much of this could be exploited commercially would depend on the availability of suitable sites
at or near the coastline.
The combination of high wave power levels and deep water close to the coast provides Ireland
with some of the most favourable sites for exploiting wave energy in the world.
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5.9.2

Funding

Following the 1973 oil crisis, research was instigated under the then National Board for Science
and Technology (NBST) to examine the potential for exploitation of the Irish Wave Energy
resource. This led to the production of a baseline report by Mollison in 1983 and to
participation in the IEA ‘Kaimei’ project in the Sea of Japan during the early 1980’s (see
Section 5.10).
Following completion of the IEA project and the easing of oil prices, little official funding was
available to support research until the establishment of the Marine Institute (1991) with a
mandate to quantify and develop Ireland’s marine resources.
The Marine Institute provided some funding for wave energy research during the period
1994-1999 and also funded installation, jointly with Met Eireann and U.K. Met Office, of a
number of offshore buoys, two of which have been installed (M1 and M3) in energy rich waters
off the Atlantic coast and a third (M1) in the Irish Sea. Its Marine Research, Development and
Demonstration programme was launched late in 2002.
As part of its third Alternative Energy Requirement the Irish Government (1997) sought
tenders for wave power projects in Irish waters that could have qualified for grant aid capped at
1.2m, together with a premium price for power delivered. Unfortunately, it was found that
the scheme did not meet relevant EU spending criteria at the time and as no grant aid was
available no award could be made.
€In 1999 the Government published a Technology Foresight report which identified a role for
wave energy as one of Ireland’s resources that merited developmental support. This was
followed by a Green Paper in 1999 on Sustainable Energy and the appointment of a Renewable
Energy Strategic Group with members drawn from the public, civil service and industry. The
Group’s function is to develop renewable energy strategies and to identify methods of resolving
difficulties in implementing renewable energy policies.
The Government (2000) published regulations for offshore electricity generation from wind and
wave resources and also re-focussed the efforts of the Irish Energy Centre and Renewable
Energy Information Office (REIO) to promote information, technical support and public
awareness of renewables. At this time the Irish Energy Centre was placed in a statutory role
under the Sustainable Energy Act of 2002 This Act created the Sustainable Energy Authority of
Ireland and now operates as Sustainable Energy Ireland.
In 2002 Sustainable Energy Ireland published its 16 m Research, Development and
Demonstration Programme Strategy (including wave) consultation document. A call for
proposals was made in June 2002. The programme will run for four years and has identified
specific priorities for wave energy research.
5.9.3

Activities

Despite the relative lack of locally generated funds, considerable wave energy research has been
carried out in Ireland, primarily as a result of EC-supported international collaboration but also
through commercial developments.
There are three centres of excellence on the island of Ireland where wave energy research is
concerned. Two of the World’s premier research institutes in wave energy exist at University
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College Cork and Queen’s University Belfast (See Section 5.18) and the third is the research
group at the University of Limerick.
•

University College Cork’s Hydraulic & Maritime Research Centre (HMRC) has a long
history of research and development in wave energy encompassing resource evaluation,
hydrodynamic modelling of converters, model testing and device design (primarily OWC
types). It provides a range of test and modelling facilities for use by industry and has been
involved in testing a range of converter systems including various OWCs, IPS Buoy,
BBDB, Archimedes Wave Swing, McCabe Wave Pump, Wave Dragon, WAVE PLANE
and SPERBUOY concepts.
It has developed SEPECTRUM a digital near shore wave atlas and was a partner in the
project developing the European Wave Energy Atlas (WERATLAS).
It has also carried out (with Irish Hydrodata and Ove Arup & Partners) a strategic study
with the object of ranking potential sites and validating nearshore wave climate prediction
methodology so that would be developers may be able to avoid lengthy and expensive site
monitoring.
HMRC also co-ordinates the EU Wave Network Web site. www.wave-energy.net

•

The University of Limerick's Wave Energy Research Team has specialised in ongoing
research into the aerodynamics, design, manufacture and performance prediction using
Computational Fluid Dynamics and numerical simulation of rectifying turbines (Wells and
impulse types). It enjoys close collaboration in this field with Saga University (Japan) and
Queens University, Belfast. It has also manufactured the blades for 2.3 m-diameter second
generation Wells turbine for the European Wave Energy Pilot Power Plant at Pico, Azores,
Portugal.

There is a fledgling Irish wave power industry and a number of companies have been established
to develop wave power devices. These include:
•

Hydam Technology which is developing the McCabe wave pump, primarily to extract
fresh water from sea water via high pressure reverse osmosis, for use on arid coastlines. It
has been testing a 40m prototype since 1996 and this is to be re-deployed at Kilbaha in the
Shannon Estuary before the end of 2002.

•

Harland &Wolff in a joint venture with du Quesne Environmental and the Marine Institute
which was formed to develop the Wave Bob deepwater offshore converter.

•

Ocean Energy, a commercial venture formed to develop a particular OWC system for
electricity production.

5.10 JAPAN
5.10.1 Resource
Japan is surrounded by the sea. The average wave power level around Japan is 6–7 kW/m of
coastline. The total wave energy around Japan is estimate to be 31,000 MW–36,000 MW.
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5.10.2 Funding
In Japan, the research and development of technology for wave energy utilization has been
driven by social and environmental concerns. For example, to ensure security of fuel supplies
after the oil price shock of the 1970’s, as well and the public anxiety surraounding the major
accidents suffered at some of Japan’s nuclear power plant in the 1980’s. Increasingly Japan is
becoming more interested in global environmental problems such as climate change.
‘The law on special measures for promotion of the utilization of new energy’ was enacted in
June 1997. The basis of this law is that ‘any person involved in energy has an obligation to strive
for the introduction of new and renewable energy’. On this basis the Government has been
implementing policy measures geared towards accelerating the introduction and promotion of
new and renewable energy. Here, ‘new energy’ was defined as the energy which could be
considered technically practicable with lower restrictions on its economic viability. This meant
that hydroelectric generation and geothermal power generation which were already in use were
not classified as ‘new energy’. The major items of defined ‘new energy’ are shown as follows—
•

Photovoltaic power generation

•

Wind power generation

•

Solar heat utilization

•

Thermal energy utilization (untapped energy and cogeneration)

•

Waste incineration power generation

•

Clean energy vehicles

•

Fuel cells

•

Biomass generation

•

Thermal energy utilization (biomass)

•

Biomass fuel

•

Thermal energy utilization (snow and ice)

The deployment of these ‘new energy’ technologies has been promoted by subsidies through
various organisations including the New Energy Foundation (NEF) and the New Energy and
Industrial Technology Development Organization (NEDO). Under these measures, the
cumulative output of photovoltaic power generation systems introduced by the end of 2000 is
about 321 MW (209 MW in FY 1999), and the target for introduction by FY 2010 is
4,820 MW. Wind power generation has made significant progress as well, with a total installed
capacity of about 160 MW by September 2001 (83 MW in FY 1999). The installation target for
FY 2010 has been revised 3,000 MW. These installation targets were submitted in a report by
advisory body to the Ministry of the Economy, Trade and Industry in June 2001. This report
investigated the installation target for renewable energy including ‘new energy’, hydroelectric
generation and geothermal power generation for FY 2010. That advisory body submitted the
installation target of renewable energy for FY 2010. The target is for renewable energy to
supply 7 % of total primary energy consumption. This is a challenging target and will require
significant efforts to achieve. Ocean energy does not qualify as a new or renewable energy.
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5.10.3 Activities
In Japan, from the latter half of 1970’s to the first half of 1980’s, the research and development
for the floating wave generating device ‘Kaimei’ and a shoreline wave energy device had been
carried out in Japan Marine Science and Technology Center (JAMSTEC). During the 1980’s
and 1990’s other shore-line wave devices were are researched and developed in another
organisations such as the Ministry of Transport, Tohoku Electric Power Co., Muroran Institute
of Technology. These research programmes had ended by 2000. The open-sea test of the
‘Mighty Whale’ concept completed in 1987 at JAMSTEC was last in the series of experiments
with wave energy devices in Japan.
Most of wave energy devices in Japan were shoreline concepts. These concepts were intended
for incorporation to breakwaters. Most of the concepts operated on the Oscillating Water
Column principal. The sizes of generated output of these devices were relatively small and were
in the range 10-100 kW.

5.11 KOREA
Baek Jae Engineering has designed a prototype wind-wave energy scheme. The design has
many novel features, in particular a floating, lattice structure fabricated from plastics and
composites. The new aspects of the design are intended to reduce the overall capital cost of the
scheme by minimising the non-productive wave loading on the device and utilising a cheaper
construction material. The design is at an early stage of development and, as such, there are
several aspects that need further development. However, this is typical of a technology at this
stage of development (i.e. pre-prototype phase).
An independent assessment has been carried out which indicated that, if research in these areas
was successful and the device could withstand impact from debris, it is likely to be economically
competitive with a range of electricity generation technologies (both conventional and
renewable). This is assuming the device was deployed in energetic wave climates such as those
of Western Europe. Baek Jae Engineering is continuing to develop the design and is intending
to progress to testing a prototype.

5.12 NETHERLANDS
Teamwork Technology and a consortium of Dutch companies have been working to develop
the Archimedes Wave Swing over the last four years (see Section 4.2). A scale prototype is
currently being tested in Portugal.

5.13 NEW ZEALAND
New Zealand with its long coastlines and high wave resource has some of the best wave energy
potential anywhere in the World. Estimates of the wave power levels around the coast indicate
levels of over 20 kW/m (NIWA, 2002) and up to 100 kW/m on south and west-facing
coastlines. New Zealand also has a relatively low tidal range, which will suit most wave energy
devices. Limited wave data and studies are available from National Institute of Water and
Atmospheric Research (NIWA, www.niwa.cri.nz). NIWA has focussed on developing tools for
wave resource assessments and is currently engaged in developing renewable energy solutions,
including wave energy, for remote, isolated communities.
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New Zealand has committed to sign the Kyoto Protocol but a date for signature has yet to be
confirmed. The Government published a Climate Change preferred policy package in April
2002 (www.climatechange.govt.nz).
An Energy Efficiency and Conservation Act (2000) established the Energy Efficiency and
Conservation Authority (EECA), a government entity, which promotes and regulates energy
efficiency and conservation. EECA published a National Energy Efficiency and Conservation
Strategy in 2001 (www.eeca.govt.nz). In April 2002 the Government published a consultation
document on a renewable energy target. The document dovetails with the climate change
preferred policy package and proposes a target of 8.3 TWh/y (30 PJ) of new renewable energy
by 2012. This target will be supported by two mechanisms—
•

Renewable Energy Programme—sectoral programmes for research, training, pilot projects
and information dissemination

•

Projects Mechanism—a competitive bid-in funding programme for renewable energy
projects

These mechanisms are intended to incentivise development of renewable energy projects and
also achieve greenhouse gas emission reductions targets set out in the Climate Change Policy.

5.14 NORWAY
5.14.1 Resource
Norway has a large potential wave energy resource (400 TWh/year) with wave power levels
between 50 kW/m in the north and 23 kW/m in the south (where it is shielded by Scotland).
5.14.2 Funding
Funding for wave energy has come primarily from the Government through the Norwegian
Research Council and Norwegian Universities. The main exception to this has been
Government collaboration with two Norwegian companies (Kvaerner Brug A/S and Norwave
A/S) and the Centre for Industrial Research, leading to the deployment of two prototype
devices.
5.14.3 Activities
Research in Norway began in 1973 at the Department of Physics in the Norwegian University
of Science and Technology—NTNU, with governmental support from 1978. Norway
pioneered many of the developments. In the 1980’s, two shoreline wave converters were
deployed at Toftestallen about 35 km north-west of Bergen—
•

The 500 kW Multi-Resonant Oscillating OWC, built by Kvaerner Brug in 1985. This
plant operated successfully but was damaged in severe storms in 1988, when it ceased to
function.

•

The 350 kW Tapered Channel (TAPCHAN) built by Norwave A/S. This plant operated
successfully for several years but was damaged during operations to improve its performance
in 1991, when it ceased to function. In 1996, Norwave AS planned to export the
TAPCHAN technology to Java in Indonesia, but due to various problems within the
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country (economic and civil unrest), the project still awaits commissioning. Interest has
recently been shown in reopening the TAPCHAN in Toftestallen.
The Norwegian Research Council also sponsored R&D on the Controlled Wave Energy
Converter—ConWec. Since 1994, work on the ConWec has been carried out between the
company Brodrene Langset AS and the Department of Physics of the Norwegian University of
Science and Technology in Trondheim—NTNU (Lillebekken, Aakenes and Falnes, 1998).
Oceanor A.S., a oceanographic company, together with the National Technical University of
Athens and the Italian ISDGM (Istituto Studio Dinamica Grandi Masse) have developed
EUROWAVES, a new European wave energy atlas software package, which is part of the
Fourth EU Framework Programme (Oceanor, 2000).
5.14.4 Status
Wave energy in Norway is mainly at the research stage. Norway is fortunate to have ample
hydro and wind resources capable of generating electricity at ~0.03 /kWh, and so in the
commercial sense, the technology is up against strong competition. Wave energy may be
competitive in niche markets, however, (e.g. diesel generation in isolated coastal areas (NVE,
1998). Other niche markets may be—
•

water pumping in fish farming

•

navigation buoys

•

ship propulsion

•

power generation for oil and gas offshore installations using remote wave energy converters

5.15 PORTUGAL
5.15.1 Resource
Portugal has favourable wave power levels of 30-40 kW/m, with the highest being to the
North. The overall resource has been estimated at 10 GW, of which half could be exploited
(Mollison and Pontes, 1992).
5.15.2 Funding
The Portuguese Ministry of Science and Technology provides funding for R&D and
Demonstration (company-led) projects through different programmes, but most Government
funding is provided by the Ministry of Economy, in addition to funds from the European
Commission.
5.15.3 Activities
Wave energy research started in 1978 at IST in Lisbon, who were joined in 1983 by the
Instituto Nacional de Engenharia e Tecnologia Industrial (INETI). The main area of interest has
been oscillating water columns.
Since 1986, Portugal has been involved with the planning and construction of a shoreline
Oscillating Water Column on the island of Pico in the Azores. This project was carried out in
association with an international group, including—
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•

IST

•

INETI

•

University College Cork (model testing)

•

Queen’s University of Belfast (electrical aspects)

•

Edinburgh University (manufacture of variable pitch turbine)

•

Wavegen (manufacture of conventional turbine)

•

Empresa de Electricidade dos Açores RP – the local electrical utility

The OWC in Pico was sponsored to promote wave energy research and development, and also
to provide the island with electricity by being connected to the grid. The construction of the
OWC was completed in the summer of 1998. However, after its completion, different
interruptions and a flood in the electronic equipment room occurred.
Besides the development of the Pico project, Portugal has been actively involved in the research
and survey of wave energy resources in the country and in Europe. In 1997, INETI and a panEuropean team developed and published the first European Wave Energy Atlas WERAtlas,
which covers an extensive area from the Mediterranean to the Baltic Sea. This work includes
some detailed analysis of both the high—i.e. economic—resource areas as well as the low less
useful areas.
The north coast of Portugal (Viana do Castello) is the location chosen by Teamwork
Technology BV—AWS (a Dutch wave energy company) for the development of the offshore
wave energy converter, the Archimedes Wave Swing (AWS, 2001). The first prototype of
2 MW is currently being installed (10 November 2001). Portugal was chosen because of its
good wave climate, adequate water depths close to shore and technical expertise in wave
energy, features that it shares with Ireland.
5.15.4 Status
The Portuguese Government has started to take effective measures to establish wave energy
within Portugal—
•

It has been instrumental in attracting the AWS to Portugal through its continued political
support for the project. For instance, at the last minute when the device was about to be
installed, a sub-sea survey revealed rocky promontories, which would have made cable
laying difficult and expensive. An alternative site was selected and the licenses and permits
were obtained for the new site within six weeks.

•

It has recently announced that wave energy projects will receive enhanced prices for
electricity delivered to the grid. A discussion with Teresa Pontes of INETI indicates an
initial tranche size of 30 MW and a premium price of 0.25 /kWh.

5.16 SPAIN
Since 1990, Unión Eléctrica Fenosa of Spain has been conducting research on a novel wave
energy scheme (Matas, 1992). The scheme is an OWC where the power is extracted not by an
air driven turbine but mechanically, using a float atop the water column. An experimental plant
has been tested in a wave flume, allowing its behaviour to be modelled. More testing is being
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carried out but plans are being made for installation of a prototype in a breakwater (Rebollo,
1995).

5.17 SWEDEN
Two main devices have been under development in Sweden: the Hosepump (see main text)
and the IPS buoy technology. A new company (Eurowave Energy AB) is to be formed in early
1998 to promote commercial schemes based on these technologies. It has plans to install a
demonstration system west of Gothenburg in the near future, followed by other demonstration
schemes near Athens (Greece) and New Jersey (USA). They also have plans for a 1.5 MW
commercial scheme off the west coast of Ireland.
Another device, the Floating Wave Power Vessel was originally developed by Sea Power AB.
This device will be deployed of Scotland with a SRO power-purchase contract (see
Section 5.18). The company is also considering working with the authorities in the Maldives to
install another wave power device to provide power to the islands.

5.18 UNITED KINGDOM
5.18.1 Resource
The UK is favourably situated with high offshore wave power levels (typically 60-70 kW/m).
The overall resource has been estimated at 120 GW (Thorpe, 1992).
5.18.2 Funding
The original funding for wave energy within the UK was almost totally from Government. The
immense wave power resource around the UK led to the original Wave Energy Programme
(1974-1983) focussing on exploiting the maximum amount of resource possible, which led to a
target design of 2,000 MW for the first wave energy schemes (sic). Colossal schemes were
required to achieve this target, which would have entailed large construction costs, prolonged
construction times and significant technical challenges. These factors led to high predicted
generating costs and large capital costs for the first prototype designs (the Edinburgh Duck,
Bristol Cylinder, NEL OWC, SEA Clam and Vickers OWC), which made all the technologies
commercially unattractive. Hence, the Wave Energy Programme was significantly run down.
This correct decision at the time has resulted in wave energy having a credibility problem,
typified by the question ‘If the UK could not make this technology work with their good wave
power levels, engineering skills and leading academic institutions—who can?’
Work did continue at a much lower level of funding by the Government on small-scale
schemes, especially the shoreline OWC, which was deployed on Islay in the early 1990s.
Work on wave energy began anew in the mid-1990s, led primarily by two SMEs—Wavegen
and Ocean Power Delivery. Until recently, these companies obtained all their funds from
commercial or private sources (Ocean Power Delivery did win some small grants). More
recently both companies have received substantial funding from Government grants, with
Wavegen being awarded over £1,500,000 to help build and deploy its ‘Project X’. This
resulted from the Government’s decision in 1999 to re-open its wave energy programme, when
its announced plans to spend in the region of £1,000,000 per annum on wave energy.
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Scotland has provided a tranche of its renewables obligation for wave energy schemes (the third
Scottish Renewables Order—SRO3), whereby developers would be paid a premium price for
electricity delivered to the grid. This produced three successful applicants—Wavegen’s
LIMPET, Ocean Power Delivery’s Pelamis and Seapower International’s Floating Wave Power
Vessel. Of these, only the LIMPET has yet been deployed.
Government funding through the Department of Trade and Industry is concentrated on
industry-led projects. University-led projects are funded by the Engineering and Science
research Council.
5.18.3 Activities
The work undertaken in the first Wave Energy Programme was so extensive that it cannot be
detailed here. It was placed mainly with Universities and Government institutions (such as the
National Engineering Laboratory) and consisted (essentially) of developing a completely new
science and technology ab initio. It was closed down after a spend of over £17,000,000, when its
designs for a 2 GW wave power station were evaluated and the electricity production predicted
to be too expensive. The Programme generated vast amounts of information and many lessons
can be learnt from it on how to run a national programme.
•

The work should be industry-led—Government should take a supportive role

•

Targets should be economics-led from the start. The Programme was initially aimed at
maximising the output from the seas, economics came in only after the design teams were
committed to the first objective.

•

Feasible technical and economic milestones should be incorporated from the start. There
was apparently no structure to the programme, which grew as new device types were
incorporated, without any significant evaluation. No-one seemed to appreciate that some
of the demonstration schemes (i.e. the minimum scheme required to prove the
technology—not the 2 GW target scheme) would cost hundreds of millions of pounds to
build and deploy, which was over ten times the UK Government’s annual R&D budget for
all renewables.

The current UK programme has taken all these points on board, with industry-led projects,
being reviewed by a panel of experts, establishing clearly defined development and economic
targets.
To date, the DTI Programme has funded work with several contractors—
•

Wavegen, for the development of the LIMPET and ‘Project X’

•

Ocean Power Delivery for the development of the Pelamis

•

University of Edinburgh for the development of the Sloped IPS Buoy

•

Ove Arup for a technical review and technology transfer relating to wave energy (Arup,
2000)

•

Durham University for a comparative study of linear generators and hydraulic systems.

•

Prolonging the deployment and testing of the MOWC.

There is also considerable activity on a non-technical front—
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•

A report from the UK Marine Foresight Panel (OST, 1999) was supportive of the
development of wave energy in the UK. This panel was composed of experts from a variety
of industries connected with marine activities (especially the offshore oil and gas industry)
and consulted widely before reaching its conclusions.

•

A Scottish Commission has been formed to promote the development of a wave energy
industry in Scotland. This comprises representatives from the Scottish Parliament, NGOs,
relevant industries, finance, etc. This has led to plans to develop a marine energy test facility
in the Orkneys, which will provide the basic infrastructure for a device developer to attach
to (including sub-sea cable, grid connection, onshore laboratory facilities, etc.). This is
basically a form of capital grant, helping the developers to avoid paying for these items,
which can account for over 25 % of the costs of a development scheme.

•

A report by the Royal Commission on Environmental Pollution (RCEP, 2000)
recommended that stronger support be given to wave power, which the Commission
considered to have ‘significant promise’.

•

A recent public inquiry by the House of Commons Select Committee on Science and
Technology concluded—
‘The enormous potential export market for wave and tidal energy devices easily
justifies the public investment now needed to ensure success.’
‘Growth in the wave and tidal energy industry would help to offset
unemployment in the declining offshore oil and gas, and shipbuilding, industries.
Government investment in wave and tidal energy would thus bring significant
economic and social side-effects.’

5.19 USA
There has been little governmental support for wave energy in the USA. However, several
industrial companies have tested a range of prototype devices. In recent years, wave energy
activities in the US have been confined to regional studies by coastal utilities and state
government agencies, with relatively little technology development.
In early 2002 a change in the federal government’s view of wave energy was noted, as the new
company, AquaEnergy Group, Ltd. has successfully achieved the inclusion of ocean energy as a
renewable resource in the 2002 Federal Energy Bill (AquaEnergy, 2002).
AquaEnergy Group Ltd. is a Washington State-based company founded in early 2001, has
acquired the worldwide exclusive rights to the AquaBuOY™ technology (see Section 4.2).
AquaEnergy Group has formed a consortium of public entities for the installation of a Offshore
Pilot Power Plant in Makah Bay, WA. At the time of this publication the Makah Bay pilot plant
was undergoing permitting, design and supplier selection.
The company plans to expand its operations to Europe and Canada in the near future. It has
already signed a MOA with a Scottish company as well as was one of four companies shortlisted for BC Hydro’s Vancouver Island wave energy demo project.
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5.20 EUROPEAN COMMISSION
The first step to improving collaboration between wave energy developers, academia and the
electricity industry was taken by the European Commission in 1999 with the formation of the
European Thematic Network on Wave Energy. The Network was launched in 2000 and is
focussed in six main areas—
•

Co-operation with power industry. To induce a long-term co-operation with the
power industry (e.g. electricity utilities, wind power industry) in order to involve the
utilities and to learn from the experience of the wind power industry.

•

Social, planning and environmental impact. To identify the planning, legal and
commercial barriers and the social benefit, energy and environmental impact arising from
the expected development of wave energy schemes. To create recommendations for their
development.

•

Financing and economic issues. To evaluate the financing, economics and monetary
issues for developing wave energy schemes.

•

R & D on wave energy devices. To identify the current status of wave and tidal energy
device development. To determine the technical barriers to the commercial development
of these devices at different time scales. To develop a standard for assessment of existing and
new devices. To develop a Strategy for Development and an Action Plan

•

Generic technologies. To co-ordinate activities on generic technology issues concerning
the utilisation of wave and tidal/current energies, so as to facilitate the exchange of
experience and the transfer of knowledge. To promote knowledge and technology transfer
from the offshore industry and coastal engineering. To promote studies on these issues.

•

Promotion of wave energy. To promote wave energy as a renewable source of energy,
capable of significant contribution to electricity production in Europe in the near future.
This promotion will use several media in order to reach different areas of industry and
society.

The subtasks in each area are shown in Table 3. These address most of the aspects common to
all wave energy devices (e.g. standards for grid connection, plant control, etc.) as well as themes
that will be of benefit to wave energy as a whole (e.g. environmental economics, promotion of
wave energy). The various participants in the Network and their activities are shown in Table 4.
The Commission has also supported a range of projects on wave and tidal energy. A summary of
these projects is shown in Table 5.
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Task

Main task

Subtasks

A

Co-operation
with power
industry

•

Development of a standard for power quality of gridconnected wave power plants.

•

Development of a safety standard for wave power
conversion systems.

•

Assessment of the procedures, costs and facilities for power
transmission

•

Industrial benefit and job creation

•

Institutional barriers to development of wave energy

•

Environmental impact of wave energy schemes

•

Planning considerations

•

Financing of wave energy projects

•

Economics of wave energy

•

Environmental economics

•

Current & wave energy device development status

•

R & D requirements for first, second and third generation
devices

•

Tidal current device development status and research
requirements

•

Develop strategy and action plan for R & D for current &
wave energy devices

•

Plant control and power output prediction.

•

Plant monitoring and assessment of performance.

•

Loads and survivability.

•

Maintenance and reliability.

•

Modelling and standardised design methods

•

Support for Wave Energy ‘events’

•

Publications in international Journals

•

Dissemination of printed material

•

Development of a Wave-Energy Internet site

B

C

D

E

F

Social,
planning and
environmental
impact

Financing &
economic
issues
R & D on
wave energy
devices

Generic
technologies

Promotion of
Wave Energy

Table 3 Task Areas for the European Thematic Network
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No Coordinator
organisation

Contact

Task Leader

Task
Participant

(Codes refer to table Table 3)

1

Future Energy Solutions,
UK

2

Richard Boud

C

B, F

University College Cork, Tony Lewis
Ireland

D

F

3

Rambøll, Denmark

Kim Neilsen

A

B, C

4

EMU Consult, Denmark

Hans Christian Sørensen

B

A, C

5

Instituto Nacional de
Teresa Pontes
Engenharia e Technologia
Industrial, Portugal

A, E

6

Chalmers University,
Sweden

A, C

7

Teamwork Technology,
the Netherlands

Fred Gardner

8

CRES, Greece

George Lemonis

9

Ponte di Archimede nello
Stretto di Messina SpA,
Italy

C
F

A, B
D, E

10 Edinburgh University,
Scotland

Stephen Salter

D

11 Instituto Superior
Tecnico, Portugal

Antonio Falcão

D, E

12 Ecole Centrale De
Nantes, France

Alain Clement

E

13 ESB International, Ireland Pat McCullen

A

14 Hammarlund A. Konsult, Karin Hammarlund
Sweden

B

Table 4 Members and responsibilities of the European Thematic Network on Wave Energy

40

Joule 1 FP2

JOUR0132

Joule 1 FP2

JOUR0133

Joule 2 FP3

JOU20276

Joule 2 FP3

JOU20283

Joule 2 FP3

JOU20314

Joule 2 FP3

JOU20315

Joule 2 FP3

JOU20333

Joule 2 FP3
Joule 2 FP3

Mths

Start

Coordinator
organisation

Title

EC contribution
[ ]

Contract

Country

Programme

Wave Studies and Development of Resource
Evaluation Methodology
European Pilot Plant Study

INETI

Portugal

120,000 1992 18

IST

Portugal

400,000 1992 18

The Queen's
University of Belfast
Wavegen

UK

550,000 1994 24

UK

550,000 1994 51

IST

Portugal

550,000 1994 31

University of Patras

Greece

200,000 1994 16

Conventry University UK

200,000 1994 26

JOU20355

An european wave energy pilot plant on Islay
(UK)
The deployment and testing of a prototype
osprey wave energy convertor - Phase 1
European Wave Energy pilot plant on the
island of Pico, Azores, Portugal
Electricity generation by pilot realisation of a
wave energy converter
Air turbine development and assessment for
wave power plants
Tidal and marine currents energy exploitation

Tecnomare

Italy

300,000 1994 17

JOU20390

Atlas of wave energy resource in Europe

INETI

Portugal

300,000 1994 30

Joule 2 FP3

JOU20394

Offshore wave energy converters

Rambøll

Joule 3 FP4

JOR3950002

University of
Edinburgh

UK

800,000 1996 45

Joule 3 FP4

JOR3950009

Wavegen

UK

650,000 1996 22

Joule 3 FP4

JOR3950012

Making a variable-pitch turbine and highspeed valve for the Azores oscillating water
column
The detailed design, manufacture and
commissioning of a prototype WOSP
wind/wave energy plant
European wave Energy pilot plant on the island
of Pico, Azores, Portugal. Phase 2: Equipment

IST

Portugal

Joule 3 FP4

JOR3971004

Starwell Ltd

UK

Joule 3 FP4

JOR3971031

Joule 3 FP4

JOR3980202

Joule 3 FP4

JOR3980205

Joule 3 FP4

JOR3980282

Joule 3 FP4

JOR3980312

Joule 3 FP4

JOR3987026

Wave energy device: broadband seapower
energy recovery buoy
Low-pressure hydro turbine and control
equipement for wave energy converters (Wave
Dragon)
World's first pilot project for the xploitation of
marine current at a commercial scale
Optimising the performance (electrical and
economic) of tidal current turbines
Performance improvement of OWC power
equipment
Islay Wave power plant

400,000 1994 24

Löwenmark
Denmark
Consulting Engineers
ITPower Ltd

UK

The Robert Gordon UK
University
IST
Portugal
The Queen's
University of Belfast
Starwell Ltd

UK

Wave energy device -broadband seapower
UK
energy recovery buoy
Joule 3 FP4
JOR3987027 Low-pressure turbine and control equipement Löwenmark
Denmark
for wave energy converters
Consulting Engineers
FP5 FP5 ENK5199920001 Wave Energy Thematic Network
ETSU
UK
FP5
FP5

FP5

FP5 ENK6200100540 Power Production from osmotic pressure
Statkraft SF
difference between fresh water and sea water
FP5 ENK6200100500 Economically efficient floating device for wave CRES
power conversion into electricity. Phase I:
Mathematical & Physical model testing
FP5 ENK5200200603 Sea testing and optimisation of power
Spok Aps
production on a scale 1:4.5 test rig of the
offshore wave energy converter Wave Dragon

NO
EL

DK

1,000,000 1996 34

45,000 1997 84
45,000 1997 40

1,058,588 1998 36
531,246 1998 36
414,389 1999 42
1,443,000 1998 36
481,000 1999 26
445,473 1999 24
592,300 2000 36
1,808,752 2001 36
540,633 2002 18

1,532,999 2002 33

Table 5 List of projects supported by the European Commission R&D programmes (Schild 2002)
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5.21 WORLD SUMMARY
Activity is continuing in all parts of the world with a strong focus in Europe. Recently there has
been a broad shift in Government programmes away from ill targeted, technology-led R&D
towards support of various kinds for device developers. The mechanisms in wide use include—
•

Capital grants, either directly (as in the UK Government’s grant to Wavegen) or indirectly
(as in the Scottish Commission’s potential provision of wave energy infrastructure for
developers to use).

•

Premium prices for electricity. For example, this is the route being taken in the Scottish
Renewables Order (with prices believed to be 0.09-0.12 /kWh) and Portugal
(0.25 /kWh) for the first schemes. This is a useful support mechanism after the
demonstration scheme, enabling the construction and deployment of multiple devices,
which is necessary to achieve the economies of scale that wave energy needs in order to
become economically competitive.

•

Direct Political support. This is clearest in Portugal (rapid granting of licenses for
deployment) and is illustrated by the UK’s approach to offshore wind energy, where whole
areas of the seabed are being licensed by the Crown Estates for deployment of wind farms
with minimum delays in permitting.

•

R&D is continuing in many parts of the World on both generic and specific device
concepts. There is increasing use of technical and economic assessments to evaluate devices
prior to their being considered for national or regional support.

42

6. R&D strategies
A successful R&D programme will have stated aims and objectives and a clear rationale for
selecting projects. Research can range from ‘blue skies’ research to targeted industrial research
or into tackling non-technical barriers to wide uptake of a technology. It is important to
recognise this as it sets the context in which the priority areas can be defined. This section
therefore discussed the background to R&D strategy and why understanding this is crucial to
the development of ocean energy systems.
It is important to consider a range of R&D strategies when attempting to prioritise activities.
The strategies for undertaking generic research are quite different to those for developing
specific sub-system components. It is therefore not sufficient to simply discuss the R&D issues,
assess their importance and define priority areas. It is necessary to consider from the outset how
the R&D activities for each priority could be taken forward effectively. This report will
therefore discuss the R&D issues and then place them in context. From these the priorities areas
that could be taken forward directly by the IEA or by National research programmes or
individual developers can be shown. This approach will also demonstrate where co-operation
and co-ordination of the activities would be of most benefit.
Firstly, some discussion on the types of R&D frameworks is required. This section discusses a
range of options. The following sections will suggest which strategies are most appropriate for
which research areas.
There are two main types of research applicable here—generic research and specific (system)
research.

6.1

GENERIC RESEARCH

Generic research issues apply to many different types of device and cover a range of problems.
Such issues include, amongst others, improving the performance of standard hydraulic
generators and understanding potential environmental impacts of a particular technology.
Generic research areas can be prioritised and R&D projects can be initiated in a number of
ways—
•

Call for proposals. A call for proposals on the main issues in a particular area can be made.
Respondents are encouraged to suggest what work is needed to tackle the issues they
perceive. This is helpful in utilising the skills and knowledge of the industry and academia
in prioritising. The EC Framework programmes work on this principle.

•

Tendering. A specification for work to tackle a specific area can be drawn up and
tendered. This will require a good understanding of the ‘problem’ and a clear definition of
the results that are required. This means that the R&D ‘funder’ must understand the issues
quite clearly.

It is important to understand who will do the work. Generic work led by industry can generate
not only the required information but can stimulate industrial interest in the area. This may lead
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on to new technologies and products developed without the aid of R&D and benefiting from a
transfer of technology from another industry.
Sometimes industry-led research proves not to be completely beneficial since it may not be
objective. The solutions to a problem may be proposed solely on the basis of that particular
company’s capabilities rather than on what might be possible using perhaps a competitor’s
product. This issue is important since it guides how effort is spent and by whom. The choice of
approach depends on the project and particularly on the philosophy of the R&D funding
organisation. This is why the aims of that organisation must be clear.

6.2

TARGETED RESEARCH

Targeted research is beneficial where work is required on a particular concept or component.
This work is usually proposed by the concept developer. Most developers would benefit from
help in advancing their ideas and usually there are many such proposals for funding.
Such specific work is not often directly applicable to other projects. For example, the work
might be to improve the hydrodynamic performance of a particular floating wave energy
device. Anything learnt about the hydrodynamics is unlikely to apply to a different device,
which perhaps operates in a different way and probably has a different shape and size.
Often targeted research involves the development of valuable intellectual property, which
requires commercial protection, and scope for passing on the information developed under such
research projects is necessarily limited.
Targeted research is also often the only way to optimise sub-system component choice and
design. Sub-system components are rarely directly useful to the development of other concepts.
This area of research is one of the most challenging areas for funders and for prioritisation. With
finite budgets and with limited time available it is important to understand which proposals are
the most worthwhile, which will benefit the most from funding and which shows most promise
as a concept.
Some of the failures of the early UK wave energy programme show how important an initial
assessment of ideas is to ensuring that money and effort is well spent.
There are many ways of assessing proposals for specific research. These can include—
•

Assessing the concept. This requires a thorough understanding of the subject area. In
many instances, it is difficult to understand how good a concept would be without further
work. The proposal may be very sketchy and the assumptions questionable. A technical
assessment framework is very useful in assessing such proposals. This requires a suitably
flexible methodology and skills to use it. The method needs to be benchmarked against
other successful concepts and it is important to build confidence in the method.

•

Assessing the proposer. It is often easier to assess the credibility of the proposer. If the
proposer has completed projects of a similar level of innovation and technical challenge
before then they are much more likely to succeed. Various criteria for assessing credibility
can be derived. This does not always avoid some expensive mistakes made by wellrespected organisations. Any R&D programme will have its own examples of this.

44

•

Sharing of risk. Along with an assessment of the proposer, a risk assessment can be used to
assess a proposal. This method looks at who is carrying the risk on a project. If the proposer
is carrying sufficient risk then there is plenty of incentive to succeed and to propose realistic
projects. Many R&D programmes including the EC Framework Programmes part-fund
projects on the basis of shared risk.

•

Research targets. Research targets are used by some R&D programmes. Short-term
targets for development are set and progress with funding cannot continue until the targets
are met. This focuses the developers on meeting particular demands on their research and
provides measurable progress indicators. However, defining the targets can be difficult.
R&D is necessarily risky and it is sometimes difficult to define challenging and yet
achievable targets. It is easier to produce lower targets that can be met easily. This can have
the unfortunate effect of instead actually defocusing the effort of the developers.

6.3

COMMENTARY

For wave and marine current research there are some areas where targeted generic research can
be undertaken (these are described in detail below). These include resource assessments and
investigations into potential environmental impacts. However, much of the most useful research
that will drive forward the implementation of the technologies is related to specific concept
development.
As shown in Sections 3.2 and 4.2 there is a very wide range of concepts and ideas being
considered and each is at a different stage of development. In time some of these will prove to
be better than others. Some will be shown to be significantly better and some significantly
worse. Spotting the good designs is challenging, avoiding the bad designs is critical to
maintaining the credibility and development momentum of the technology as a whole. It is
therefore crucial important that an appropriate assessment method is applied to concepts
requesting funding.
Any review of wave or marine current technology is only a snapshot and ideas develop
continually. It is therefore not possible to objectively assess all the options at one time and
produce a plan and list of priorities. An assessment methodology needs to be flexible enough to
cope with a range of ideas arriving at different times and with different levels of background and
prior research. The Danish and UK R&D programmes are both developing technical assessment
methodologies to help in this.
Assessments of proposer credibility are important too in ensuring that work is completed
professionally and the maximum value from the research is realised.
Key to the success of such an approach is independence. Assessments must be robust, defensible,
objective and transparent. Many of the experts in the fields of wave and marine current
technology are intimately involved with their own designs and concepts. These experts are
therefore not demonstrably independent. Alternatively, peer review can be used to combine
sound understanding with constructive criticism of proposals. There is often a problem with
groups of peers and other independent experts that relationships become incestuous. This can
lead to perceptions on the outside of a lack of independence in the process. This needs to be
managed carefully.
A significant area of generic research is therefore required to study appropriate means of
assessing concepts. This needs to be backed up by the skills and understanding required to
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implement the methodology. Such skills could reside in a few representative organisations
around the world or in one or more centres of excellence.
The IEA could consider facilitating the setting up of such a centre or network of excellence.
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7. Ocean energy system R&D
priorities
7.1

TECHNOLOGY INFORMATION CENTRES

Several technology information centres have been set up and run successfully in the past. These
centres have served to promote the technology by providing easy access to the best available
information. This information is used by those actively working in the field as well as other
interested parties. The IEA is in a good position to provide information on ocean energy to the
wider public and industry as it has done for other technologies such as greenhouse gas
technology and coal research.
As well as findings from the R&D research also supported by the IEA information on the
technology status, market size and development would be of particular interest.

7.2

RESOURCE ASSESSMENT

It is important to understand how much of the resource can be exploited and at what cost to
understand the scope for the technology deployment. A full cost-resource assessment is
required. This will help guide policy for the IEA Implementing Agreement and the
contributing countries as well helping potential investors and developers understand the market
size and the scope for future investment and growth.
There is still much uncertainty in the estimates of the total resources available for wave and tidal
stream technology. For wave energy in some places, notably Europe, the resources are mapped
well. Information on marine currents is often poor and difficult to obtain. Much information is
available for navigation purposes but there is a poor match with places of interest.
Even in the best-mapped areas, the resource estimates are on a relatively coarse spatial
resolution. This gives a good indication of the likely resources in the area but improvements can
be made to these estimates to account for local concentrations of energy, such as enhanced wave
heights or high tidal stream currents.
More work on mapping the best resource areas in all parts of the world would help the
development of the market by ensuring continuity for the industry. If sites can be found readily
from such maps then the market can be developed in a planned and sustainable way.
Site-specific assessments will always be required before deployment. These are particularly
important for shoreline devices where local site conditions can vary widely and for ocean
currents which are often characterised for mapping purposes by surface movements which do
not necessarily clearly indicate the conditions beneath the surface (see Section 8.5 for
discussion).
Estimates of market size depend on matching the technology to the resource. None of the
technologies described here are applicable in all situations and the performance of most needs
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still to be proved. This means that it is difficult to estimate which technology will be used
where, in what quantities and at what cost.
A widely agreed resource assessment will help unlock the market for ocean energy systems.
The particular areas of research that would be required include—
•

Gathering more information on the wave climate and marine currents in areas of high
resource or high energy value (such as where there is currently a deficit of power)

•

Identification of potential target areas for development—either with prototype devices for
testing, or commercial devices for deployment

•

Characterising the resource in target areas—this would include analysis of local energy
concentrations, extreme conditions as well as localised practical limits, etc.

•

Assessment of the accessible and practical resource—this would involve modelling the
available technology concept in terms of the sensible power extraction, applicability and
costs and applying constraints to account for other limits to deployment—including
practical (e.g. shipping lanes, grid connections, etc.) and environmental limitations.

In order to share the burden of resource assessment it is important to define the ways that
resource assessments should be done and how the information should be presented. There is
already broad agreement on the characterisation of some of the resource attributes, such as using
scatter diagrams for wave heights and periods. These must be agreed and defined clearly. Some
careful consideration should be given as to how these data can be collated and stored as a single
set. That way modern information technology systems can be used to archive and search data
and so be expanded in the future as more data become available and will also allow data to be
compared on a fair basis.
There is scope for co-operation between international R&D programmes to achieve this aim.
Shared information on costs and resources will help map the world in terms of the available
market size.

7.3

TEST AND CERTIFICATION FACILITIES

All competitive ocean energy systems will require demonstration and proving. Certification of
devices is important to raising investor confidence. Investor confidence is critical to securing the
necessary finance to make projects happen. Section 9.5.1 discusses the importance of testing and
certification for offshore wave energy systems. Common test and certification facilities could
benefit the other technologies also.
The IEA could help in the development of a test centre for wave energy devices. Such a centre
would naturally fit with the centres of excellence suggested in Section 6.3 and the two could be
combined. The role of the facility would be to provide independent performance validation and
independent test facilities—both of which will start the process of building a track record for the
technology and each individual concept.
Denmark has operated a test centre for many years and has helped device developers prove their
designs. University College Cork in Ireland has offered wave energy test facilities to developers
and academic institutions for many years. The UK is proposing a test facility in the Orkney
Islands and has just opened the NaREC test centre at Blyth.
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There are however difficulties in proposing test centres. These should be considered here and
include—
•

Where should the test centres be sited, how sensitive will device development be to
deployment location and how representative of all market sites will the test centre be? This
is a key issue for wave energy where wave height, shape and directionality are key design
considerations.

•

How much infrastructure will be shared? If moorings and electrical connections are shared
will they suit everyone? Will there be enough to go round, can more than one test occur at
the same time?

•

Should developers be encouraged to deploy prototypes in places where the power is
needed and operate them semi-commercially rather than for purely research purposes?

•

Who pays? If the developer pays then the facility needs a high usage factor, and lean times
when few are using the facility. If charges are too high then the developers complete fewer
and shorter tests. If the charges are too low the centre may be too costly to run.

•

How should the centre be staffed, and for how long? Previous test centres have struggled to
secure sufficient funding to retain the skilled staff required to aid developers with their tests.
If wave energy develops apace then such test centres may become less used and even
redundant without justifying the forgoing investment.

Ultimately, the question revolves around who pays for the facility. If funding is from
international sources for the benefit of the entire industry then the costs can be shared.
However, the host country for the facility will benefit more with inward investment into the
facility, local jobs and other revenues. These benefits need also to be shared.
Developed industries still require certificates and guarantees to attract investment and funding.
When industries mature these processes can develop within the private sector (for example the
Lloyds certification for shipping). Fledgling industries, such as wave and tidal energy, also
require independent certification to attract development monies and investment into the
market. However, the new industries are often too small to be able to develop the systems
themselves.
R&D programmes can help take this burden from the developers and bring forward the process
of developing certification systems and setting up the broad framework under which they
operate. In time, these systems can be taken forward by the industry itself through the private
sector, or can be retained within public control. Many of the most successful systems progress to
become international standards.

7.4

OPERATION AND MAINTENANCE (O&M)

Renewable energy systems are typified by high capital costs and low running costs. In most
cases, the fuel is free. Of critical importance is down-time caused by component failure leading
to unplanned maintenance. This lowers the energy output and impacts on the cost of energy.
High component reliability is of primary importance.
Of secondary importance is the running cost. Small increases in the running costs—such as those
due to operating in difficult environments—can also affect the economics of renewable energy
systems and the cost of the energy produced.
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Unlike onshore renewable energy systems, those placed in the sea will have significantly higher
operation and maintenance costs and these will significantly impact the economics. Minimising
these costs is therefore crucial.
Most offshore concepts incorporate the principles of minimal offshore maintenance, redundancy
of components and systems, planned maintenance and condition monitoring. All of these will
help to minimise O&M costs.
Research into systems and methods that can help offshore operators should help improve or
guarantee the economics of the devices. The following areas would be of particular
importance—
•

Access to fixed offshore structures in high wave and current regimes. The development of
craft to carry components and personnel safely and quickly to the site and transfer them to
the installation would be useful. Systems do exist for the oil and gas industry, for example
helicopters are frequently used to gain access to oilrigs. The economics of the O&G
industry are quite different to that of the renewable energy industry. New systems are being
developed for the offshore wind (Prins, 2001, Haake, 2001).

•

Condition monitoring of systems—to assess the performance and wear of individual
components, and transmit the information back to maintenance teams so enabling them to
plan maintenance tasks.

•

Ultra-reliable equipment, such as seals, motors and bearings.

•

Availability Reliability and Maintainability (ARM). ARM techniques are very useful in
assessing and developing designs. ARM is a whole area of research for some industries and
relies on databases and techniques applicable to the area. Databases and techniques focussed
on offshore renewables would be of value and could be developed within an R&D
programme.

7.5

BIOFOULING

Many devices installed in the sea become artificial reefs, attracting a wide variety of marine
organisms. These cover the structures and can cause significant fouling. Fouling of moving parts
could affect the performance of devices.
Several methods for preventing fouling have been proposed. These include the use of antifouling paints and sonic and ultra sonic systems. Both methods have their challenges and
drawbacks (e.g. some of the paints are toxic even in small concentrations) (Salter, 2001).
It is not clear how to protect the important components of offshore wave and marine current
energy devices. A literature review and further practical investigations of this issue may be
important. Testing of some of the early prototypes should partially address this problem and
confirm whether it is significant. However, prototypes form expensive test beds for such
research.

7.6

IMPACTS ON MARINE LIFE

As discussed in Sections 3.4 and 4.4, offshore energy technologies may have environmental
impacts. Research into these generic areas would help with the deployment of schemes. In
many parts of the world, particularly those with interests in wave energy, a formal
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environmental review (in some cases an Environmental Impact Assessment) is a prerequisite of
any deployment. Lack of knowledge and insufficient detail in such assessments cause uncertainty
for the planners and environmentalists, and potential difficulties in permitting even wellconceived projects. This can mean that even technically sound and well-developed proposal
could flounder at the deployment stage. While formal environmental reviews may be required
for each site, a generic understanding of the issues would aid planning efforts around the World.
These generic issues include—
•

Impacts on marine life—particularly noise and interactions with fish and sea mammals.

•

Effects on coastal processes—such as changes to sedimentation transport and deposition
systems (see Section 8.2 for more discussion).

Environmental Impact Assessments should always be undertaken on a site-by-site basis, but a
generic understanding of the issues is important in maximising the effectiveness of the EIAs.

7.7

SEALING

It is extremely difficult to generalise on the requirements of different device designs. It is clear
though that all will face the challenges of sealing their equipment from water ingress and
hydraulics (and other) egress. Sealing technology is reasonably well developed and many
manufacturers can provide information on the performance of different seal types in different
situations. Some areas of uncertainty will remain, especially where large seals with high rubbing
rates are to be used in the potential abrasive environment expected offshore.
Work on seal design therefore falls mainly into the category of sub-system or component R&D
and cannot be treated generically.

7.8

WEATHER AND WAVE FORECASTING

Wave forecasting is important to both the operation and the maintenance of offshore systems.
Very often access to the installation is restricted by the weather. Access is often not possible in
high winds or if using boats in high seas. Forecasting good weather windows is therefore useful
to planning maintenance operations.
Several meteorological and other organisations offer wind and wave prediction services over
forecast horizons of a few hours to a few days.
Short time-scale wave forecasting may be of use to wave energy device developers. This helps
adjust control systems to the mean sea levels. Some systems can benefit from fast (seconds to
minutes) predictions to optimise their control strategies. R&D into fast wave climate predictions
may be of benefit, but the level of benefit will depend on the concept, its control system and the
value of the power that it produces.
Forecast horizons of the order of minutes to hours can be helpful in protecting devices from
extreme loads caused by storms. Devices can be, for example, de-tuned, reefed, furled or sunk
to wait out the storm. Good forecasting opens up the opportunities for lowering the
engineering demands on extreme loading—particularly where the number of high stress cycles
can be reduced as a result.
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Forecasting techniques appropriate to the development of ocean energy systems could be
developed to help reduce the risks and uncertainties in operating the devices.
Forecasting also offers opportunities for maximising the commercial value of the wave energy.
Without forecasting the energy produced by the device would vary without warning and this is
difficult for the electrical grid operators to handle and may add additional costs. If the output
could be predicted then the value of the electricity is higher. In some electricity markets, such as
in the UK, this variability is penalised through higher charges or lower prices. Good forecasting
over periods of 30 minutes to days is therefore valuable. Since waves propagate in the sea in
reasonably predictable manner it is thought that accurate forecast horizons of several hours
might be achieved. This would be in line with the requirements of running the electrical
system.
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8. Marine currents R&D priorities
8.1

CAVITATION

For most hydraulic pumps and propellers, cavitation is an important design parameter4. Design
to avoid cavitation is therefore reasonably well understood. However, the plane or rotor areas of
marine current energy systems will be very much larger than anything comparable in existence.
The question of cavitation will therefore need to be revisited for each new case and design rules
adapted.
Cavitation will affect the efficiency of the device and so if a device is engineered to avoid
cavitation it should also avoid cavitation damage.
The rotor-type systems will have relatively high velocities at the tips of the blades and cavitation
may be hard to avoid at all points along the blade, and the relative velocities of the fluid on the
blades of vertical axis systems (such as the Darrieus design) varies with the angular position of the
rotor5. Cavitation is also sensitive to water depth and so some cavitation problems can be
avoided by placing potential cavitation sites in deeper water, that is where this does not in turn
lower the energy output.
Research is required to understand the problems of cavitation and whether prudent choices of
blade profiles and materials can be made to avoid cavitation efficiency loss and damage
problems.

8.2

INTERACTION WITH THE MARINE ENVIRONMENT

Marine current energy devices will necessarily affect the flow of water in their wake. This could
change the overall flow patterns in the area. Such changes may alter the sediment transport and
deposition in the area. There is a concern that even a small change to these processes can cause
significant impacts.
There may also be other impacts and interactions with marine environment and these need to
be considered as a whole. It is important to understand the dominance of these influences, and
this research will help with the environmental impact assessment both of prototypes and of
commercial installations. In addition, the amount of energy that can be extracted without
significant impact is important to the economics of any scheme and the technology as a whole.
The scale of the influence is important too. A good understanding of how many devices and of
what size cause a significant effect can be used to suggest design guidelines for the sizing and
placing of schemes. This will help developers find sites and planners to understand the
implications of the proposals.

4

Cavitation—where cavities (e.g. bubbles) are generated in liquids by rapid pressure changes. When cavity bubbles implode, they produce
shock waves in the liquid, which can cause damage to propellers, turbines and other components in the flow.
5

The Stingray concept does not suffer from this problem in quite the same way since all parts of the blades move with almost the same speed
relative to the flow.

53

Even though the means for extracting power from marine currents are many, their effects on
the flow are broadly similar. Each aims to take energy from the stream in a predictable way.
Different methods can therefore be treated generically and a single study would be widely
applicable.

8.3

TURBULENCE

The velocity of the flow at a given location can vary greatly across the actuator area. This could
lead to significant variations in loading across the actuator and associated fatigue and vibration
problems.
Understanding the turbulence levels is important not only to the siting of individual devices
(areas with strongly stratified flow can be avoided) but can also inform the device design.
The turbulent structure of the flow field is another important design driver affecting the design
of components to resist fatigue. Design codes for marine current devices will refer to the likely
design turbulence levels. Understanding what these levels will be is important to setting realistic
limits to design.
Early prototype testing will be important in determining the importance of these issues.
Turbulence measurements should form part of the resource assessments so that such
measurements are taken at many sites and representative values obtained.

8.4

INSTALLATION, FOUNDATIONS AND MOORINGS

The installation of marine current machines will present their own unique difficulties.
Constructing foundations and installing equipment when the currents are running will be
challenging. Only a few minutes of slack water can be expected each day. Scouring around the
base of even temporary support structures, such as jack-up barges, can be significant even over
very short periods. The construction of bridges in tidal stream areas (such as the Severn bridges
in the UK) has been successful and similar construction techniques may be applicable to marine
current devices.
Most devices will have similar installation, foundation and mooring problems and so there is
scope for generic research in this area. Many of the issues for bottom-mounted marine current
devices will be similar to those for bottom-mounted wave energy devices.

8.5

RESOURCE ASSESSMENT

For any device developer understanding the market for their device is critical. The market is
strongly related to the resource. Few countries have well documented marine current resource
information. This area is of particular important to marine current energy, see Section 7.2 for
more discussion.
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9. Wave energy R&D priorities
9.1
CLASSIFYING WAVE ENERGY DEVICES FOR R&D
PRIORITSATION
As discussed above there is an extremely wide range of wave energy device concepts. Each has
its own unique characteristics. Any attempt to classify wave energy devices—and so derive
common areas of research—is beset with difficulties. However, there are some classes of devices
that can be defined for this purpose—
•

Overtopping devices—such as the TAPCHAN, Wave Dragon, Wave Plane, etc.

•

Oscillating water columns—such as the Limpet and the Pico Azores plant, etc.

•

Offshore devices—such as the McCabe wave pump, Wave Pump, Pelamis, etc.

Clearly there are some areas of overlap even within these classifications. The Wave Dragon for
example is a floating device and therefore has mooring requirements similar to those of some of
the offshore devices. The Backward Bent Duct Buoy is a floating oscillating water column and
so shares similar power take off systems to the shoreline equivalents.
We will consider the research and development activities associated with each of these areas
separately and then consider the generic activities applying to all of these systems.

9.2

OVERTOPPING DEVICES

9.2.1

Impoundment and superstructure

Overtopping devices all require the impoundment of water in some form. The novelty and
success of any concept will depend largely on the cost-effectiveness of this impoundment. The
materials and construction proposed for the main device concepts—concrete and steel—are
already in common use in offshore applications. The scope for improving the design of the
impoundments and structures is specific to each concept.
9.2.2

Power take-off

All overtopping devices require a power take off mechanism to convert static hydraulic heads of
water to useful power. In many cases the range of heads available also varies widely during the
operation of the device. The problems faced by the designers of overtopping devices are very
similar to those of the small-scale hydro industry. Small-scale hydro is in wide use and is
considered well-developed technology. However, at very low heads the mechanical and
electrical plant become disproportionately expensive and low-head hydro ceases to be economic
in most cases.
It is noteworthy that the developers of the Wave Dragon consider that improving the efficiency
and performance of their Kaplan turbine design is very important to the successful development
of the concept.
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Any improvements to the methods for converting low and variable-head water would not only
benefit other overtopping wave energy concept developers, but would also widen the market
for small-scale hydro.

9.3

OSCILLATING WATER COLUMNS

There are several oscillating water columns in operation. The construction of these devices has
been achieved using largely traditional installation methods. Many improvements in design are
possible, but largely the concept is one that has proved to work. The main priorities are
therefore to reduce the overall cost of the energy produced either through lower cost
components or through higher efficiencies.
The existing concepts are all prototypes, although some have commercial power purchase
contracts. The Pico Azores plant, for example, has the dual function of producing much-needed
electricity for the islands and providing a test bed for the development of these improved
technologies. This test bed can be used to investigate different power take-off and control
options as well as understanding the wave dynamics—e.g. wave slam.
9.3.1

Design standards and performance prediction

The design of oscillating water columns is complicated by the non-linear effects of wave
dynamics, such as wave slam and extreme wave loading. A good understanding of these effects is
required to ensure that the designs are robust. Many of the existing uncertainties in the design
are being tested on the initial prototypes currently in operation.
The market for OWCs could be expanded by the publication of design codes for design,
installation and manufacture. Much of this knowledge is currently commercially sensitive and
much is still required to be developed before any design standards would be robust. Design
standards would be helpful but will only be developed reliably and usefully in the medium-tolong term.
The prediction of performance of an OWC is not straightforward. The resource is specific to
each size as well as to the orientation and configuration of the device. Predictions of power
output are therefore often uncertain. A body of knowledge on performance estimation is
accumulating, though there are still uncertainties. Investors in devices will require good
predictions with high levels of certainty. To this end validated performance prediction methods
are required to help satisfy investors.
9.3.2

Market development and site selection

As with the many other wave energy concepts, OWCs will be economically viable when
manufactured in series production. It is therefore important that there is a demand for these
devices and sites to install them. This latter issue is critical. If a steady stream of sites cannot be
found for this technology then there is a danger that the development of industry might falter.
There are two key issues in finding these sites. The specific technical requirements of the site—
to ensure the device’s performance—must coincide with the electrical infrastructure and
demand. This situation is not unique to OWCs but for them it is much more pressing. OWC’s
are less foot-loose than other onshore renewable energy technologies and some of the offshore
designs and as deployment increases there will be fewer suitable sites. It may be difficult to plan
these sites sufficiently in advance. This is because often, firm plans are required about the shape,
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size and operation of the plant and this is difficult to predict when the concepts are still being
developed. This also raises planning questions for the authorities. It may be unacceptable to
allocate sites to particular developers for indefinite or lengthy periods. There remains an
arguable concern that the device concept may not be the best one and that if the planners
waited then a better concept might be developed. It would be unreasonable to allocate all
potential sites to a particular developer, and so deny another potentially superior technology to
develop.
It is therefore important that plans at a regional level are developed for the areas in which the
main device developers are interested. These areas need to be defined well.

9.4

OFFSHORE DEVICES

There are several offshore device concepts that have received a significant amount of research.
Many of these exist as scale prototypes. None has been built at full scale.
When evaluating a device it is particularly important to specify the size, shape and method of
control. These can have a significant effect on the overall economics. Differences in economic
performance between the same device at two different sizes can be greater than the differences
between two different devices at the same size. Size is therefore important—and this point is
often overlooked by device developers. Whilst they all describe the operation of their device
few specify the optimal economic size or method of control6.
There are a large number of devices for which the true operation of the device is not
understood and so optimisation of the method of operation—for example the number of
moving elements, the method for providing reaction forces and so on—has not been completed
at any scale.
Since many of the devices have not been optimised and the full-scale performance of many is
still uncertain a detailed subsystem optimisation cannot be undertaken. It is therefore extremely
difficult to generalise on the R&D requirements for subsystem components.
A sensible option therefore would be to consider each device concept as a separate R&D
priority area. There are clearly difficulties in this. To understand the needs of each device and to
fairly apportion R&D funds to offshore devices it is important to consider a range of funding
and research strategies, see Section 6 and the commentary in Section 6.3.
For offshore wave energy devices R&D should follow after critical design and concept
assessment, based on the knowledge gained to date of the device and in comparison with other
better-developed concepts.

6

It is perhaps interesting to compare the development of modern wind turbines, where small machines perform broadly similarly to large
machines. Larger machines can be engineered with marginally higher efficiencies and benefit from proportionally lower infrastructure costs.
These two effects combine to mean that fewer larger machines are more economic that many small ones. For single offshore wave energy
devices greater efficiencies may be possible with more smaller machines, providing the additional infrastructure costs are balanced. Whether this
is true depends on the nature of the device, its means of operation, the sea climate and the number and spacing of the devices. All wave energy
devices will have operational bandwidths suited to particular wave frequencies, but their sizes will need to be suited to the relevant wave
climate. This means that many wave device concepts will have to be built at different sizes for different locations, rather than using a single
concept deployed in different numbers.
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9.4.1

Control systems

Maximum efficiencies can only be achieved with robust control systems. Modern control
theory is well advanced and there are many companies throughout the world who specialise in
solving complex control problems. For wave energy device developers deciding which strategy
works best is a difficult task—especially since some methods require additional and significant
extra equipment. Finding an economic control system is therefore an iterative process unique to
each device concept. R&D for specific device concept control system is potentially valuable—
however R&D on control in general would not directly benefit many of the device developers
and would potentially duplicate work already underway in other industries.
9.4.2

Array configuration

The benefit of placing many devices in arrays is not fully understood. Some devices—
particularly point absorbers—can in theory benefit from constructive interference when placed
in arrays. The extent of this benefit depends on the wave field in which they operate and their
hydrodynamic responses. The latter depends heavily on the device type, its characteristics and
the way it is controlled. More generic R&D into the performance of devices in arrays will
therefore only marginally help individual device developers produce better designs.
However, it is highly likely that wave energy farms will be the only practical economic way of
installing large amounts of capacity. This is because single devices, even when optimised, will
not be able to provide the power required and arrays can benefit from shared infrastructure,
such as grid connections and service provision. Understanding the benefits and drawbacks of
operating devices in arrays is important therefore for this reason.
9.4.3

Mooring

Many of the proposed concepts will have similar mooring or foundation requirements. There
would be some benefit to many developers of a generic mooring study looking at appropriate
options for different types of wave energy devices. These types would comprise the following
attributes—
•

slack-moored floating devices or bottom-mounted devices

•

with or without the ability to allow the device to adjust its attitude to the prevailing wave
direction

•

means of operation—pitch, surge, surface following, etc.

•

different sea bed conditions—rock, sand, etc.

•

fully-engineered mooring providing more that one service—for example, a mooring that
can provide both a positional mooring service as well as a reaction force against which the
device can act or even a survival mechanism to protect the device in high seas

Previously, specific suggestions for research in this area have included the use of lighter synthetic
ropes, quick-release couplings, taut moorings, on the long-term fatigue characteristics of
mooring options, fretting resistance and the reliability of compliant couplings. Many of these
issues could be address through a literature review or on a device-by-device basis with help
from existing mooring equipment suppliers.
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9.4.4

Electrical cabling

Electrical cabling has similar requirements to mooring. Devices with the power-take-off
suspended above the seabed will require some method for transporting power away. The most
obvious would be to take the power through a flexible coupling to the seabed and connect it to
a standard sub-sea cable. Flexible cables exist but may currently be too expensive for this
application and power. Mass production would help, and so would some standardisation of the
couplings and the cables.
Research into standardising couplings and cables would be beneficial. It should be recognised
that at present it is not clear what sizes are most required. The device concepts are many and
varied and there is no consensus of power ratings or requirements. Such a study would therefore
be appropriate either if it covered a very wide variety of combinations or were undertaken in
several years time when a more complete consensus on wave device sizes has been reached.
9.4.5

Hydraulics

Many of the devices would benefit from greatly improved hydraulic systems. Current hydraulics
are mostly too inefficient—particularly when used at part load—and too costly to be used for
power conversion and few find application in this sector. They are also poor at combining
power from different sources. However, hydraulic systems are much simpler to implement than
electrical equivalents and so are attractive to many device developers. Research into methods for
turning low-speed high-torque rotational and translational motion into electrical power
efficiently and cost effectively would benefit many different device concept teams.
The fluids used in hydraulics can be harmful to the environment if leaked. R&D into alternative
fluids, such as water, would help address these risks.

9.5

GENERIC

9.5.1

Testing, proving and certification

The priority for wave energy is to demonstrate the survivability and reliability of the first
devices in order to overcome the credibility problems resulting from the early days of
development. Concepts need to be proved and devices verified and certified. This is imperative
if the devices are to attract investment in the technology and if the market for the devices is to
develop.
Confidence in all aspects of the device design and performance is necessary if the systems are to
be commercially acceptable.
Devices need to be tested at part and full scale in repeatable and predictable environments. Most
devices are too large to be tested in wave tanks and the problems with scaling7 designs means
that model tests are not fully reliable. Independent scrutiny and testing of the designs is also
important to inspire confidence in the concepts.
There is some scope therefore for independent test facilities where common equipment can be
shared among developers. This equipment could include slack moorings, electrical system

7

Scaling—and maintaining geometric, kinematic and dynamic similarity
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provision, monitoring stations as well as wave climate monitoring. Denmark has previously
operated such a test site allowing device concepts to be tested in a common location. Many of
the shoreline plants, such as the OWCs serve as test beds, although these sites are many and
dispersed. There are currently proposals for developing a new wave energy test site in Orkney,
UK.
A successful test centre will be able to provide independent certification of the design,
particularly of the performance, which cannot be certified using traditional engineering
certification. Such test centres exist for many industries including the car, aircraft and wind
turbine industries as well as for benchmarking many consumer products.
9.5.2

Information sharing and technology transfer

Many of the generic requirements for wave energy devices are related to collating and sharing
information with other industries. The obvious natural parallel industry is the offshore oil and
gas industry, which has developed, tested and used techniques which have direct application to
wave energy devices.
The offshore oil and gas industry however has historically typically only installed prototypes.
Each prototype is taken through the full design process and each is specific to a particular
application. The costs of the equipment are dwarfed by the revenue generated by the product—
the oil or gas—and so economics of the components are evaluated quite differently to those of a
wave energy device concept. Some of the techniques used by the oil and gas industry may be
technically suitable but not economically so.
There will also be some strong parallels with the offshore wind industry where the technology is
currently being developed. Transfer of knowledge between the industries can be beneficial to
both. Both industries should consider forming links and sharing meeting and conference time.
9.5.3

Fabrication

Developers of device concepts will need to consult very carefully with potential fabricators since
the choice of fabrication method can significantly affect the design. Given the wide diversity of
designs it is not possible to generalise on this issue. However, shared resources on potential
fabricators would be of benefit, though reference to industry periodicals and magazines should
help greatly in this.
There is some potential for formally facilitating the interaction of device developers with the
fabrication industry. Device developers would need to present clear plans for their devices and
be able to discuss these with potential fabricators. Clearly, this is difficult to do whilst
maintaining commercial confidentiality. The most developed concepts will not benefit so
greatly from a co-ordinated approach. However, for the less-developed ideas there is scope for
saving time and investment in discussing the fabrication early in the concept’s life.
9.5.4

Transportation

Most devices will require special transport and installation. For early prototypes the methods
used will be based on existing equipment such as standard jack-up barges, tugs, crane barges and
so on. These may be costly to mobilise and use and may be slower and less efficient than the
ideal. As the demand for such services increases it is likely that special vessels will be required
which are dedicated to wave energy device installation.
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As with the fabrication industry, device developers may benefit from interaction with the
offshore operations industry. Experience and advice on tugs, crane vessels, cable-laying vessels,
piling jack-ups, diving spreads, diver-support vessels, remote-operating vehicles, etc., would be
useful to the device developers.
The offshore wind energy industry is currently increasing in size and in response several
companies are building special installation vessels to supply the market. It is anticipated that
these vessels will be in great demand. As the wave energy industry gathers pace it is likely that
wave energy specific vessels will also be developed.
9.5.5

Standards

Most industries benefit from standardisation. The wave energy industry should benefit also.
However, with the current diversity of concepts any standardisation could work against the
development of the industry. This situation clearly requires periodic review.
Of particular use would be standards on data measurement and analysis—see Section 7.2. Such
standards exist for the measurement of wind statistics for example. A proscribed method for
analysing wave climate statistics would be of benefit. Such a method would enable owners and
investors to develop confidence that the site at which the installation will be made is well
understood.
9.5.6

Monitoring systems

Most wave energy devices will require remote monitoring systems. These will control, operate
and monitor the devices. System Control and Data Acquisition (SCADA) systems are in
common use in many different industries from chemical processing to wind energy systems.
Each SCADA system is dedicated to its task but the concept and technology are broadly similar.
Despite the importance of these systems they only comprise a small proportion of the device
cost.
9.5.7

Design data

Also useful would be some design wave data. These would be used to base design assumptions
on survivability, operating conditions and fatigue life, for example. Such knowledge exists for
the offshore oil and gas and shipbuilding industries and many companies offer skills in applying
that information. Currently the data are not intended specifically for wave energy devices,
though many are still applicable.
9.5.8

Power smoothing and conditioning

All wave energy devices produce varying and largely unpredictable amounts of power on short
minute-to-minute and hour-to-hour time-scales. Usually the electricity produced is more
valuable if it is predictable and constant. Power smoothing is therefore attractive to device
developers (see Section 7.8 for more discussion on maximising the commercial value of wave
energy).
There are several methods for smoothing power. Some devices have inherent power smoothing
abilities. For example the rotational inertia of the turbine in an oscillating water column helps to
smooth out power variations over short time-scales. It is possible to store energy for short
periods in batteries, accumulators, capacitors, flywheels, etc. The cost effectiveness of these
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methods depends on the application, the efficiency of the storage and the increased value of the
smoothed power.
Some control systems require energy to be stored for short periods before being pumped back
into the system, for example to apply dynamic phase control in an oscillating system. The net
flow of energy is zero, but the size of the energy store could be significant.
Research into methods of power smoothing would therefore benefit the wave energy industry.
Such research would also benefit some of the other renewable energy industries such as wind
power and tidal stream. Research into most of these areas is ongoing.
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10. R&D priorities summary
The following tables summarise the R&D priorities. The tables note the subject areas of R&D
as considered above and suggest which might be appropriate for task- or cost-shared activities
within the IEA Implementing Agreement or which should be addressed principally by the
concept developers. These are denoted by the columns ‘Task-shared’, ‘Cost-shared’ and
‘Device’ in the tables.
•

Task sharing is where IEA members devote specified resources and personnel to conducting
part of a common work programme.

•

Cost sharing is where members contribute to a common fund for conducting an
experiment or equipment purchase, operation of a single facility, or information exchange
and processing of an international centre.

The device-specific R&D objectives are therefore not priorities for the IEA. They are however
of critical importance to the success of the concepts and so to the development of ocean energy
as a whole.

10.1 GENERIC R&D
IEA activities
Aims and approach

TaskCost- Device
shared shared

Technology information centre

!

Set up an information source to provide information to a
wide audience
Collate and publish information on technology status,
research findings, market size and development
Resource assessment
Identify find suitable sites for deployment
Develop and agree an accessible and practicable costresource assessment for wave and marine current technology
to cover the majority of the available market
Derive design conditions appropriate for use in specifying
concept attributes
Establish market size in a way that is comprehensible to
potential investors

Table 6 Ocean Energy R&D priorities
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!

!

IEA activities
Aims and approach

TaskCost- Device
shared shared

Operation and maintenance

!

Investigate access options for offshore structures, both fixed
and floating
Create or adapt a database of Availability Reliability and
Maintainability information suitable for use by the designers
of offshore devices
Develop condition monitoring systems for ocean-borne
technology
Enable developers to account accurately for the impact of
O&M on the cost of energy from their devices
Biofouling

!

Investigate methods to avoid biofouling particularly on
moving parts of floating and submerged devices
Enable developers to optimise their designs to cope with
biofouling
Enable sites to be chosen that minimise the risks of
biofouling
Impacts on marine life

!

Establish the risks to marine life, particularly with respect to
noise and interaction with marine mammals
Establish the local effects of offshore energy devices on
coastal processes, identify those which may be significant
under which circumstances
Inform site planners and environmental assessments of the
risks
Enable proper management of the marine resource
Sealing

!

Development of ultra-reliable equipment, such as seals,
motors and bearings.
Inform device developers of the state of the art in sealing
technology
Enable developers to optimise their designs with best sealing
technology
Weather and wave forecasting

!

Development of weather forecasting for maximising the
commercial value of the power produced, to optimise
control systems and to prevent damage by extreme (storm)
conditions
Inform the design, deployment and operation of devices and
account for the benefits of forecasting

Table 6 Ocean Energy R&D priorities continued
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IEA activities
Aims and approach

TaskCost- Device
shared shared

Cavitation

!

Investigation into the prospects for and use of cavitationresistant materials and hydrofoil sections—though this is of
lesser importance if designs avoid cavitation anyway in order
to achieve high efficiencies.
Interaction with the marine environment

!

Establish the risks to marine environment
Inform site planners and environmental assessments of the
risks
Facilitate proper management of the marine resource
Turbulence

!

Define turbulence design parameters for devices
Enable developers to take prudent account of prevalent
turbulence conditions
Enable developers to optimise their concepts for turbulence
Installation foundation and mooring

!

Transfer technology from other industries
Resource assessment

!

Find suitable sites for deployment
Derive appropriate design conditions
Establish market size in a way that is comprehensible to
potential investors
Facilitate the steady deployment of projects and maintain
industry momentum

Table 7 Marine Current R&D priorities
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!

IEA activities
Aims and approach

TaskCost- Device
shared shared

Overtopping
Overtopping power take-off systems

!

!

Design standards and performance prediction

!

!

Improvements to the performance of pneumatic power takeoff systems-including reciprocating flow turbines,
rectification systems
Develop design standards for OWCS to allow sites to be
assessed reliably and easily
Develop power performance prediction methods that can be
trusted by potential owners or investors
Market development and site selection

!

Establish state-of-the-art in low-head power extraction
devices
Determine the options and potential scope for improvement
OWC

Identify suitable deployment sites
Facilitate the steady deployment of projects and maintain
industry momentum
Offshore
Control systems

!

Floating device array configuration

!

Mooring

!

Establish state-of-the-art in mooring methods
Facilitate the transfer of technology from other industries
Enable developers to optimise their designs for moorings
Enable the full engineering of moorings to serve many
functions
Electrical cabling

!

Determine the sizes, ratings and features most in demand by
the wave industry
Identify suitable technology from other industries,
particularly noting the requirement for flexible connections
Transfer technology from appropriate industries
Standardise on a set of cable systems
Hydraulics

!

A generic research into hydraulic power conversion systems
may produce a new and more efficient system
Enable developers to optimise their use of hydraulic power
conversion

Table 8 Wave Energy R&D priorities
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IEA activities
Aims and approach

TaskCost- Device
shared shared

Generic
Testing, proving and certification methods and centres

!

Create a test centre with equipment common to the testing
of a range of different concepts including measurement
monitoring facilities
Enable developers to test their designs in a controlled
environment
Share the burden of finding suitable test sites
Enable developers to prove their designs to a recognised
standard
Enable developers to demonstrate their designs to potential
market and investors
Fabrication

!

Organise some forums for discussing fabrication,
transportation and installation methods. These could include
conferences and workshops and should target key existing
industries who do not yet have an involvement in wave
energy but who have the requisite
Transfer technology from existing fabrication industries
Enable developers to make best use of available techniques
Enable developers to optimise the manufacture of their
designs
Transport and installation

!

Transfer technology from existing transport industries
Enable developers to make due allowance for transport best
use of available techniques
Enable developers to optimise the manufacture of their
designs
Standards

!

Standards or best practice methods for wave measurement,
resource assessment and power performance prediction
Design standards or best practice for moorings, electrical
connections
Design data and site classification methods
Monitoring systems

!

Power smoothing and conditioning

!

Develop systems to cost-effectively smooth power and
maximise the commercial value of the otherwise variable
energy
Develop methods to produce power with a similar value to
the electrical system as that from thermal plant

Table 8 Wave Energy R&D priorities continued
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10.2 DEVICE-SPECIFIC R&D
Device-specific R&D is of prime importance to the development of ocean energy technologies.
It is therefore important that good concepts are enabled to develop fully and R&D supported at
all stages. This means that concept and developer assessment is required to ensure that good
ideas are developed by credible organisations. Concept assessment methodologies are therefore
important tools in this process.
It is therefore recommended that an additional R&D priority area covers the development of a
concept assessment and comparison method.
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11. Opportunities for international
co-operation
Many of the R&D activities described here would benefit from international co-operation so
sharing the risks and rewards. The following areas would benefit most from international cooperation.
Technology assessment
Technology assessment methods should be developed under international agreement since ideas
come from all over the world. The technical expertise required to successfully follow an idea
may reside in one country but the winning concept may lie in another. International
collaboration can ensure that the good ideas are paired with credible developers. Concept
assessment methodologies should therefore be developed with international co-operation.
Resource assessment
As discussed above, cost-resource assessment is important to defining a practical course for
deployment and for an assessment of market size. International co-operation, guided by the IEA
Group, will ensure that resource assessments for different regions are consistent and comparable.
Also, for some areas, such as the North Sea and the North Atlantic the resource is shared by a
number of countries. With good co-operation between countries duplication of effort to
analyse the resource can be minimised.
Technology transfer and information exchange
Whilst some countries have better resources than others many countries have industries that can
help develop ocean energy technologies. For example many countries have offshore oil and gas
experience or renowned shipbuilding skills—though they may not have a good wave or marine
current resource. It is interesting to note that the Archimedes Wave Swing—soon to be
deployed off Portugal, which has an excellent wave resource—was largely manufactured in
Romania, where wave resources are small.
Where there is scope for information exchange between industries it is important that these are
set on an international stage. This would bring wider benefits than those derived solely from the
industry and skills derived from a single country or region. This means international conferences
and workshops and where generic studies are completed (into, say, moorings or cables)
contributions from industries world-wide should be sought.
Testing and certification
A sound approach to testing and certification would include widely recognised systems and
methods. This means international agreement. Where such systems are developed they should
involve contributions from a range of expertise and with an international perspective. The IEA
has been successful in doing this in the past—for example the power performance assessment
methods of wind turbines were developed by an international committee.
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The test centres discussed here are envisaged as international venues, for use by companies from
all over the world. There is opportunity and scope for a range of test centres for different wave
and marine current climates and located accordingly in different parts of the world.
Environmental impacts
The environmental impacts of wave energy are similar around the world and so international
co-operation to research the different aspects noted here is possible. In other renewable energy
industries there has been much sharing of information, (for example the EC-funded
EXTERNE project, and the sharing of information on bird-wind turbine interactions). Such
co-operation would be enhanced by interactions at international conferences and workshops as
well as the publication of results on the Internet—possibly making use of the IEA Ocean Energy
Group web site.
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12. Conclusions
This report discusses the many resources, status and R&D requirements of wave and marine
current technology.
Marine current energy is progressing with a few designs currently being testing in real sea
conditions. Support is required to help develop the technology and particularly to understand
the size and limitations of the resource and facilitate a smooth path to deployment through the
finding of many suitable sites.
By contrast there are many more different and varied designs of wave energy devices. Each is at
a different stage of development. This report studies many of the better developed concepts
though many others also exist. A few promising designs are emerging and are being tested and
developed by strong consortia of companies. Many good ideas have not yet been matched with
credible developers and these are progressing much more slowly. The potential for wave energy
is clear, but the path to success is much more blurred.
Research on ocean energy is taking place all over the world. However, there is currently a
concentration of development in Europe with several countries growing their ocean energy
technology development programmes. Wherever ocean energy is developed, it competes
against other energy technology R&D for funding. Currently, the countries with the bestdeveloped ideas with strong industry backing tend to have the largest programmes.
Many of the R&D priorities for ocean energy are specific to individual device concepts. In
order for these to be addressed the each concept in its entirety needs to be supported. With
limited funding, concepts need to compete for support. It is essential that concepts are assessed
fairly and objectively when allocating funding. A concept assessment methodology is therefore
necessary. This methodology should use best available international experience and knowledge
and be implemented fairly and credibly. The IEA can play an important supporting role in the
development and widespread use of such a method.
There are many generic areas of research. Of most importance are resource assessment,
technology and information exchange, testing and certification and environmental impact
assessment. These are all areas where international co-operation would be beneficial. The IEA
can play an important co-ordinating role for this.
This report discusses the main issues and challenges facing the development of the wave and
marine current energy industries. These are intended to form discussion points on which an
IEA-supported R&D programme can be based.
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