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Objectives



The objective of this paper is to assess, in an impartial, objective fashion, the current technology available to harvest the ocean’s energy. The technology is divided under two broad headings; tidal energy and wave energy. Tidal energy is a result of the gravitational interaction between the Sun and the moon at the earth’s surface. The periodic nature of this phenomenon has long been appreciated as a potential energy source. Indeed, modern tidal power systems are a more mature technology than wave-power, with the largest barrage project at La Rance dating back to 1967. While there has been significant interest in the development of tidal barrages similar to the French project (most notably at the Severn Estuary, U.K. and the Bay of Fundy, Canada), none have ever been undertaken. The reasons for this are examined in some detail. Instead, the focus of tidal technology has shifted to turbines based on hydropower devices. These tidal turbines are generating much excitement in the industry and may represent the best hope of expanding the ocean’s generating capacity. The nuances of these new devices are explored and one particularly promising device (the Helical Turbine) is discussed in depth. Wave energy is the newer of the two technologies and is at an earlier stage of development than tidal. It takes advantage of the energy inherent in water waves on the ocean’s surface, which are the result of surface winds. The variability associated with wave energy is significantly dependent on geographic location and this aspect of the resource is fully investigated. The technology is divided into four categories and illustrative examples are provided for each. The paper’s conclusions summarize the findings and seek to answer three telling questions: 1. How does wave/tidal energy compare to other renewable energy resources, notably wind? 2. What would make wave/tidal energy a more significant contributor to 4



the global energy market? 3. What clear steps should be taken at political and industry levels to implement the previous recommendations?
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Introduction



The world electrical energy market is at $800-billion-a-year and rising. It has been estimated that “there are 2 billion people who still lack electricity today, and the world demand in developing countries is doubling every eight years” (World Watch Institute, May 1997). In order to meet that demand, while limiting production of green house gases, renewable energy sources must be developed. The sea has long been seen as a source of energy. In the middle ages farmers used to trap sea water in mill ponds and use it to power water mills as the tide dropped. Over the last fifty years, engineers have begun to look at tidal and wave power on a larger, industrial scale. However, until the last few years, particularly in Europe, wave and tidal power were both seen as uneconomic. Although some pilot projects showed that energy could be generated, they also showed that, even if cost of the energy generated was not considered, there was a real problem making equipment which could withstand the extremely harsh marine environment. In the late 1990s, it became clear that technology was advanced to the point where reliable and cheap electricity from the ocean was is becoming a real possibility. The UK was the first country to have wave-power supplying its national supply in 2000, and now others are following. While considerable resources have been dedicated to the utilization of tidal and wave resources, the sectors still rank second to more established renewable sources like wind and hydropower. Also, there are unresolved issues regarding the structural robustness of both on-shore and off-shore devices.
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Tidal Energy



Over the past forty years, there has been constant interest in harnessing tidal power. Initially, this interest focused on estuaries, where large volumes of water pass through narrow channels generating high current velocities. Engineers felt that blocking estuaries with a barrage and forcing water through turbines would be an effective way to generate electricity. This was proved by construction of a tidal barrage at St. Malo in France in the mid 1960s. La Rance tidal power plant still provides 90% of Brittany’s energy needs, and a major refurbishment program (due for completion in 2007) means it will continue in operation well into the new millennium.



3.1



La Rance Tidal Barrage



The construction of this barrage began in 1960. The system used consists of a dam 330 m long and a 22 km2 basin with a tidal range of 8 m, it incorporates a lock to allow passage for small craft. During construction, two temporary dams were built on either side of the barrage to ensure that it would be dry. This was for safety and convenience. The work was completed in 1967 when 24, 5.4 m diameter Bulb turbines, rated at 10 MW were connected to the 225 kV French transmission network. The Bulb Turbines, which were developed by Electricite de France allow generation on both ebbs of the tide. These axial flow turbines were also designed to pump water into the basin for the purposes described earlier. This makes it easier to anticipate generation levels. This type of turbine was popular in hydropower applications and has been used on mainland Europe in dams on the Rhine and Rhone rivers. Although capable of generation on both ebbs, La Rance has rarely operated in this mode due to the problem of sedimentation in the basin. The barrage is shown in Fig. 1.
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Figure 1: Overhead view of the La Rance barrage at St. Malo, Brittany.



3.2



The Severn Barrage Proposal



The Severn Estuary in Wales has long been the focus for tidal energy projects in the U.K. Interest in deriving large scale electrical power from the Severn Estuary began seriously in 1925 when an official study group was commissioned. A scheme of 800 MW was investigated and although considered technically possible, it was prevented on economic grounds [1]. In 1975 the authority charged with meeting and delivering electrical supply in the U.K., the Central Electricity Generating Board (CEGB), published a study with evidence from Bristol and Salford universities to the Secretary of State’s Advisory Council on Research and Development for Fuel and Power [1]. From the study, the council established that a barrage could not be commissioned unless the energy situation deteriorated significantly in order for such a project to become economically feasible. Building on the 1975 report, work continued from 1979 and 1986 at various levels which were initiated by the Department of Energy. Published in 1989, the scheme included a closed barrage 15.9 km long with a total installed 7



capacity of 8,640 MW from 216 turbines. This would, on average, produce 17 TWh annually; replacing approximately 8 million tonnes of coal or 17.6 million tonnes of carbon dioxide. However, in recent years the significant political pressure exerted by environmental groups has led to the shelving of the Severn project and there is no prospect of its resurrection in the medium term with Britain’s commitment to the more economical power from natural gas [2].



3.3



The Bay of Fundy Proposal



Canadas Bay of Fundy has the largest tidal ranges in the world and has been the subject of numerous studies of proposed tidal power plant installations. Huge barrages have been proposed and one of the major concerns was the fact that coastal process modelling conjectured that the highest tides downstream of the barrage might be raised as much as 9 inches as far away as Boston, more than 800 miles [4]. This finding was controversial, but, even the possibility of such an impact was seen as sufficient to draw lawsuits from parties all along the northeastern American seaboard. The plan has since been shelved.
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Future Tidal Energy Projects



Despite the success of La Rance, no other major tidal barrages have been built since, due in some part to environmental concerns. Barrages present a barrier to navigation by boats and fish alike; reduced tidal range (difference between high and low water levels) can destroy much of the inter-tidal habitat used by wading birds; and sediment trapped behind the barrage could also reduce the volume of the estuary over time. By the early 1990s, interest in estuarine-derived tidal power had largely ceased, and scientists and engineers began to look at the potential of tidally-generated coastal currents instead.
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4.1



Resource Distribution



As tides ebb and flow, currents are often generated in coastal waters (quite often in areas far-removed from bays and estuaries). In many places the shape of the seabed forces water to flow through narrow channels, or around headlands (much like the wind howls through narrow valleys and around hills). However, sea water has a much higher density than air, meaning that currents of 5-8 knots generate as much energy as winds of much higher velocity. In addition, unlike the wind rushing through a valley or over hilltops, tidally-generated coastal currents are predictable. The tide comes in and out every twelve hours, resulting in currents which reach peak velocity four times every day. Two rival technologies – tidal fences and tidal turbines – are now being developed to catch the energy of these currents. Coastal currents are strongest at the margins of the world’s larger oceans. The basic requirements for cost-effective power generation from tidal streams are a mean spring peak velocity exceeding about 2.25 to 2.5 m/s (4.5 to 5 knots) with a depth of water of 20 to 30 m [3]. A review of likely tidal power sites in the late 1980s estimated the energy resource was in excess of 330 GW [3]. South East Asia is one area where it is likely such currents could be exploited for energy. In particular, the Chinese and Japanese coasts, and the large number of straits between the islands of the Philippines are suitable for development of power generation from coastal currents. However, there are also numerous locations in Europe meeting this criteria and some of these are shown in Fig. 2



4.2



Tidal Fences



Tidal fences (see Fig. 3) are effectively barrages which completely block a channel. If deployed across the mouth of an estuary they can be very environmentally destructive. However, in the 1990s their deployment in channels between small islands or in straights between the mainland and island has in-



9



Figure 2: The spots on the map show some of the locations meeting the criteria for effective tidal turbine generation around the UK and northern France. creasingly been considered as a viable option for generation of large amounts of electricity. The advantage of a tidal fence is that all the electrical equipment (generators and transformers) can be kept high above the water. Also, by decreasing the cross-section of the channel, current velocity through the turbines is significantly increased. The first large-scale commercial fences are likely to be built in South East Asia. The most advanced plan is for a scheme for a fence across the Dalupiri Passage between the islands of Dalpiri and Samar in the Philippines, agreed between the Philippines Government and “Blue Energy Engineering Company”1 of Vancouver, Canada in late 1997. The site, on the south side of the San Bernardino Strait and detailed in the map of Fig. 4 is approximately 41 m deep (with a relatively flat bottom) and has a peak tidal current of about 8 knots. As a result, the fence is expected to generate up to 2200 MW of peak power (with a base daily average of 1100 MW). 1



http://www.bluenergy.com/dalupiripower.html
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Figure 3: The proposal for the Dalupiri Passage uses tidal fences for generation, with all of the electrical equipment above water. The final project would envisage the 2.3 mile stretch being linked by fences measuring 10-15 m in height.



Once given final government approval (which was expected before the end of 2000 but has yet to be finalized), work will begin on a 4 km-long structure designed to withstand typhoon winds of 150 mph and tsunami waves of 7 meters. The Dalupiri Ocean Power Plant will utilize 274 ocean-class Davis Turbines, each generating from 7 MW to 14 MW. However, the $2.8 billion project is just the first phase one of a much-larger proposed “Build Own Operate Transfer” (BOOT) project that will be transferred to the Philippines after 25 years. Used to generate large scale renewable energy, the San Bernardino passage could help the Philippines to become a net exporter of electrical power. The modular nature of the “Blue Energy Power System” allows for power to be generated in the fourth year of the project, with the installation of the first module in the chain, which gradually increases to full capacity by project completion in year six. Once begun, this project will be one of the largest renewable energy developments in the world. However, the inordinate delay 11



in progress with the proposal leads one to suspect that political will for the project is waning in the Philippines.



Figure 4: The Dalupiri Passage spans a four-kilometer stretch of water between Dalupiri and Samar islands



4.3



Tidal Turbines



Tidal turbines are the chief competition to the tidal fence. Looking like an underwater wind turbine they offer a number of advantages over the tidal fence. A typical example is included in Fig. 5. They are less disruptive to wildlife, allow small boats to continue to use the area, and have much lower material requirements than the fence. Also, because they rely on technology that has a proven track record in the hydropower sector, the technical challenges in adapting to ocean conditions are not as daunting as for wave power. Tidal turbines function well where coastal currents run at 2-2.5 m/s (slower currents tend to be uneconomic while larger ones put a lot of stress on 12



Figure 5: Though not always the case, this tidal turbine, manufactured by “Marine Current Turbines” is partially submerged. Rotor blades average between 10 and 15 m in diameter.



the equipment). Such currents provide an energy density four times greater than air, meaning that a 15 m diameter turbine will generate as much energy as a 60 m diameter windmill. In addition, tidal currents are both predictable and reliable, a feature which gives them an advantage over both wind and solar systems. The tidal turbine also offers significant environmental advantages over wind and solar systems; the majority of the assembly is hidden below the waterline, and all cabling is along the seabed. The principal drawback lies in the largely untested structural soundness of the devices when 13



subjected to harsh seas. There are many sites around the world where tidal turbines could be effectively installed. The ideal site is close to shore (within 1 km) in water depths of about 20-30 m. Some industry experts2 believe the best sites could generate more than 10 MW of energy per square kilometer. The European Union has already identified 106 sites which would be suitable for the turbines. Further afield, the Philippines, Indonesia, China and Japan have all expressed interest in developing underwater turbine farms. A commercial-scale prototype turbine has been deployed off the southwest coast of England since the summer of 2001. It generates 300 kW (enough to power a small village). Although the cost of energy from the prototype turbine is estimated to be $0.10/kW, costs are expected to drop as the technology matures. There are plans for the first “turbine farm” to be operational by 2005.



4.4



The Gorlov Helical Turbine



The helical turbine, shown in Fig. 6, is a reaction cross flow machine designed for extracting power from unconstrained water currents. It was developed by Prof. Alexander Gorlov at Northeastern University in Boston, Massachusetts with support from the U.S. Department of Energy and the National Science Foundation. The turbine has been tested both in laboratories at Northeastern and Michigan Universities and in the tidal currents of the Cape Cod Canal (Massachusetts), Vinalhaven Island (Maine) and Uldolmok Strait (South Korea). During these and other recent field tests the triple-helix turbine demonstrated its reliability and up to 35% efficiency in the free streams [5], which makes it one of the best hydraulic machines for such applications. However, since the inventor does not make clear the definition of this efficiency, it is difficult to make a reasonable comparison of 2



The notion is proposed by Peter Fraenkel who is director of U.K. company “Marine Current Turbines”(http://www.marineturbines.com/home.htm)
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devices.



Figure 6: The triple-helix twin turbine measures 1 m in diameter and 2.5 m in height. It is fabricated of aluminum with a plastic antifouling coating



The turbine operates independently of the direction of the water flow and its axis can be set up vertically, horizontally or with any inclination in the vertical plane depending on water depth and characteristics of the specific project. This turbine is similar by its orientation to the well-known Darrieus wind turbine, patented in the last century, which has straight or curved-in plane airfoil blades. However, the Darrieus turbine has not received wide practical applications mostly because of pulsation in rotation when straight blades change angles of attack traveling along the circular path. It is also not self-starting in the flow. In contrast, the helical arrangement of blades provides self-starting and uniform rotation for our turbine that is the principal advantage of this machine compared with Darrieus type turbines. Starting with a firm rotation at water flow of about one knot, the turbine increases its power in proportion to the water velocity cubed. This result is shown in Fig. 7. 15



Power [Watts]



Free Flow [Ft./sec]



Figure 7: Output power of the helical turbine versus water velocity. In 2004, the helical turbine was deployed as a mobile power station at Long Island, NY. A strong tidal current of up to 5 knots characterizes the aquatic region at Plum Gut Sound near Long Island, New York. The New York State Energy Research And Development Authority (NYSERDA), in cooperation with the Long Island Power Authority, are sponsoring first phase of demonstration tidal power project using helical turbines in this water region. The power system consists of two helical turbines similar to that shown in Fig. 6. The mobile station is photographed in Fig. 8.
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Wave Energy



The enormous energy potential of ocean waves has been recognized throughout history [7]. However, it is only in recent times, following the oil crises of the 1970s when attention was focussed on the possibility of extracting increased amounts of power from natural energy sources, that the exploita16



Figure 8: Mobile power station with two twin triple-helix turbines near Long Island.



tion of ocean waves in the production of electricity was explored in more detail. The International Energy Agency estimated in 1994 that 10% of the world’s electricity demand could be met by wave energy. Several countries have already deployed prototypes (e.g. Japan, Norway, U.K., Portugal, Ireland) with further demonstration and commercial designs under construction. Wave energy devices tend to be smaller and more straightforward in their construction than tidal systems. However, the same structural concerns have marooned the technology until recently.



5.1



Analysis of Simple Waves



In order to appreciate the significant potential of wave energy to meet burgeoning energy demand, a brief theoretical analysis is included. This analysis, which can be found in a number of works [6], [9], begins by stating that the energy available in a wave is due to a combination of potential and kinetic energies. The potential energy, P E, is found from Equation 1, where: m = wρy = wave mass in kg w = wavefront width in m ρ = water density in kg/m3 = 1025 kg/m3 g = acceleration due to gravity in m/s2 = 9.81 m/s2 17



y = y(x, t) = Asin(kx − ωt) in m A = h2 = wave amplitude in m h = wave height in m k = 2π = wave number in m−1 λ λ = wavelength in m ω = 2π = wave frequency in rad/s T T = wave period in s. y(x, t) (1) 2 We can rewrite this expression by substituting for y(x, t). It is worth noting that the density of saltwater is slightly higher than freshwater, which in turn exceeds the density of air by a factor of 800. This is the reason that the theoretical energy densities available from waves far exceed those of wind energy. Fig. 9 highlights the physical characteristics of simple sine waves. P E = mg



Figure 9: Characteristics of simple, monochromatic sine waves A2 y2 = wρg sin2 (kx − ωt) (2) 2 2 To calculate the wave potential energy over an entire period, T , we assume that the waves are only a function of position, x, and are independent of time. Thus we can express the differential potential energy as Equation 3. P E = wρg
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d(P E) = 0.5wρgA2 sin2 (kx − ωt)dx



(3)



Integrating over wavelength, λ, now allows the total potential energy over one period to be established, once substitution for k and ω is considered. PE =



Z



λ



= 0.5wρgA2 sin2 (kx − ωt)dx



(4)



x=0



1 (5) P E = wρgA2 λ 4 In a similar fashion, the expression for the total kinetic energy over one period, KE, can be found to equal the expression for the potential energy of Equation 5. 1 KE = wρgA2 λ (6) 4 This leads to the expression for total energy content over one time period of the wave, T , in units of Joules, given in Equation 7. 1 ET = KE + P E = wρgA2 λ 2 We can also rewrite Equation 7 in terms of power, so that:



(7)



1 wρgA2 λ (8) 2T Now, in deep water, the dispersion relation, which relates angular frequency, ω, and wave number, k, becomes: PT =



ω 2 = kg =



2π g λ



(9)



g 2 T ≃ 1.56T 2 (10) 2π Substituting Equation 10 into Equation 8 and evaluating g and ρ, we arrive ⇒λ=
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an expression for the total power in each wavefront in Watts and given in Equation 11. P = 1960.77wh2 T



(11)



A useful expression is found from normalizing with respect to the wave’s width, w, so that the total power, expressed in kW/m is written as: Pw = 1.96h2 T



(12)



The square dependence on wave height is worth noting to place devices within sight of shore, where the average wave height is greatest.



5.2



Variability



This analysis refers to the behavior of simple, monochromatic waves. Real seas contain waves that are of random height, period and direction. The energy present in waves can vary for a number of reasons. • In deep water, the waves vary in direction according to the direction of the original wind field that generated the waves. • As waves travel towards the shore, the waves start to loose energy through friction between the water particle movements and the sea bed. • Waves approaching the shore are subject to diffraction, so that the waves travel at right angles to the sea bed contours. This can lead to energy being focussed on promontories known as “hot spots”. • Wave energy levels can vary from wave to wave (timescales of seconds or minutes) and in response to local wind conditions or the arrival of a swell from distant seas (timescales of days).
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The final point is the most difficult technical challenge. In the interests of good economics and efficiency, the mechanical and electrical plant are rated for waves which occur often, but the structure of the scheme has to be designed against extreme waves. Hence the revenue is obtained from waves of modest power levels but the capital cost is driven by waves of very high power levels. This is the crucial factor that has mitigated against widespread exploitation of wave energy. Developing long-term statistics associated with the variability of wave power levels is a key step in plant design.



5.3



Resource Distribution



A number of global as well as local studies have been conducted to examine the potential for harnessing wave power globally. The most extensive, by Thorpe [10] was conducted on behalf of the British Department of Trade and Industry and its results for global prospects are given in Fig. 10. This figure takes the average wave power level over a yearly cycle and expresses the result to kW/m. The geographic distribution and temporal variability of wave energy resources are governed by the major wind systems that generate ocean waves. These include extra-tropical storms and trade winds. In some areas, notably around the Indian subcontinent, local monsoons can also influence the wave climate. In the northern hemisphere, extra-tropical cyclones follow northeasterly tracks, continually building the waves in the storm’s southern sector, which are travelling in the same direction as the storm. Conversely, waves generated in the northern sector of the northern hemisphere cyclone travel in the opposite direction to the storm’s advance. Consequently, swells travelling “backwards” from such a storm have much less power than swells leaving the storm’s southern sector. This means that wave resources along the western part of an ocean basin are generally poorer than along the eastern part. In the northern Atlantic, this is evidenced by annual average wave power levels of 10 to 20 kW/m along North America’s eastern continental shelf. 21



Figure 10: Approximate global distribution of time averaged wave power. Wave power levels are approximate and given in kW/m. By comparison, shelf-edge wave power levels off European western coastlines increase from 40 kW/m off Portugal to 75 kW/m off the Irish and Scottish coasts, before decreasing to 30 kW/m off the northern portion of the Norwegian coastline [11]. This climatological distribution has had the effect of focussing the main university research centers and private companies invested in wave power to be in Europe. Other significant investors in wave-power technology include Japan, the United States, Australia and the Philippines, although in the last case, the focus has been more on tidal energy.



5.4



Wave Energy Conversion Technology



There are innumerable technologies and devices available for converting wave energy to electricity. However, wave energy converters (WECs) can generally be categorized into one of four groups: • Oscillating water columns (OWC) 22



• Overtopping devices



• Point absorbers



• Surging devices 5.4.1



Oscillating Water Columns



Oscillating Water Columns (OWCs) are the most mature of all the wave technologies, with onshore prototypes operational in China, Japan, Australia, India, Mexico, Norway, Portugal (Azores) and the U.K. The OWC is essentially a partially submerged chamber that has a small exit at the top and a large opening below sea level (Fig. 11). As the sea water flows in and out of the device, the level of water in the chamber rises or falls in sympathy. The column of air above the water level in the chamber is alternately compressed and decompressed by this movement to generate an alternating stream of high velocity air in an exit blowhole. If this air stream is allowed to flow to and from the atmosphere via a pneumatic turbine, energy can be extracted from the system and used to generate electricity. In this way, the OWC acts as a pneumatic gearbox, turning the slow movement of the waves into a fast airflow suitable for powering turbines. There are two main types of OWC currently being deployed world-wide as represented by the designs developed by Wavegen 3 and Energetech 4 . The “LIMPET” (Land Installed Marine Power Energy Transformer), developed by Wavegen, comprises a sloped OWC optimized for annual average wave power levels of between 15 and 25 kW/m. A water column with a water plane area of 170 m2 feeds a pair of Wells turbines each of which drives a 3 4



http://www.wavegen.com http://www.energetech.com
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250 kW generator, giving a nameplate rating of 500 kW. The 2.6 m diameter turbines utilize symmetric aerofoil blades mounted at right angles to the airflow, so that the turbine rotates in the same direction regardless of the direction of air flow. The turbines are fixed back-to-back to give the combined effect of a contra-rotating bi-plane unit.



Figure 11: Operation of the oscillating water column The first commercial size device (rated at 500 kW) has been deployed on the island of Islay in Scotland since September 2000 and was developed in collaboration with Queens University, Belfast (Fig. 12). This device is the culmination of an earlier prototype; the Shoreline Gully; which was undertaken by Prof. Trevor Whittaker [13] at Queens, with sponsorship from the Department of Trade and Industry in the U.K. While this design performed well 24



below its 75 kW capacity, the information and experience garnered proved vital in the development of “LIMPET”. In constructing “LIMPET”, a hollow was carved out behind the cliff edge and the OWC deployed behind the resulting rock bund. The bund was finally destroyed to allow the sea to access the OWC. “LIMPET” consists of three water columns placed side by side. These water column boxes are made from steel-reinforced concrete, giving a device width approaching 21 m and a water plane of 170 m2 . The device is anchored to rock promontories, its design being developed for ease of construction and installation, with minimum reliance on the existing coastline for suitable sites. There is little or no visual pollution. Wavegen has a 15-year agreement to supply electrical power to the major public electricity utilities. It has operated successfully to date. Wavegen is currently seeking new sites for deployment and continuing its research and development activities. The company also developed and deployed a non-shoreline OWC device in Scotland known as “OSPREY” (Ocean Swell Powered Renewable Energy). “OSPREY” also had the capability to support a wind turbine. However, this device was destroyed by wave action soon after arriving on site and the company is now concentrating on developing a new floating offshore wave energy device. The latest Energetech device represents an evolution in OWC design in two main areas. Firstly, the loss of wave power level as waves approach the shore is compensated by utilizing a 40 m wide parabolic reflector to reflect waves onto the 10 m wide OWC chamber situated at the focus of the parabola. Hence, for an increase in capital cost of approximately 30%, the parabolic walls increase output up to 300%. Secondly, Energetech has developed a novel turbine, shown in Fig. 13, which uses a variable-pitch mechanism to cope with the change in direction of air flow. Initial tests indicate that it has a higher peak and average efficiency than the Wells turbine [8]. The first full size device is currently under construction at Port Kembla, south
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Figure 12: The Islay “Limpet”, shown here, has been operational since September 2000



of Sydney, Australia. If the innovations achieve their potential, this 500 kW scheme will achieve significant improvements in the economics of OWCs. Norway has had a wave energy program since the 1970s, focussing on two main projects, both located at Toftestallen, Toftøy; which is 40 km from Bergen on Norway’s western coast. The first is a multi-resonant OWC developed by Kvaerner-Brug A.S., a large Norwegian hydro-power company. The design features an absorbing structure that can resonate at several frequencies within the range of wave periods expected at the potential site. The 500 kW demonstration plant was constructed and operated successfully for four years before being destroyed by a severe winter storm. While the turbine and generator were rescued, the plant was not repaired and the episode serves to underline one of the principle concerns associated with wave power. The second Norwegian plant at Toftestallen is not a OWC, but a resevoir filled by direct wave action. It is considered later. In Japan, a fixed floating OWC, known as the “Mighty Whale”, shown in Fig. 14 has operated since 1998 equipped with one 10 kW, one 50 kW and two 30 kW generators. The operating water depth at the test site is 40 m, and the prototype is to be moored facing the predominant wave direction as illustrated below. OWC capture chambers line the front of the device with 26



Figure 13: Full-scale Energetech turbine undergoing mechanical testing buoyancy chambers behind these. A flat ramp slopes down and back from the chamber into the water, damping the pitching motion of the device. The efficient wave absorption gives rise to calm waters in the wake of the “Mighty Whale”5 , providing good locations for fish farming, marine sports etc. The device, measuring 50 m in length and 30 m in width is the largest wave-power device in the world. 5.4.2



Overtopping Devices



An overtopping device is one which elevates ocean waves to a reservoir above sea level. Water is then let out through a number of turbines and in this way transformed into electricity. One such example is the second Norwegian plant at Toftestallen, Norway. Invented by a group headed by Even Mehlum [12] at the Center for Industrial 5
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Figure 14: The “Mighty Whale” is a joint development of JAMSTEC and Ishikawajima-Harima Heavy Industries Co. Ltd.



Research in Oslo, the tapered channel system consists of a collector, an energy converter, a reservoir and a power house. A 350 kW tapered channel power plant commenced operation in 1985. The channel’s width decreases in the shoreline direction and its end is sealed. As waves travel along the ever narrowing channel, they increase in height, spilling water over the sides and into the reservoir. Water then drains back to the sea through a low-head “Kaplan” turbine. The reservoir in this demonstration project was built by damming 2 small inlets to the island’s interior bay and a collector channel was blasted into the rock at the head of a natural gully, The reservoir of a tapered channel power plant does not provide long-term storage but smooths the input from one high-energy wave group to the next. Large waves overtop early and deliver large volumes of water. Small waves must travel further 28



along the channel before they get high enough to reach the top the wall but nevertheless nearly all waves deliver some energy. Recently, Norwegian state foundation “Enova” granted around US $5 million as a subsidy towards financing a wave power plant in Rogaland county, positioned in the ocean west of Karmoey. The pilot project, which relies on overtopping, will begin test production in December 2005, with on-line production to the national grid by March 2006. If test production is successful, more units will be added over the next two years. 5.4.3



Point Absorbers



Point absorbers provide a heave motion that is converted by mechanical/hydraulic systems in linear or rotational motion for driving electrical generators. Developed in New Jersey by Ocean Power Technologies6 (OPT), “PowerBuoy” is one such wave generation system that uses a buoy to capture and convert wave energy into a controlled mechanical force which drives an electrical generator. The “PowerBuoy” is enhanced with sensors, which continuously monitor the performance of the various subsystems and surrounding ocean environment. In the event of very large oncoming waves, the system automatically disconnects. In 2002, the company received funding of $4.3 million from the U.S. Navy’s Office of Naval Research (ONR) for the first major phase of a wave power project in Hawaii. The company has recently been awarded an additional contract for the installation a 10 “Powerbuoys” off the Cantabrian coast supplying 1.25 MW to Spain’s grid. The move marks the first sign of U.S. involvement in the European wave-energy market. The Powerbuoy is shown in Fig. 15. For many, the most famous example of a wave-energy converter is the “Salter Duck”, developed at the University of Edinburgh under the direction of Prof. Steven Salter [15]. Although it can produce energy extremely efficiently, it was effectively killed off in the mid 1980s when a European Union 6
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Figure 15: This OPT power station shows multiple buoys and underwater transmission cable. Inset shows the individual “PowerBuoy”. A 10 MW OPT power station would occupy approximately 4 acres of ocean space. report miscalculated the cost of the electricity it produced by a factor of 10. There was also widespread speculation that interested parties from the British nuclear sector had played a role in the Duck’s demise. In the last few years, the miscalculation was been realized, and interest in the Duck was reignited. A further report in 1992 [10] indicated that improvements were required and this has led to changes from the original design, incorporating a more simple and economic system. The device has never been prototyped for offshore sea tests, although extensive modelling work has been undertaken. The operation of the duck is highlighted in Fig. 16. 5.4.4



Surging Devices



Surging devices exploit the horizontal particle velocity in a wave to drive a deflector or to generate pumping effect of a flexible bag facing the wave front. The technical challenge faced by these offshore devices is greater than that facing shoreline devices, but the potential market is greater. A plethora of designs has been developed to overcome the difficulties but, as yet, very few 30



Figure 16: The nodding “Salter Duck” dates back to the early 1970s and is one of the original wave-power devices.



have actually been tested in service. One of the more promising of these devices is the “Pelamis”, shown installed off Islay, Scotland in Fig. 17(a). This is a semi-submerged structure composed of cylindrical sections linked by hinged joints, shown in Fig. 17(b). Developed by Ocean Power Delivery Ltd. of Edinburgh7 in collaboration with the University of Edinburgh, the device functions by utilizing the wave induced motion of the hinged joints which is resisted by hydraulic rams, to pump high pressure oil through hydraulic motors via smoothing accumulators. The hydraulic motors drive electrical generators to produce electricity. Power from all the joints is fed down a single umbilical cable to a junction on the sea bed. Therefore, several devices could be connected together and linked to shore through a single underwater cable. The 750 kW device at Islay is 150 m long and 3.5 m in diameter. The “Pelamis” has functioned since 2003. 7
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A second device is the “McCabe Wave Pump”, designed by Peter McCabe [14] and a team of engineers at Hydam Technologies Ltd, Killarney, Ireland, working in collaboration with Michael McCormick at John Hopkins University. The device consists of three narrow steel pontoons that are hinged together across their beam and point into the incoming waves. The front and back pontoons move in relation to the central pontoon by rotating about the hinges. Energy is extracted from the rotation by hydraulic rams. While this energy can be used to provide electricity (approximately 400 kW), the inventor intends to use this device to be the source of potable water by supplying pressurized sea water to a reverse osmosis plant. It is designed to produce approximately 270 million liters per annum in wave climates typical of arid countries with shorelines. A 40 m long prototype of this device was deployed off the coast of Kilbaha, County Clare, Ireland in 1996 and a new commercial demonstration scheme has also been built and tested. During four months of testing, the device functioned satisfactorily in swell heights of 1 to 2.5 m with an average period of 7.5 s. The hydraulics dampen the pontoon pitching when the sea exceeds wave heights of 3 m. The six pumps used on the system tested in 1996 (three on each barge) were undersized. As a result, the hydraulic system failed due to pressures in the system exceeding the limit of the hydraulic lines. Several modifications were incorporated into the newer device, including making the center-barge water tight and reconfiguring the hydraulic system with a fail-safe mechanism.
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(a)



(b)



(c) Figure 17: The “Pelamis” is being tested with the support of the European Marine Energy Center (EMEC), a joint partnership between the U.K. Department of Trade and Industry and private industry.
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Figure 18: The “McCabe Wave Pump” (MWP) was primarily designed to produce potable water although it can also be used to produce electricity.



6 6.1



Conclusions Tidal Energy



At the present time, tidal energy is not economical on a large scale in comparison with either conventional power sources or similar renewable energy sources such as wind. However, unlike wind energy, tidal is a predictable source of power, its cycles coinciding with the lunar position. In comparison to wave technology, tidal power is a proven technology as the experience at La Rance has demonstrated. However, the extraordinary and often unforeseen environmental consequences associated with barrages means that we are unlikely to see a resurgence in their interest. Many of the same environmental concerns apply to tidal fences, though if successful, the Philippine project would be a useful step forward. Tidal turbine technology would appear to offer the most positive prospects of all because it is founded in technology that has been tried and tested in hydropower dams. Yet it lags well behind wind in terms of research aid, government interest and public appreciation [16].
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6.2



Wave Energy



Similar to wind generation, wave power stations suffer from problems of unreliable production. However, in Norway and the U.K. in particular, development of wave power was taken a step further, concentrating on small applications on remote islands and the like, with varying degrees of success. The disadvantage of wave power stations compared to similar renewable resources is the significantly higher construction costs due to mooring problems, the bulkiness and comparative complexity of the whole structure and the water-based location. It will take some time and far more investment into the technology before the high energy density of wave power devices can be utilized to its full potential. While wave energy is used successfully in very small scale applications, such as powering lighthouses or navigation buoys, its short term prospects as a major contributor to large scale energy production seems to be economically unlikely.



6.3



Wind versus Wave and Tidal Energy



The non-trivial problems associated with ocean-worthy structures have heretofore slowed the development of the ocean’s energy on a large scale. However, if these construction issues are overcome, then there are number of reasons why wave and tidal energy sources are preferential to wind. 1. With proper siting, conversion of ocean energy to electricity is believed to be one of the most environmentally benign ways to generate electricity. 2. Offshore wave and tidal energy offers a way to minimize the local residential appeasement issues that plague many energy infrastructure projects. Wave energy conversion devices have a very low profile and are located far enough away from the shore that they are generally not visible. 35



3. Wave and tidal energy is more predictable than solar and wind energy, offering a better possibility of being dispatchable by an electrical grid systems operator and possibly earning a capacity payment. The characteristic of wave energy that suggests that it may be one of the lowest cost renewable energy sources is its high power density. Processes in the ocean concentrate solar and wind energy into ocean waves, making it easier and cheaper to harvest. Solar and wind energy sources are much more diffuse, by comparison. For example, the “CapeWind” Project 8 , proposed for Nantucket Sound is projected to produce 65,500 MWh per square mile when completed. The final proposed “Pelamis” project at Orkney would supply 219,000 MWh and take up less than 0.4 square miles. This proposal envisages 40 devices, each 120 m long, stretched perpendicularly to the wave direction. Clearly, the power density associated with even a prototype design far outperforms the more established wind technology.



6.4



Economic Considerations



One of the most notable observations of this study is the vast disparity of interest on either side of the Atlantic. A number of European countries, most notably the U.K. and Norway, have undertaken extensive prototype investigation and ocean tests. Wave power was delivered to an electrical grid for the first time in August 2004 by the full-scale preproduction “Pelamis” prototype in Orkney, Scotland. By comparison, the U.S. has lagged behind Europe in both investment and technology. This discrepancy can only be partially accounted for by the disproportionate allocation of the wave and tidal resources in northern Europe, compared to either American coast. But it also reflects a perception among energy professionals that ocean energy is not an economically viable option in North America. However, the latest report from the Electric Power Research Institute 8
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(EPRI) [17] suggests that generation of electricity from wave energy may be economically feasible in the near future. The study was carried out by EPRI in collaboration with the DOE’s National Renewable Energy Laboratory (NREL) and energy agencies and utilities from six states. Conceptual designs for 300 GWh plants (nominally 120 MW plants operating at 40% capacity factor) were performed for five sites: Waimanalo Beach, Oahu, Hawaii; Old Orchard Beach, Cumberland County, Maine; Wellfleet, Cape Cod, Massachusetts; Gardiner, Douglas County, Oregon; and Ocean Beach, San Francisco County, California. The study determined that wave energy conversion may be economically feasible within the territorial waters of the United States as soon as investments are made to enable wave technology to reach a cumulative production volume of 10 - 20 GW. In comparison, land-based wind turbines, generate a total capacity of 40 GW. According to the study, wave energy will first become commercially competitive with land-based wind technology at a cumulative production volume of 10 or fewer GW in Hawaii and northern California, about 20 GW in Oregon and about 40 GW in Massachusetts. Maine is the only state in the five site study whose wave climate is such that wave energy may never be able to economically compete with a good wind energy site. This forecast was based on the output of a 90 MW “Pelamis” wave energy conversion plant design. This authoritative investigation offers one of the first clear indications that policy in the U.S. may refocus its efforts on harnessing the ocean’s potential and begin a series of demonstration projects to prove the feasibility of wave energy conversion technology in actual sea-state environments.



6.5



Recommendations for the U.S.



If U.S. government agencies, both federal and state, are serious about tackling carbon dioxide emissions, then a renewable resource of the magnitude of wave and tidal energy will need to be fully appreciated. This should be considered 37



part of a coherent renewable energy policy that incorporates wind, wave, tidal and solar resources. One concrete step would be the establishment of National Energy Laboratory dedicated solely to ocean energy research, similar in scope to the National Wind Technology Center, Colorado. This center has collaborated extensively with industry and academia and the fruits of its extensive work are evidenced by the widespread success of the wind power industry in the U.S. A second initiative would be the establishment of a fresh tax-credit, specifically targeting wave and tidal power. This would undoubtedly spawn fresh venture capital interest in the sector, pushing the development of more robust, efficient and marketable technology. Finally, until the cost of maintaining the present rate of carbon dioxide emission is taken into account when building new power stations and a policy is adopted that depends less rigorously on market forces and more on environmental consequences, the likelihood of tidal or wave power playing a major part in the energy supply of western industrialized nations even in the medium term future remains low.
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