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1 INTRODUCTION

Today, hydroelectric power comprises about 24 % of the world’s electrical generating capacity.
  Most of this comes from hydroelectric dams situated on river gorges.  These structures harness the energy from the flowing water using turbines that rotate large magnets, thereby inducing an electric field.  The electrical current is captured by conducting cables that surround the magnets.  The major advantage of hydroelectric power generation is that it eliminates the need to burn hydrocarbon fuel, thereby providing a clean and renewable source of energy.
It is also possible to generate electrical energy from the motion of water due to ocean tides and waves. Oceans are a much more ubiquitous source of flowing water than river gorges, and the ability to efficiently harness this energy could potentially solve many of the world’s energy related problems. Researchers at the Department of Naval Architecture and Marine Engineering of the University of Michigan estimate that the present world demand for electricity could be satisfied more than 5 times over if only   0.1 % of the energy available in the world’s oceans could be converted into electricity.

In addition to large scale energy conversion for input to the world’s power grids, the energy in ocean waves may alternatively be used to power instrumentation on small-scale devices.  The low environmental impact of hydroelectric energy production means that sensors powered by small hydroelectric generators would be difficult to detect, which makes it ideal for use in surveillance devices.

A major obstacle to the efficient conversion of wave energy is the mismatch between the forces exerted by waves and those needed for the generation of electric power.  Although wave forces can be enormous, they act very slowly (3-30 cycles per minute), whereas electrical generators require constant high velocity motion on the order of hundreds of revolutions per minute.  The intermittency of wave energy, which results from the fact that it rises and falls with the wind and is therefore as variable as the weather, also presents a problem.  Instantaneous changes in the sea state create the need for sophisticated controllers, whereas day-to-day variability necessitates a trade-off between underutilization of installed capacity and excessive shedding of absorbed power.  In addition, the wave energy conversion device must be capable of complex (2-dimensional) motion in order to capture all of the energy available from waves.  Simple buoys that can only move up and down have an upper limit of 50 % efficiency.  Although challenging, these issues can be overcome by controller technologies.

This survey of the state of the art in ocean wave energy systems is one of NIST’s project deliverables for the DARPA project Real-Time Control System (RCS) for Surface Wave Energy Harvesting, for which NIST is developing self-contained ocean surveillance systems.  These devices (both stationary and mobile, e.g. AUVs) will require sources of electricity to maintain their operation for durations much longer than the several hours that can be provided by batteries.  The energy of wave motion can be harnessed to supply these systems so they can operate continuously, perhaps for many years, without maintenance.  Small generation systems with diameters of 2 meters or less can supply these relatively modest energy needs and are suitable for ease of deployment from small boats and airplanes.  

The purpose of this survey is to build a base of knowledge in the area of ocean energy harvesting.  This will enable NIST to manage the project technically, guide research efforts contracted to collaborators, and design a control system for prototype buoys.  It will also provide the basis for the market research that is mandated by federal procurement regulations.
2 BACKGROUND
2.1 Historical Perspective

The first known patent for wave powered machines was filed in 1799 by French inventors Monsieur Girard and his son,
 although no evidence exists to suggest that their plan to drive heavy machinery with heavy wooden beams attached to docked battleships was actually carried out.  At the conclusion of the First World War, the literature indicates a flurry of activity in this field that resulted in the filing of about 100 British patents. Apparently, these attempts had limited success due to the engineering challenges posed by the harsh environment and unremitting power of the sea. By 1973, there were about 100 British patents for wave energy devices.
  In this year, the Arab Oil Embargo and subsequent increases in oil prices led to the initiation of several government-sponsored programs for generating electricity from ocean waves. The largest of these programs were in the UK, Norway, and Japan, with other significant programs in Sweden and Denmark.
   Despite progress with several designs in the UK, the research effort there was terminated in 1982 when a report issued by the British Atomic Energy Authority concluded that the economics were more promising for wind power as an alternative source of energy than for ocean wave technologies.  Almost a decade later, in 1991, the Commission of the European Communities launched a major wave energy research program, which continues today as the European Thematic Network on Wave Energy.
  India and China have also developed national programs.

United States efforts in developing wave energy technology have lagged the rest of the world.  In the years between 1979 and 1995, the US Department of Energy invested about $240 million in research directed at converting thermal energy from the oceans into electricity, but only about $1.5 million was spent on projects relating to wave energy conversion.5  Funding for wave energy resource assessments and device research has additionally been provided by some coastal state governments and private utilities.
,
,
  In the last few years, concerns about the cost, availability, politics, and environmental effects of fossil fuels have spurred a renewed interest in the potential of technologies for the conversion of ocean wave motions into electrical energy. 

The challenge for developers of this technology is to provide engineering solutions that lower the costs of building and maintaining ocean based generators to the point where they can compete with more conventional sources of energy (fossil fuel and nuclear powered plans) and outperform other alternative energy sources (wind and solar). The high costs are associated with the installation of the electrical infrastructure, such as work platforms and underwater cables and moorings, and the durability and maintenance of electromechanical devices, especially in the deep ocean environments where the highest energy densities are found.  In addition, there are the difficulties of protecting the devices from the extreme environments of storms and of optimizing energy uptake under highly variable wave conditions.  Although some innovations may be found in the technology of oil and gas drilling, these are formidable problems.  For the small, self-contained units designed for surveillance that are the focus of the NIST study, energy cost is not a critical issue.  However, both protection from storms and device control that maintains efficient energy capture must be considered.
2.2 Properties and Mechanics of Ocean Waves
2.2.1 Development of Ocean Waves

The ultimate source of ocean wave energy is thermal energy from the sun. The uneven distribution of solar energy over the globe gives rise to pressure differences, which in turn causes wind.  Ocean waves are formed from the interaction of wind, water, and gravity. 

On a microscopic level, ocean waves are created when the force exerted by the wind on the surface of the ocean is redirected vertically by the resistance of the water to lateral flow. Ripples form as the surface of the water stretches and relaxes in response to this vertical stress. The small waves that form when the wind first picks up are called capillary waves because the vertical disturbance of the water surface is counteracted by the surface tension of the water. Since the loss of energy from water waves is small, their amplitudes increase as the wind blows over great distances, known as the “fetch”. As their amplitude increases, gravity overtakes surface tension as the dominant restoring force.  At high enough amplitudes, nonlinearities cause waves to interact to produce longer waves, resulting in the large ocean swells that are so familiar. 

The interplay between the horizontal forces due to the wind and vertical forces due to gravity (and surface tension) causes the particles of water to undergo elliptical flow patterns as the wave progresses over the ocean surface.  Thus, the water moves forward as the peak approaches, with its maximum horizontal velocity coinciding with the peak of the wave, and backward as the trough passes, as shown in Figure 1.  As the wave energy propagates (horizontally), the rotational energy in each particle is passed on to the next particle.  This motion, which traces a point on a circle rolling along a horizontal surface, translates to a trochoidal waveform for the resulting wave.
  This waveform is similar in shape to a sine wave when the amplitude is small but begins to deviate, forming sharper peaks, as the amplitude becomes large. In deep water, where the depth of the ocean is more than half a wavelength, the orbits of the water are circular and fall off exponentially with distance from the surface (Figure 2).  In shallow water, where the ocean depth is less than 1/20 the wavelength, the elliptical motion of the water flattens with decreasing distance from the ocean floor because the vertical component of the water motion is suppressed by interaction with the seabed.  Near the bottom, this motion eventually degenerates into a forward and backward surge, a motion that is familiar to scuba divers.
2.2.2 Linear Wave Theory

The simplest wave theory assumes small amplitudes, so that all equations of motion may be linearized.  This is also known as the linear wave theory, or Airy theory. 

 Figure 1.  Local fluid velocities and accelerations [Figure II-1-2 from the Coastal Engineering Manual
].
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Figure 2.  Water particle displacements from mean position for shallow-water and deep water waves [Figure II-1-4 from the Coastal Engineering Manual11].

It provides a good starting point for predicting the behavior of wave energy devices, although the best device control algorithms will take into account the irregularity of actual ocean waves.  Nonlinear effects become important for large waves and for waves close to shore.

A regular, or sinusoidal, wave is specified by its amplitude, a, its wavelength, λ, describing the distance from the crest of one wave to the crest of the next, and its period, T, the amount of time for successive wave crests to pass a fixed point.  The height, η, of a wave traveling in the x direction is given by 
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where ω = 2π / T is the angular frequency and k = 2π / λ is the wavenumber.  The amplitude for an ocean wave driven by gravity is obtained by assuming the water is incompressible and irrotational, that water velocity at the seafloor is zero, that particles at the ocean surface remain at the surface, and that the pressure at the surface equals atmospheric pressure.

Gravity waves propagate over the ocean surface with a horizontal velocity, known as the phase velocity or celerity, cp, (obtained by dividing a specified distance, (x, by the time, (t, it takes for the disturbance to cover this distance) given by Equation (2)
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where d is the depth of the ocean at the wave front and g = 9.8 m/s is the gravitational acceleration.11,12  Thus, in deep water the wave velocity depends on the wavelength, with longer waves traveling faster than shorter waves.  This means, for example, that at a location far from a storm, the waves generated by that storm will be experienced as an abrupt increase in the average wavelength followed by a slow decrease back to nominal conditions.  The relationship between period and wavelength is called a dispersion relationship.  In shallow water, all waves travel at the same velocity, slowing to zero as the wave approaches the shoreline.

From classical wave theory the relationship between the wavelength and velocity is
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where f = 1/T is the frequency of the wave. As gravity waves develop, their wavelength and velocity increase until their velocity becomes equal to the wind speed. When this occurs, they can no longer extract energy from the wind.  Waves can travel faster than the wind, however, due to nonlinear effects that transfer energy from smaller to larger wavelengths.

Equations (2) and (3) can be combined to show the following simple relationship between wavelength and period for deep water waves:
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where period T is measured in seconds.  So, for example, a wave with a 6 second period would have a wavelength of about 56 meters in the open ocean.

If it is assumed that ocean waves are sinusoidal (this is only approximately true as noted above), then the energy in a wave front of width W, averaged over the period T, is represented by the formula in Equation (5).
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In this equation, H is the height of the wave from trough to crest (equal to twice the amplitude) and ( is the density of sea water (~1025 kg/m3). The power generated from each linear meter of wave front, J, in W/m, is obtained by dividing Equation (4) by WT.
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For random ocean waves, a preferred measure is the significant wave height, described in the next section.  The trough-to-crest height can be converted to the significant wave height, HS, by multiplying H by the square root of 2.4  The power per linear length in Equation (6) can therefore also be written as
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where T is measured in seconds and HS is in meters.

Although energy is carried with the waves, it does not necessarily travel with the same velocity.  While waves travel with the phase velocity given by Equation 2, wave energy travels with the group velocity, cg, given by:
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Because of the dispersion relationship of gravity waves, in deep water the group velocity is half the phase velocity.  So if the waves are traveling in a group, one would see the waves in back of the group move forward and disappear out the front.  In shallow water, energy moves with the same velocity as the waves.

In deep water, both water particle displacement and velocity decay exponentially as exp(kz) with distance z from the surface (z is negative in the downward direction).  This is a rapid decrease – for a depth of half a wavelength, the particle velocity is only about   4 % of its value at the surface, and at a full wavelength, it has decreased to 0.18 %.12
2.2.3 Ocean Wave Characteristics

The actual ocean surface is disturbed by waves at many frequencies, wavelengths, and wave heights, and traveling in many directions.  Under most conditions it is difficult to follow a wave visually for more than a wavelength or two.  Irregular waves generated by local wind conditions have sharp crests, short distances between peaks, and many small waves superimposed on larger ones. The only ocean waves that are nearly monochromatic are swell waves, which originate in distant storms and become more rounded and uniform after traveling long distances.  By considering the ocean surface as a superposition of an infinite number of individual waves, a measurement of sea surface elevation can be converted to a distribution of the variance of sea surface height as a function of frequency.  Since wave energy is proportional to the variance, this spectrum S(ω) is known as the energy spectrum or the wave spectrum.
,
  From the wave spectrum, statistical theory can be used to develop insights about the sea state.  

Wave conditions are generally measured in terms of two statistical parameters:  the significant wave height and the dominant wave period.  Traditionally, the significant wave height, HS, is defined as the average height of the highest one-third waves of a given wave group. This measure approximates the wave height that a shipboard observer would estimate on visual inspection.11  For statistical analysis purposes, the significant wave height is defined as four times the standard deviation of the ocean surface, which gives values about 5 % higher than the traditional definition.13  The dominant wave period is defined as the period corresponding to the peak variance in the wave spectrum – the harmonic frequency component that contains the greatest amount of energy.5 
For a fully developed sea, in which the wind blows steadily over a long distance (the fetch) for a long time, the waves can be described by the idealized Pierson-Moskowitz spectrum, 14,
 given by the formula
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where α = 8.1 × 10-3, β = 0.74, and ω0 = g / U19.5.  U19.5  is the wind speed at 19.5 m above the sea surface, the location where anemometers were mounted on the weather ships 

taking data for the Pierson and Moskowitz study.  From this equation, the significant wave height can be calculated as four times the variance, or14
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The wave period at the peak of this energy spectrum is obtained by solving dS / dω = 0 for ωp = 2π/Tp, yielding
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From equations (10) and (11), Figure 3 plots significant wave height and dominant wave period as a function of wind speed.

The JONSWAP spectrum improves the Pierson-Moskowitz theory by taking into account the nonlinear wave-wave interactions that cause the spectrum to continue to develop with increasing time and fetch.14
Sea states are categorized by average wave height.  The U.S. Navy uses the World Meteorological Organization Sea State Code, which provides a ten point scale from 0 for calm seas to 9 for “phenomenal” waves.  Other organizations use the Beaufort Scale, which goes from 0 to 12 and is based on wind speeds.  Table 1 shows descriptions, wind speeds, and significant wave heights for these two codes side by side.  The UNESCO website from which this table was derived contains photographs that illustrate the appearance of the sea for each Beaufort number state.

A wave energy device needs to take advantage of a range of waveforms under normal conditions and be able to protect itself in a storm.  Under conditions of reasonably strong local winds, wave periods may range from 2 s to 25 s, corresponding to wavelengths from 6 m to 1000 m.  Conditions can vary over a range of time scales from seconds (wave-to-wave) to days (sea state to sea state) to months (seasonal changes) and years.

During the winter the monthly average wave energy levels may be three to five times greater than during the summer, and annual averages may vary by 50 %.5   A prediction for the North Atlantic suggests that the largest expected wave would have a trough-to-crest height of 34 m and a period of 16.5 s, giving a surface particle velocity of 6.5 m/s and stagnation pressure of 21,000 N/m2. 4  The highest waves that have been measured in the North Atlantic on shipboard were slightly over 29 m from peak to trough, encountered during a recent storm 250 km west of Scotland.
  During a storm in the North Pacific in 1933, the Navy oiler USS Ramapo measured waves with height of 34 m, period of 14.8 s, and wavelength of 342 m, giving a calculated wave speed of 23 m/s and wavefront power of 17,000 kW/m.

Figure 3.  Significant wave height and dominant wave period of a fully developed sea calculated from the Pierson-Moskowitz spectrum.14
2.3 Global Distribution of Wave Energy Potential

The total power of waves in the oceans of the world is estimated to be between 2 × 106 and 3 × 106 MW.  With worldwide coastline lengths totaling 336,000 km, and with negligible loss of energy during transport in the open ocean, the average wave energy flux is approximately 8 kW per meter of shoreline.5  The geographic distribution and temporal variability of ocean wave energy depends on the prevalence of storms and the location and direction of the tradewinds.  In the Northern Hemisphere, extratropical cyclones and the prevailing winds preferentially build wave energy on the eastern margins of the ocean basin.5  In the Southern Hemisphere, storms travel unimpeded from west to east around the open ocean surrounding Antarctica, creating high-energy swell that makes landfall on southwest coasts and provides significant wave energy to island nations.  Wave energy increases with increasing latitude.

Wave energy travels with few losses until the wave approaches the shore, where it loses energy to refraction and bottom drag.5,
  Refraction is the process by which waves entering shallow water at an angle bend toward the coast, sending out refraction waves that reduce the power per unit width of wave crest.  Bottom drag reduces the wave energy through turbulent interactions with the seafloor.  Underwater contours in the seafloor can cause large variations in the local distribution of wave energy near the coast.  Wave energy resources are therefore greatest in deep water.

Table 1:  World Meteorological Organization Sea States and Beaufort number.Error! Bookmark not defined.
	WMO Sea State
	Beaufort number
	Wind Speed (knots)
	Wind

description
	Significant Wave Height (ft)
	Sea State

description

	0
	0
	<1
	Calm
	0
	Calm; like a mirror

	0
	1
	1 - 3
	Light air
	0.25
	Ripples with appearance of scales; no foam crests

	1
	2
	4 - 6
	Light breeze
	0.25 - 1
	Small wavelets; crests of glassy appearance, not breaking

	2
	3
	7 - 10
	Gentle breeze
	2 - 3
	Large wavelets; crests begin to break; scattered whitecaps

	3
	4
	11 - 16
	Moderate breeze
	3.5 - 5
	Small waves, becoming longer; numerous whitecaps

	4
	5
	17 - 21
	Fresh breeze
	6 - 8
	Moderate waves, taking longer form; many whitecaps; some spray

	5
	6
	22 - 27
	Strong breeze
	9.5 - 13
	Larger waves forming; whitecaps everywhere; more spray

	6
	7
	28 - 33
	Near gale
	13.5 - 19
	Sea heaps up; white foam from breaking waves begins to be blown in streaks

	7
	8
	34 - 40
	Gale
	18 - 28
	Moderately high waves of greater length; edges of crests begin to break into spindrift; foam is blown in well-marked streaks

	8
	9
	41 - 47
	Strong gale
	23 - 32
	High waves; sea begins to roll; dense streaks of foam; spray may reduce visibility

	9
	10
	48 - 55
	Storm
	29 - 41
	Very high waves with overhanging crests; sea takes white appearance as foam is blown in very dense streaks; rolling is heavy and visibility is reduced

	9
	11
	56 - 63
	Violent storm
	39 - 46
	Exceptionally high waves; sea covered with white foam patches; visibility still more reduced

	9
	12
	> 63
	Hurricane
	37 - 52
	Air filled with foam; sea completely white with driving spray; visibility greatly reduced


Figure 4.  Annual Average Incident Wave Energy Flux (Kilowatts per meter of wave crest width) [Figure 5 in G. Hagerman 2002
].

Figure 4 shows approximate values of wave power obtained by substituting measurements of significant wave heights and frequencies in the waters off various land masses around the world into Equation (6).  On this basis, the region just south of New Zealand in the South Pacific is found to have the greatest wave power potential, exceeding 100 kW per meter of shoreline.  In the Atlantic Ocean, the waters near the British Isles have the greatest wave power potentials at 60 to 70 kW/m.  The coast of Chile and the southwestern coast of Australia have the greatest potential in the Southern Hemisphere.  For the continental US, the deep waters off northern California have the greatest potential at 25 to 35 kW/m.  Along the continental shelf of the eastern shore of the US, wave energy levels are 10 to 20 kW/m and in deep water near Hawaii they are 15 kW/m.5
Predictions and computer code for a real time ocean forecast system are available online from the NOAA National Centers for Environmental Prediction.
  This system provides predictions up to 180 hours in advance of significant wave height, wave directions, and wave frequencies for oceans worldwide.

3 WAVE ENERGY CONVERSION DEVICES 
3.1 Basic Ideas

The goal of a wave energy converter (WEC) is to convert wave energy into electricity.  In all designs, the force or torque from incident waves causes a moving part of the assembly, called an absorber, to move relative to a stationary part, called the reaction point.  Examples of the absorber include a piston or flap, and the reaction point could be the seabed itself, a fixed anchor, or an inertial plate.  The relative motion of the absorber and reaction point forces the working fluid through a turbine that powers an electrical generator.  The net effect is the conversion of wave motion into mechanical power and finally into electricity.  The mechanism by which the mechanical energy from the wave motion is delivered to the electrical generator is referred to as the “power take-off.” 

A difficulty with the conversion process is the inherent mismatch between wave forces, which are slow and oscillatory, and the high-speed, unidirectional rotations of an electrical generator.  Many creative solutions to this problem have been pursued by inventors.

3.2 Classification of Devices

One useful way to classify wave energy conversion devices is by their proximity to the shore.  Since wave energy is absorbed in shallow water by the seabed and dissipated near the shoreline due to refraction by land masses, the wave energy available for conversion to electricity increases with distance from the shore.  However, the cost of installation and maintenance also increases with ocean depth and distance from the shore.  From the perspective of balancing energy output with cost, an ocean depth of about 50 m to 100 m is often considered optimal for the location of wave energy power plants.  Because of these considerations, it is convenient to classify ocean wave energy conversion devices according to whether they are mounted rigidly to the land (shoreline devices), operational in ocean depths up to 20 m (near-shore devices), or offshore devices that can function in ocean depths exceeding 40 m.

Wave energy devices are also sometimes classified on the basis of their size and their orientation with respect to incident waves.  Thus, a WEC that is small compared to the wavelength of the waves (40 m – 300 m) is called a point absorber. Elongated (one-dimensional) structures are referred to as terminators when they operate in a position oriented perpendicular to the direction of wave propagation (or parallel to the wavefront) and attenuators when they operate parallel to the direction of wave propagation.   

Wave energy devices may also be classified by their mode of energy absorption.  The effect of waves on a floating object with three degrees of freedom (x,y,z) can be represented in terms of six modes of oscillation.  Three of these, heave, sway, and surge, refer to linear movements.   Heave is the vertical motion (i.e., perpendicular to the ocean surface) that is apparent when small objects bob up and down on the surface of waves.  Surge is horizontal (i.e., parallel to the ocean surface) motion in the direction of wave propagation, and sway is horizontal motion perpendicular to the direction of wave propagation.  Three rotational modes of oscillation, pitch, roll, and yaw, can be generated from the appropriate linear combinations of these linear modes.  Pitch refers to a rocking motion about the axis parallel to the surface of the water and perpendicular to the direction of wave propagation.  Roll is rocking about the axis parallel to both the water surface and the direction of wave propagation, and yaw is rocking about the axis perpendicular to the surface of the water.  As will be explained in Section 3.5, the efficiency of conversion to electricity for floating devices is limited by the number of modes engaged by the device.

The type of absorber and type of reaction point may also be used to classify WEC devices.  Figure 5 shows a classification scheme developed by George Hagerman5 that categorizes wave energy devices by energy source (pitch, heave, and/or surge), type of absorber, and type of reaction point.  This reference source contains a comprehensive description of wave energy technologies that had been worked on up to 1995.

3.3 Types of Devices

Several compilations are available that describe wave energy devices and the organizations actively pursuing them.  In his 1995 report,5 George Hagerman described multiple devices in each of the 11 categories shown in Figure 5.  Summaries by Tom Thorpe of the UK also provide good information on current wave energy technology.
, 
  A report issued by E2I EPRI in 2004
 identified 17 manufacturers of wave energy conversion devices for the purpose of evaluating the suitability of each device for large-scale energy production.  A table primarily compiled by Doug Sandberg, Vice President of Independent Natural Resources Incorporated, for a graduate student project at the University of Washington
 includes photos of each device in a listing of 35 manufacturers.  Other good sources of information include the Practical Ocean Energy Management Systems Inc (POEMS) web site at www.poemsinc.org, and the VATIS Update Non-conventional Energy journals available online at http://www.techmonitor.net /techmon.

Small offshore floating devices are of primary interest for this project.  For the sake of completeness, however, we’ll begin our discussion of wave energy conversion devices with shoreline and near-shore facilities.

An example of a shoreline facility is the Limpet developed by Wavegen Ltd and Queen’s University of Belfast. This is a 500 kW WEC located on the west coast of the Scottish island of Islay that has been in operation since 2000. The operating principle of the Limpet is a fixed oscillating water column (OWC).  The absorber for this device is the


Figure 5.  Classification of wave energy conversion processes, based on mode of energy absorption (pitch, heave, surge, or combined modes), type of absorber, and type of reaction point [Figure 2 in Hagerman 19955].
seawater itself, which moves against the reaction point of a fixed vertical container.  The wave-driven rising and falling water levels within the container alternately compress and expand a column of air (the working fluid), which, in turn, drives a counter-rotating turbine.  The counter-rotating turbine is designed so that it rotates in the same direction independent of the direction of the air flow.

Although shoreline OWC’s are the closest to commercial development,22 there are alternative designs of shoreline wave energy devices.  For example, the Tapered Channel Device (TAPCHAN), uses wave surge to force water up an incline and into a tapered channel where it spills over into a reservoir.  The turbine is rotated by the downward flow of water as it is released from the reservoir and returns to the sea.  A 350 kW TAPCHAN was operational in Toftesfallen, Norway from 1985 until the early 1990’s.  Another shoreline wave energy converter is the Pendulor Device.  This assembly consists of a pivoting flap (absorber), which swings back and forth as the waves come and go.  This swinging motion operates a hydraulic pump that powers a generator.

For near-shore applications, the main prototype device is Wavegen’s OSPREY. This OWC is designed to rest on the seabed in about 15 m of water depth, less than 1 Km from shore, with the electrical power transported to shore by a subsea cable.  Work continues on this device, although a prototype near Scotland was destroyed by a storm during construction in 1996.  Energetech is also working on a near-shore OWC, with parabolic walls to concentrate the energy.  Other near-shore devices include CETO, a submerged pressure-driven device developed in Australia, and the Japanese Pendulor, a hinged plate mounted in a caisson.  Independent Natural Resource’s Seadog is an array of near-shore heaving buoys that pump seawater into a reservoir on shore that is released through standard turbines to generate electricity.

The purpose of most wave energy inventions is to provide energy on a large scale to feed into the electrical grid.  Thus, most offshore devices described in the literature are larger and produce considerably more energy than will be needed by the NIST project.  In addition, designs frequently include plans for a matrix assembly, sometimes called a wave farm, that multiplies the output from each individual device and sends the accumulated energy through a common cable to the shore.  The good news is that devices are easily scaled down in size and energy.  Recall that for the NIST project, we are most interested in buoy-based designs that are easy to deploy from small boats and airplanes and can operate efficiently while submerged beneath the surface of the water for stealth purposes.

The Archimedes Wave Swing is an offshore point absorber consisting of a cylindrical, air-filled absorber that moves vertically with respect to a cylindrical reaction point that is either fixed to the seabed or attached to a large inertial plate.  The entire device is submerged during operation, making it inherently stealthy.  The increased hydrostatic pressure under a wave crest pressurizes the air in the absorber and changes its buoyancy, causing it to move downward.  The decreased pressure under a wave trough causes the absorber to move upward.  The motion is greatest when the resonance characteristics of the device are tuned to the wave conditions.  Organizations pursuing this approach include Teamwork Technology in the Netherlands and Donald DelBalzo of Neptune Sciences in collaboration with George Hagerman of Virginia Tech.  The WEC devices being developed and installed by Ocean Power Technologies of New Jersey are similar in operation but use water as the fluid being pressurized instead of air.

Several wave energy designs employ floats as absorbers to capture energy from heave.  To make these devices stealthy, the buoyancy of the floats may be decreased to allow them to find an equilibrium position below the sea surface.  This will result in some loss of energy recovery, since the wave motion decreases exponentially with depth.

AquaEnergy’s AquaBuoy is an axisymmetric (cylindrical) heaving point absorber.  The float is attached to a long vertical “acceleration tube” open at both ends.  At the center of the tube is a piston attached to two hose pumps, one extending to the top of the tube and the other to the bottom.  The hose pumps are steel-reinforced rubber hoses that change volume as they stretch and contract.  As the buoy moves up and down with the waves, the motion of the piston with respect to the tube drives water through the hose pumps to drive a turbine. The AquaBuoy combines technology from two previous Swedish projects:  the WavePump and the IPS buoy.  Other freely floating symmetrical point absorbers include WaveBob and Sperboy, under development in Ireland and the UK respectively.

Floating point absorbers that are not axisymmetric can take advantage of wave modes other than heaving.  During the mid 1970’s, S.H. Salter proposed a revolutionary device that rocks on the surface of the water with a motion resembling that of a (nodding) duck.  The shape of the Salter Duck allows it to capture energy from pitch as it bobs up and down with the waves.  The rocking motion about a fixed spine provides energy from a rotary power take-off mechanism and avoids the end-stop problem encountered by heave devices, in which the device must be prevented from exceeding its allowed range of motion.  For maximum efficiency, these devices may need to be properly oriented with respect to incoming waves.  Other duck-like buoy devices include the Wave Rider developed by SeaVolt Technologies and the prototype developed by SARA Inc.

Other offshore devices that are less applicable to the NIST project include contouring floats that are long in one dimension.  The McCabe Wave Pump consists of three narrow pontoons oriented into the oncoming waves.  The front and rear pontoons rotate about the hinges connecting them to the highly damped central pontoon, providing energy to hydraulic rams.  Similarly, the Pelamis is a semi-submerged articulated structure with four tubular sections that forces fluids through hydraulic motors as the joints move in response to wave motion.

There are also offshore floating versions of the oscillating water column (OWC) device, such as Japan’s Mighty Whale and ORECon’s MRC1000 (England), and overtopping devices with tapered channels, such as the Wave Dragon.  The SEA Clam uses wave surge to move a flexible diaphragm, pumping air in and out of a hollow spine that connects several such devices.  The PS Frog is a buoy with a paddle that swings in response to wave pitch and surge.  Denmark’s WavePlane converts water overtopping a set of lamellas to swirl flow.

Table 2 presents organizations involved in wave energy conversion research and information about their devices, assembled from the compilations of organizations involved in wave energy conversion research mentioned earlier in this section, and from internet searches.  More information on each of these devices can be obtained from the websites listed in this Table.  In addition to the manufacturer, its website and location, and the device name, type, and description, Table 2 includes an indication of the applicability of the device to the current NIST project funded by DARPA using the criteria listed under Section 4.
3.4 Electrical Generators

The critical requirements for a power take-off system in a wave power device include high thrust to counter the low velocity of wave motion, low weight so that buoyancy is not significantly affected, good efficiency, low maintenance needs, and low cost.
  A challenge of wave energy is to convert the slow oscillations of waves into a source of electricity, which requires high frequencies.  Hydraulic and pneumatic systems, using oil or gas respectively as the working fluid, are the conventional choice.  However, advances in materials for permanent magnets and new topologies enabled by these materials now make it possible to convert heaving motions directly into electrical energy.  

The Oscillating Water column (OWC) is a pneumatic system designed for a WEC.  As the water level rises and falls with the waves, the air is alternatively expelled to and pulled from the atmosphere.   An air turbine is used to convert the air flow to high speed rotary motion.  The Wells turbine is designed to rotate in the same direction regardless of the direction of air flow. Disadvantages of this turbine include low efficiency, poor starting characteristics, high noise, and high axial thrust.

Hydraulic systems for a WEC typically convert the wave-driven device motion into high pressure oil through a hydraulic ram.  The oil moves through a hydraulic motor that converts the slow speed high forces of waves into the high speed rotary motion needed to drive an electrical generator.  Disadvantages include maintenance to ensure that the necessary moving seals contain the oil to prevent contamination of the ocean environment, and intermediate power conversion stages that contribute to power losses, possible failures, and capital costs.27
For a direct drive power take off system, the electrical generator and the moving absorber are joined with no intermediate mechanical systems.  As the absorber moves, the position of electrical coils with respect to a permanent magnet shifts, generating an electrical field directly.  The design is more simple than a hydraulic system and may be maintenance-free.  At the moment, the size needs to be slightly larger for a linear generator, but costs are expected to be similar.
  Research into direct-drive linear generators is taking place at Oregon State University, led by professors Annette von Jouanne and Alan Wallace, and at Scientific Applications & Research Associates (SARA), which is developing MHD generators for WEC use.
3.5 Conversion Efficiency

As described under Section 3.2, a floating object may experience six modes of oscillation:  heave, sway, surge, pitch, roll, and yaw.  The efficiency of the wave energy conversion process depends on how many of these modes of oscillation are utilized, as well as the shape of the device.  This is a consequence of an apparent paradox:  to be a good absorber of wave energy, a device needs to be a good wave generator. 

Consider first a single point absorber, with physical dimensions small compared to the wavelength of the incident waves.  If this wave energy absorber is vertically cylindrical in shape (axisymmetric), it can be shown that the maximum power that such an object can absorb (i.e., when it oscillates at its resonance frequency) is equal to (/2( times the power per unit length of the incident wave, where λ is the wavelength of the wave.
  In other words, a point absorber can absorb all of the incident power associated with a wave front that has a width equal to (/2(.  This is called the absorption or capture width.

A one-dimensional wave energy absorber can then be constructed as a long (infinite) line of point absorbers that are spaced closer than the absorption width along an axis perpendicular to the direction of wave propagation.  If this assembly is constructed so that it does not transmit or reflect any wave energy, it can in principle absorb all of the energy from an incident wave front.  Salter’s Duck, which demonstrated a conversion efficiency greater than 80 % in early experiments,4 is a good example of such a design.  It is essentially a distorted cylinder, semi-submerged with its long axis parallel to the ocean surface, with a pointed front oriented to face the incident waves and a circular stern oriented towards the shore.  The cross section looks like a teardrop.  As the vane rotates with the force of an incoming wave there is little reflection (towards the wave) or transmission (towards the shore) of wave energy.

On the other hand, a one-dimensional WEC consisting of a linear assembly of cylindrically symmetric absorbers, each oscillating vertically (heaving) in the direction of their major axes, can only absorb a maximum of 50 % of the energy available in a wave.29   This is because energy in a wave oscillates between potential and kinetic energy, making the distribution between the two forms of energy equal when averaged over time.  A heaving buoy absorbs potential energy only.  If the buoys were pitching only, rather than heaving, the maximum efficiency would also be 50 %, since pitching absorbs only kinetic energy from the wave.  This limitation can also be thought of as a consequence of the fact that the wind and gravity forces responsible for generating waves act in orthogonal directions (horizontally and vertically), with only the vertical component being absorbed by a heaving point absorber.

An alternative argument is that, if the device is 100 % efficient, then the amplitude of the transmitted wave (from the device to the shore) must be zero. Thus, the device must be capable of generating a wave that is equal in amplitude but 180° out of phase with the incoming wave, so that it exactly cancels (by destructive interference) the part of the wave that would otherwise extend from the device to the shore. Such a wave can be represented by the superposition of a symmetric and an anti-symmetric wave.
  Since the oscillations of an axisymmetric object can only generate waves that belong to its symmetry group (determined by its shape), at least two modes of motion, one that is symmetric and the other anti-symmetric, must be activated to cancel the transmitted wave. Since each mode of oscillation must extract the same fraction of the available energy, the theoretical limit of 100 % efficiency is attained only if at least two modes of oscillation are activated (e.g., heave and pitch). 

3.6 Control


The theoretical limits discussed above can never be fully realized because of friction and other dissipative losses.  Nevertheless, if the goal is to make wave energy more practical, then efforts must be directed to maximize the absorption of the available energy and thereby approach these theoretical limits.  This will require the application of controllers that can alter the oscillation frequencies and amplitudes of wave energy converters to accommodate changing sea states.  The importance of this is apparent to anyone who has pushed a child on a playground swing.  The maximum benefit is derived when the pushes are synchronized with the frequency of the oscillation and administered at the turning points of the trajectory (i.e., where the velocity changes sign).  Notice that, as more of the parent’s energy is absorbed, the child swings higher and faster so that the parent must alter the location and, if the amplitude is large enough, the frequency of the pushes to be effective.  This requires a degree of awareness and anticipation that most parents, but few machines, possess. 

The small buoy-based devices of interest to the NIST project require sophisticated control to offset the inherent limitations to their efficiencies due to their limited range of motion, the variability in sea states, and the mismatch between the frequencies of their activation and those needed for the generation of electrical power.  Point absorbers have a much smaller range to their resonance frequency than larger devices.  They are also effected by the so-called “end-stop” problem, which arises when the magnitude of the forces on the absorber are sufficient to cause it to exceed the limits to its range of motion. 

A wave energy absorber can be modeled as a spring-and-damper system.  For heaving and pitching modes, buoyancy is included in the spring force.  The fundamental frequency of a wave energy conversion device with a single mode of oscillation is given in Equation (12).29  
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Here m + Ma is effective mass (including water) and B is the buoyancy of the absorber. The activation of multiple modes introduces additional complexity (requiring determination of the normal modes by matrix diagonalization), which will not be considered further in this report.  From Eq. (12), it is clear that the fundamental frequency of the oscillation can be brought into resonance with the frequency of the waves (i.e.,      f0 → f) by altering the effective buoyancy and mass. In practice, continuous control involves the measurement of the position and velocity of the absorber at every point in the trajectory and the introduction as needed of an increase or reduction in resistance from an external power source, such as a motor, to accommodate variations in the frequencies and amplitudes of the incident waves. The implementation of a continuous control strategy can become quite involved, requiring predictions of the future sea state, even for a single degree of oscillation.

The simplest control strategy is known as latching.29  In this approach, the absorber is locked at specific points in its trajectory (the stationary points) and released when the excitation force from the wave is at a maximum. Since the intervention is only exercised at discrete points, as opposed to the continuous control described in the previous paragraph, latching is referred to as a discrete control method. The major challenge in the application of either discrete or continuous control strategies is that they require advanced knowledge of changes in sea state to be effective. This may involve the incorporation of sophisticated measurement devices and complex software in the WEC.  Approaches for optimum control of wave energy devices are discussed in general in a paper by J. Falnes.
  Control procedures to optimize energy conversion in regular and irregular waves are presented in papers by H. Eidsmoen for heaving buoys with slack mooring
 and tight mooring.

Finally, the design of the device and its controls must ensure its survival under conditions that exceed its design limits, such as storms.  This may be handled in several ways.  Upon detection of dangerous conditions, the device may be fixed in place or decoupled so that no relative motion of absorber and reaction point is allowed, and the device can ride out the storm as an inert object (anchored in some way to the sea floor to maintain its location, of course).  Or the device may be designed to move deeper into the water for safety, perhaps moving into a protective housing attached to the seabed.  For the latter technique, a means of moving the device must be developed, and an energy budget must be set aside for its potential use.
4 RECOMMENDATIONS

The statement of work for the NIST project describes prototype energy generating devices that operate in littoral waters of depth between 10 and 100 meters.  These devices should meet the following criteria:

•
They should be physically small to allow deployment from small boats or airplanes.  In contrast to large scale generating devices alluded to above, they are “point sources,” less than 2 meters in diameter. 

•
They must be able to operate in a fixed location, and so must be tethered to the ocean floor.

•
They must be difficult to detect and therefore cannot operate on the surface of the water to avoid detection. 

•
They may be equipped with sensors that assess wave conditions or other parameters of the environment that affect device function or stealth and may have actuators to adjust parameters of the electricity generating components, buoyancy, or to adjust the operating depth. 

•
They must be self-contained and capable of generating electricity.

•
They must be sufficiently robust to survive storms. 

•
They must be capable of operation in both fresh and salt water.

Few of the companies listed in Table 2 offer products that meet the requirements defined by the scope of the NIST project.  In fact, only six of them, Ocean Power Technologies (OPT), AquaEnergy (AE), Wavebob Ltd. (WL), OreCON (OC), Teamwork Tech (TWT), and Independent Natural Resources Inc. (INRI), offer products that meet most of the requirements described above and none meet all of these requirements.  In particular, all of the WEC devices offered by these companies are much too large and heavy (hundreds of tons) to be deployed by aircraft or small boats.  Nevertheless, we assume that these devices can be appropriately scaled down in size so that these companies appear to be in the best position to build prototype devices for the NIST project.  Of these six companies, three (OPT, AE, and INRI) are based in the United States.  In addition to these companies, Donald DelBalzo of Neptune Systems and George Hagerman of Va Tech have been collaborating on demonstration of a small stealth device.  Both OPT and Neptune devices are inherently stealthy since they are designed to operate submerged below the sea surface.
Table 2.  Manufacturers of Wave Energy Conversion Devices

	Manufacturer/Website
	Country
	Useful?
	Device Type/Name
	Description

	AquaEnergy Group

www.aquaenergygroup.com

	United States

Washington
	Maybe
	Slack-moored heaving point absorber, combination of Swedish Hose Pump and IPS Buoy – AquaBuoy
	Offshore floating buoy that pumps seawater across water turbine;  device ~6 m in diameter is capable of generating ~ 250 kW; pilot project in Makah Bay, WA

	Duquesne Environmental Ltd.

(William Dick)

Website not Available


	Ireland
	Foreign
	Symmetrical heaving point absorber – WaveBob
	Offshore floating buoy with dynamic tuning of natural resonance frequency; full scale expected to be 15 m in diameter generating 1 MW in NE Atlantic

	Ecofys

www.ecofys.com
	Denmark
	No
	Wave Rotor
	Offshore device analogous to wind turbine - uses rotational motion of circulating water particles in the waves to drive a rotor directly; prototype testing in 2002 off the coast of Denmark provided 100 W peak to Danish power grid

	Embley Energy Ltd.

www.sperboy.com
	England
	No
	Floating OWC – Sperboy
	Vertical tube open at the bottom allows seawater to oscillate and force air through turbine; mechanical and electrical equipment are kept above the water line; prototype device 4.5 m in diameter extending 12 m below surface was tested in the UK in 2001

	Energetech

(Tom Thorpe)

www.energetech.com.au

	Australia
	No
	OWC with energy focused by parabolic wall
	Capable of operating nearshore or offshore; 500 kW project at Port Kembla near Sydney commencing early 2005, devices up to 2 MW planned for Canada and Spain

	Float Inc.

www.floatinc.com

	United States

California
	No
	Pneumatic stabilized platform –PSP
	Floating modules ~ 6 m × 6 m; primary purpose is platform stabilization

	Hydam

(Peter McCabe)

www.wave-power.com

(Website not available)


	Ireland
	No
	Contouring float – McCabe wave pump
	Three-barge, dual use device that can produce both desalinated water and electricity; 40 m long prototype deployed off Ireland


	Manufacturer/Website
	Country
	Useful?
	Device Type/Name
	Description

	Independent Natural Resources

www.inri.us

	United States

Minnesota
	No
	Bottom mounted heaving buoy that pumps water into reservoir – SEADOG
	Nearshore floating buoy that is ~6 m in diameter; pilot project off Humboldt County, CA

	Japan Marine Science and Technology Center (JAMSTEC)

www.jamstec.go.jp/jamstec/MTD/Whale
	Japan
	No
	Floating OWC – Mighty Whale
	Prototype 50 m long × 30 m wide  for open sea testing

	Lancaster University

(Michael French)

http://www.engineering.lancs.ac.uk/REGROUPS/LUREG/Research%20Home.htm
	United Kingdom
	No
	Pitching and surging flap – PS Frog
	Pitching and surging flap about 20 m wide and 15 m deep; some wave tank testing

	Originally conceived by Yoshio Masuda, now pursued by several organizations including DTI (UK) and NIOT (India)

http://www.niot.res.in/m1/BBDB.htm
	Japan
	No
	Floating variant of OWC, energy from surge and pitch – Backward Bent Duct Buoy
	Oscillating column of water in reverse L shaped duct with open mouth above sea surface and facing away from waves

	Muroran Institute of Technology

www.muroran-it.ac.jp/index-e.html
	Japan
	No
	Pivoting flap – Pendulor
	Nearshore hinged plate 2 m × 6.5 m mounted inside a caisson with hinge at the top; ocean tests since 1983 off Muroran Port in Hokkaido

	Neptune Sciences

(Donald DelBalzo, working with George Hagerman of Va Tech)

www.neptunesci.com
	United States

Louisiana
	Yes
	Archimedes Wave Swing
	SBIR with SPAWAR – design of small stealth device for harbor mapping

	Norwegian University of Science and Technology (NTNU),

Norwave AS

Website not available
	Norway
	No
	Tapered channel - TAPCHAN
	Onshore tapered channel feeds water into a reservoir constructed on a cliff, then stored water drives a turbine;  demonstration device rated at 350 kW in operation from 1985 to early 1990’s at Toftesfallen in Norway; other installations in Java and Chile


	Manufacturer/Website
	Country
	Useful?
	Device Type/Name
	Description

	Ocean Motion International

www.oceanmotion.ws
	United States

Oregon and Colorado
	No
	Platform with attached buoy system – CES (Combined Energy System), WavePump
	Floats mounted on offshore platform, intended for desalination and/or energy generation; working scale model

	Ocean Power Delivery

www.oceanpd.com

	Scotland
	No
	Contouring float – Pelamis (sea snake)
	Offshore device with semi-submerged cylindrical segments; full-scale 150 m long plant capable of generating 750 kW in Orkney in 2003

	Ocean Power Technologies

(George Taylor)

www.oceanpowertechnologies.com
	United States

New Jersey
	Yes
	Heaving point absorber – PowerBuoy
	Submergeable offshore devices that are several meters in diameter and capable of generating up to 150 kW;  two 40 kW plants operating since late 2005 off coasts of Hawaii and New Jersey

	Ocean Wave Energy Company

www.owec.com

	United States

Rhode Island
	No
	Heaving point absorber – Ocean Wave Energy Converter
	Buoy on triangular mount; wave tank testing proved concept but revealed deficiencies

	Ocenergy

www.ocenergy.com

	United States

Connecticut
	No
	Wave pump
	Conceptual design stage

	OreCON Ltd.

www.orecon.com

	England
	No
	Floating OWC with multiple chambers for efficiency over a range of oscillation frequencies – MRC1000
	Offshore buoy of 32 m diameter capable of generating 1000 kW; wave tank tests and sea trials started in 2002

	Oregon State University

(Annette von Jouanne)

eecs.oregonstate.edu/msrf
	United States

Oregon
	Maybe
	Three direct-drive prototype buoys: Permanent Magnet Rack and Pinion Generator Buoy, Contact-less Direct Drive Generatory Buoy, Permanent Magnet Linear Generator Buoy
	Linear generator research, proposed U.S. Ocean Energy Research Development and Demonstration Center

	Q Corporation

(Website not available)
	United States

Michigan
	No
	Pivoting flap – Tandem Flap
	20 kW unit tested in Lake Michigan

	Ryokuseisha

www.ryokusei.co.jp/foreign ; 

www.jana.or.jp/data/j47.html
	Japan
	Maybe
	Floating OWS – WAG (Wave Activated Generator) 
	60W floating OWC generator in commercial use for buoys since mid-1960’s


	Manufacturer/Website
	Country
	Useful?
	Device Type/Name
	Description

	Scientific Applications & Research Associates (SARA)

www.sara.com
	United States

California
	Yes
	Floating buoy with direct conversion of wave motion into electricity using magnetohydrodynamic (MHD) generator
	Surface float with MHD generator; R&D prototype tested; seeking to construct 50-100 kW MHD unit; sponsored by Office of Naval Research (ONR) via NSWCCD-SSES

	Sea Energy Associates

(Website not available)
	United Kingdom
	No
	Airbags around a hollow circular spine – SEA Clams
	As waves impact on structure, air forced between the six bags powers self-rectifying turbines

	Sea Power International AB

(Goren Lagstrom)

www.seapower.se
	Sweden, UK
	No
	Floating platform with tapered channel and reservoir – Floating Wave Power Vessel (FWPV)
	In April 1999 Sea Power signed a 15 year contract with Scottish Power plc and Scottish and Southern Energy plc to deliver electrical energy to Shetland;  operation was estimated to commence in 2004

	Seapower Pacific Pty Ltd,

www.seapowerpacific.com

	Australia
	No
	Submerged pressure device attached to seabed – CETO
	Nearshore device attached to seabed in < 20 m depth produces pressurized water for energy or desalinated water; 20 m long × 5 m tall unit installed off Henderson, West Australia in 2005

	SeaVolt

www.seavolt.com
	United States

California
	No
	Non-axisymmetric heave and pitch  absorber– WaveRider
	Array of wave-riding duck-shaped buoys; wave tank tests have been performed

	Teamwork Tech. www.waveswing.com

	Netherlands
	Foreign
	Archimedes wave swing – AWS
	Offshore submerged floating buoy; ocean test of 10 m diameter device off Portugal in 2005 successfully supplied 150-200 kW to electrical grid

	Trident Energy

www.tridentenergy.co.uk
	United Kingdom
	No
	Heaving point absorber with linear generator – Direct Energy Conversion Method (DECM)
	Float with linear generator housed above sea level; wave tank testing of one-fifth in 2005 confirms 100 kW expectations of full scale device

	University of Edinburgh /

Artemis Intelligent Power Ltd.

(Stephen Salter)

www.mech.ed.ac.uk/research/wavepower
	United Kingdom
	No
	Non-axisymmetric heave and pitch absorber - Salter Duck
	Floating canister that bobs like a duck; invented in 1974, early testing showed efficiency of 80 %


	Manufacturer/Website
	Country
	Useful?
	Device Type/Name
	Description

	U.S. Wave Energy (USWE)

(Harold Hopfe)

Website not Available


	United States

Massachusetts
	Maybe
	Large symmetrical heave, pitch, and roll buoy – Wave Energy Module (WEM)
	Contouring float invented in late 1970s; Lake Champlain testing in 1978 on 3.6 m, 1 kW model; recent computer simulations at URI of full scale 36 m, 1 MW device; Hopfe died in 2004 

	Wave Dragon ApS

www.wavedragon.net

	Denmark
	No
	Floating tapered channel device – Wave Dragon
	Large, offshore, floating, slack-moored, overtopping device that uses water stored in reservoir to drive turbines; ocean tests starting in 2003 off northern Denmark confirm performance predictions; full scale 260 m to 300 m long capable of generating 4 MW

	Waveberg Development Limited

www.waveberg.com

	United States

New York
	No
	Contouring float - Waveberg
	Articulated set of connected floats flex as waves pass underneath and pump water;  wave testing in 1991; full scale envisioned to be 50 m long generating 100 kW

	WaveGen

www.wavegen.co.uk

	Scotland
	No
	Shoreline or nearshore OWC – Osprey (Ocean Swell Powered Renewable Energy), Limpet (Land Installed Marine Powered Energy Transformer)
	A large shoreline or near-shore device that rests on seabed to about 15 m depth; Osprey sank during construction off Scotland in 1995;  Limpet has been generating 500 kW on Island of Islay in Scotland since 2000

	Wavemill Energy Corp.

www.wavemill.com
	Canada
	No
	Caisson-based heave and surge device – ESW (Enclosed Surge Wall) Series Wavemill
	Shoreline or near-shore caisson-based desalination or power generation; demonstration unit planned

	WavePlane International A/S
	Denmark
	No
	Overtopping converted to swirl motion – WavePlane
	Offshore floating device rides at level of troughs, wave water flows over lamellas into chamber with swirl that is converted into electricity; ocean tests in 1990’s, tests by NKK in Japan 2002-3
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