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 1. CHAPTER 1: INTRODUCTION 1.1



Current renewable energy trend and outlook



Renewable energy, offers tremendous benefits for meeting global energy needs. Today, these renewable energy technologies are the fastest growing energy technologies which are becoming more cost competitive in a variety of grid, off-grid, and remote applications worldwide. 1.1.1 World Primary Energy Scenario Global energy needs are expanding rapidly in addition to living standards in several parts of world’s economies, which could be noted for the rapid increase of world population, from 7 billion today to projected value of 9 billion by 2050 [1]. World primary energy demand is likely to increase by a factor of one-third between 2010 and 2035. Also, world electricity demand is expected to continue to grow more strongly than any other final forms of energy in the upcoming years [2]. Due to the emergence of new big developing economies like China and India, the global demand and consumption of primary energy has been increasingly accelerated. According to statistical reviews of BP’s Energy Outlook 2030, Figure 1.1, for the first time since 1973, commercial renewable energy grew by 5.6% in 2010. Consumption in OECD countries grew by 3.5% the strongest growth rate since 1984, while the level of OECD consumption remains roughly the same as 10 years ago. Non-OECD consumption grew by 7.5% and was 63% above the 2000 level. Chinese energy consumption grew by 11.2%, and China surpassed the US as the world’s largest energy consumer. All in all, oil remains the world’s leading fuel, (33.6% of global energy consumption), but slowly losing market share for the 11th consecutive year [3].



Figure 1.1: World primary energy scenario 1970-2030 [3].
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 1.1.2 Renewable Energy Trend The present world energy scenario, Figure 1.2Figure 1.1, shows that the consumption of renewable energy and nuclear energy source is in increasing trend whereas consumption and contribution to total energy share of traditional fossil fuel is in decreasing trend. However, the consumption of natural gas seems to be increasing during future years and Coal will remain as the leading energy source until 2035.



Figure 1.2: Shares of energy sources in world primary energy demand [4].



Looking at the world energy scenario, electricity generation is entering a period of transformation as investment shifts toward low-carbon technologies; the result of higher fossil-fuel prices and government policies to enhance energy security and to curb emission of CO2. Therefore, the use of renewable energy and alternative sustainable energy resources is becoming an urgent need. Renewable energy technologies, account for half of the new capacity installed to meet growing demand. Overall, modern renewable energy sources, as shown in Figure 1.3, grow faster than any other energy form in relative terms; but in absolute terms, the total supply is still not close to the level of any single fossil fuel in 2035. However, the increase in scope and market potential of renewable energy sources is leading the world through more and more opportunities in new technical innovations and developments. The increase in renewable energy contribution to the total energy share will necessitate the development of new and reliable renewable technologies and alternative energy sources like tapping into unexploited and abundant energy source as Ocean Energy.
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 Figure 1.3: Global installed power generation capacity and additions by technology 2010-2030 [4].



1.2



Generation of Ocean Currents



The movement of water within oceans and seas is heavily influenced by solar radiation, salinity variation and wind, gravity and earth’s Coriolis forces *6,7,8+. The main driving factor involved is thermal and density gradient which are vital in water circulation [8]. Since salinity and thermal gradient along with other external factors can be predicted at different latitudes of earth, ocean currents are predictable which provides an advantage over wind current. For example, the most prominent ocean current is Gulf Stream which has around 80 Million m3 of water flowing in it. The generation of ocean current can be explained by explanning its different types which are surface and deep water current. 1.2.1 Surface Current Surface current or circulations make up about 10% of entire water in oceans which are found on the upper 400m [6]. These currents are heavily influenced by the following external factor: 1. Solar radiations Solar radiations cause thermal expansion of water and air when heated at or near the equatorial region. Therefore, near to the equator, the volume of water increases more than the waters in middle latitude regions. This causes the formation of a slight slope, where the water in the equator is 8cm higher than other regions. 2. Wind forces Wind is caused primarily by the heating effect of solar radiations over surface waters, which in turn helps in pushing water surfaces over the oceans. Friction is the coupling force (shear forces) between the wind and the water’s surface *6+. There are three types of wind that affect the movement of ocean currents, Figure 1.4, which are: Trade, Westerlies and polar Easterlies wind [9]. 3



 Figure 1.4: Right: Types of wind, Left: Surface currents resulted from different wind [6,10].



A) Trade Winds: The region of Earth where there are direct rays of sunlight is the equator. Here, there is frequent heating of air which causes rising of air thereby leaving low pressure areas [9]. If we move to about 30 degree latitude of earth in both north and south direction from the equator, then we can find that most of the warm air form the equator begins to cool and sink [9]. This cooling and sinking air in-between 30 degree latitudes moves back to the equatorial region. The remaining air flows towards the poles. This air movement towards the Equator in both directions is called trade winds [9]. In addition, the Coriolis Effect makes the trade winds appear to be curving towards west, whether they are travelling from South or North. In the right side of Figure 1.4, the surface currents shown by blue color in between 30 degree latitudes are resulted by trade winds. They seem as if they are originated from east, which is why they are also called “Easterlies Wind”. The trade winds coming from both south and North converge near the Equator which results in the formation of upward wind (heated wind) instead of surface wind. This area of calm is called “Doldrums” [9]. B) Westerlies Wind: The strong prevailing wind which seems as if they are originated from west and having inclination towards east because of Coriolis Effect are called “Westerlies Wind”. In between 30 degree and 60 degree latitudes, these winds combine with the remaining part of wind that forms trade wind and are responsible for many of the weather movements across the United States and Canada [9]. In the right part of Figure 1.4, Gulf current and many others in the same latitude are caused by Westerlies wind, which later goes to the pole ward direction. C) Polar Easterlies wind: It is formed when the atmosphere at poles get cooled [9]. As explained earlier, this cooling then sinks and spreads over the surface. As it moves away from the pole to less denser area, it is turned to the west because of Coriolis Effect. Since this wind also seems as if they are originated from east, they are called polar Easterlies wind. These winds are responsible for cold Labrador Current and East Greenland Current in the Northern hemisphere [9]. 4



 3. Gravity Gravity will always tend to pull the water down the hill or we can say pile of water against the pressure gradient [6]. The magnitude of gravity is comparatively high as compared to other external factors responsible for surface current [6]. 4. Coriolis Force It is the inertial force caused by the rotation of Earth and is the outcome of Coriolis Effect of Earth. There are basically two reasons for this phenomenon: first, the Earth rotates eastward; and second, the tangential velocity of a point on the earth is a function of latitude (i.e. angular velocity=linear velocity/radius). That is why tangential velocity at equator is maximum and it is essentially Zero at the pole [11]. Let us assume that a ball is thrown from the equator to the North Pole. Then we can see that the ball moves little bit towards the Right. The reason it is like this is that the maximum tangential velocity at the equator as compared to the region beyond the equator in the Northern direction. So the ball is moved towards right in the Northern Hemisphere because of the collective effect of angular velocity and the Earth’s eastward Rotation [11,12]. That is why, On the Earth an object that moves along a north-south path, or longitudinal line, will undergo apparent deflection to the right in the Northern Hemisphere and to the left in the Southern Hemisphere [11], shown in Figure 1.5.



Figure 1.5: Coriolis Effect [11,12].



All the factors explained above are responsible for surface ocean current. But, In addition to this, there is the formation of “Circular Patterns” or “Gyres” in the areas where the water meets the land, where water is warmer, or where two currents converge [13]. One of the examples of Gyre is North Atlantic gyres where it is the combination of North Equatorial Current, Gulf Stream, the North Atlantic current and the canary current [6], shown in Figure 1.6. 5



 Figure 1.6: North Atlantic Gyre [6].



In total there is formation of five gyres [6] and one of the most popular is the one mentioned above which makes Northwest Europe much more temperate than any other region at the same latitude [5]. The other Gyres are shown in Figure 1.6 and Figure 1.7.



Figure 1.7: Gyres formation in different location [6].
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 Figure 1.8: More clear view of Gyres formation [6].



One of the main phenomenon’s responsible for Gyres formation is Ekman transport of water which is part of Ekman motion theory [6]. When the wind blows on the surface of water then friction is the coupling force. However, for the lower layers of the ocean to move they must be pushed by the friction between the layers of water above [6]. Consequently, the lower layers move slower than the layers above. With each successive layer down the water column, the speed decreases while the angle increases [5]. Finally speed becomes zero in the opposite direction of wind which leads to a spiral effect, illustrated in Figure 1.9. The net movement of water in this case (averaged over the entire upper water column of the ocean) is 90 degree to the right of the wind direction in the northern hemisphere and 90 degree to the left of the wind direction in the southern Hemisphere [6].



Figure 1.9: Ekman Transport of water in Northern and southern Hemisphere [6,14].
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 Nevertheless the direction of motion of water which is actually inclined 30-45 degree from the wind direction [6] on the surface of water which is clearly visualized in Figure 1.10.



Figure 1.10: Movement of water on the surface at point B in the Northern Hemisphere [6].



This is actually the consequence of the balanced force between the gravity and the Coriolis Effect of earth [6,14]. As shown Figure 1.11, when the water is pushed along the wind, it wants to be turned to the right (in the Northern Hemisphere) by the Coriolis force but it must fight against the gravity. So, because of this opposing force, water moves with certain degree inclination after certain tradeoff between the gravity and the Coriolis force. This results in clockwise motion of water thereby creating Geostrophic current [6,14]. Actual current is deviated more towards downward direction because of the large effect of gravity [6].



Figure 1.11: Combined effect of Gravity and Coriolis Effect [6].
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 1.2.2 Deep water current Deep water comprises about 90% of the ocean and its circulation is below 400m of water column [6]. This current is driven by heat and density gradient of water and thus the name is “Thermohaline Circulation”. Thermal gradient is caused by solar heating at the equatorial region whereas the density gradient is the result of polar cooling and sea ice formation (deep water formation) in the Polar Regions. Thus, Thermohaline circulation, for the most part, is an overturning circulation in which warm water flow pole-ward near the surface and is subsequently changed into cold water that sinks and flows equator-ward in the interior [7], demonstrated in Figure 1.12. This Thermohaline circulation is important factor of an earth’s climate because it transfers huge amounts of energy and its up-welling, which will be discussed later, is important for the ocean’s biota as it brings nutrient rich deep water up to the surface [8].



Figure 1.12: Thermohaline Circulation [8].



The main process that plays a vital role in the generation of Deep water current is Deep water mass formation (Cooling Phase), which are formed at Polar Regions in quite specific areas of the North Atlantic and the southern ocean [7, 8]. In these Polar Regions, sea water at the surface of the ocean is intensely cooled by the wind. Wind moving over the water also produces a great deal of evaporation, leading to a decrease in temperature, called evaporative cooling [8]. Evaporation removes only water molecules, thus resulting in the increased salinity of seawater left behind, thus there is an increase in the density of water mass. The density of water mass is further augmented by the formation of ice [7]. Sea ice is resulted after the freezing of sea water which results in the separation of fresh water (in the form of ice) and salt. Thus, the salinity of the remaining unfrozen water increases and becomes denser. 9



 One of the places where deep water formation takes place is the Norwegian Sea [8] where evaporative cooling is predominant. As can be seen in the Figure 1.12, there is both up-welling and Down-welling which actually takes place in a period of 1000-1500 years [8] but has significant role in the transfer of both energy and nutrients within the oceans and thus affects both aquatic and terrestrial environment. I)



Up-welling:



Figure 1.13: Up-welling at Southern Hemisphere [6].



It is influenced by the Ekman transport of water and wind coming from the Northward direction [6]. Near the coast, the water moves right to the direction of wind as explained by Ekman motion of water and Coriolis Effect, thus it leaves the coast (the water being warm surface water) [6]. Hence, the empty space created by this leaving surface water is fulfilled by the upcoming deep cold nutrient rich water. This process is called up-welling. Due to this reason, there is maximum fishing in the southern Hemisphere at or near coastal area of Indian and Pacific Ocean where up-welling takes place [8]. II)



Down-welling:



Figure 1.14: Down-welling at Northern Hemisphere [6].



It is influenced by the Ekman transport of water and the wind coming from the southward direction [6]. Near the coast, the water moves right to the direction of wind as explained by Ekman transport of water and Coriolis Effect and thus it moves towards the coast (the water being warm surface water). Thus, the water at that part of sea is cooled and becomes denser and sinks downward which is called Down-welling [6]. 10



 2. CHAPTER 2: POTENTIAL OF OCEAN CURRENTS The potential of Ocean currents can be better understood by examining the difference between the two fluids currents which share similar Power generation technologies, namely the Ocean and the Wind currents. The two major differences between ocean and wind currents are the speed and the density of the fluids. Ocean currents have lower speed than wind, this figure is important since the kinetic energy contained in fluid flows is proportional to the cube of their individual velocity. A more important fluid parameter is the density of the material. Water is about 835 times denser than wind, so for the same area of flow being intercepted, the energy contained in a 12-mph (5.4ms-1) water flow is equivalent to that contained in an air mass moving at about 110 mph (49ms-1). The total worldwide power in ocean currents has been estimated to be about 5,000 GW, with relatively high power densities reaching up to 15 kWm-2 [15]. It is estimated [16] that European water has a potential at least 12 GW of ocean turbines able to generate an average of 5.5 GW, this amount according to a load factor of 45%, which is a bit optimistic. Other experts estimate a factor between 35-40%. At any rate, it is much better than around 20% load factor for land or offshore-based wind turbines.



2.1



Ocean Current Energy Potential (Estimation)



An important feature of marine current is their high energy density, which is the highest among the renewable energy sources. The idea of converting the energy of ocean surface waves into useful energy is not new. The maximum theoretical power, PA, in a marine current has a similar dependence as a wind turbine and is governed by the following Fraenkel equation [16]:



In which, is the velocity magnitude, is the cross section of the flow, is the water density, 16/27 equal 59.3% is known as the theoretical upper limit (derived from Betz law). According to Betz Law, it is not possible to extract all the kinetic energy from the flow which is crossing the turbine. Like in the Carnot cycle, there are two parameters that determine the maximum power that can be extracted from the flow. They are the velocities of the fluid before and after the turbine. Following the Betz Law, or the second law of the thermodynamics, the speed of the fluid after the turbine cannot equal to 0, so it is not possible to get all the kinetic energy of the fluid. The maximum theoretical efficiency of a wind or current turbine is 16/27, which is 59.3%. Therefore, the power generated by a current turbine is:



Where is the efficiency of the current turbine [16]. 11



 2.2



Ocean Gyres and Other Important Ocean Currents



Figure 2.1: The five ocean gyres [17].



As explained in chapter 1, the five ocean gyres are the source of most of the ocean currents in the world. However, there are smaller currents that are produced as a result of local heating or cooling, or due to the presence of land forms such as undersea mountain ranges or the presence of island chains.



Figure 2.2: Major oceanic currents [10].
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 The maps shown in Figure 2.1 and Figure 2.2 shows the major oceanic currents, color coded to show the warm and cold currents which affect the climate of nearby landmasses. Some of the currents offer sufficient current velocities (above 2ms-1) to drive ocean turbines. These include: Kuroshio Current, Agulhas Current, Peru Current, Falkland Current, California Current and Gulf Stream 























Kuroshio Current, also called Japan Current and Black Current, is a warm current of the Pacific Ocean. It branches off from the North Equatorial Current, east of the Philippine Islands. After passing the eastern coast of Taiwan, one branch flows along the west coast of Japan while the main current turns northeast along the east coast, warming the southern part of Japan. The current then turns east, merging with a cold current, the Oyashio, to form the North Pacific Current. Agulhas Current is a warm surface current of the Indian Ocean. It is a branch of the South Equatorial Current. The Agulhas Current flows southwestward along the southeastern and southern coast of Africa. It is deflected eastward and southeastward at Cape Agulhas by the cold Benguela Current. The Agulhas is one of the world's strongest ocean currents, with a speed of up to 1.4 miles per hour (2.3 kmh-1). Peru Current is an ocean current in the eastern Pacific Ocean. It is also known as the Humboldt Current, after Alexander von Humboldt, who discovered it in 1802. The Peru Current originates in the West Wind Drift in Antarctic waters and flows north along the west coast of South America. Just south of the Equator it flows west to join the South Equatorial Current. The southeast trade winds blow warm surface water away from the coast and this is replaced by colder water, which moves up from moderate depths. This water is laden with nutrients that support one of the most abundant populations of seabirds and marine life in the world. Falkland Current is a cold current of the South Atlantic Ocean. It originates near Antarctica and flows northward, past the Falkland Islands, parallel to the coast of Argentina. The Falkland Current merges with the warm Brazil Current in the Río de la Plata region California Current is a cold water current off the southern half of the west coast of the US, as well as Baja California in Mexico. It's part of the North Pacific Gyre. The California current is an eastern boundary current. The Gulf Stream is warm water current which is a part of the north Atlantic gyre. Much of the warm water actually begins in the Gulf of Mexico, and exits to the Atlantic through the Florida Strait. There it meets warm water from the Caribbean, and together, this water flows northwards along the east coast of the US. Leaving the Florida Strait, the current is about 30 Million m3s-1 (contrasting that the outflow of all rivers combined has a flow of about 1 Million m3s-1); it is the most important current for ocean current energy by far [18].
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 2.3



The Ideal Locations for Ocean Current Energy Facilities



The best sites to install an oceans current energy facility are the narrow straits between islands or headlands, where the current flows is higher. Regions with velocities of 5 knots (2.5 ms-1) or higher are also considered as good sites [19]. The closeness between the energy source and the energy demand has to be factored, because most of the good places to obtain this kind of energy are too far from the locations which need the result energy. Florida Straits, illustrated in Figure 2.3, is a very good location from the point of view of energy generation. Gulf Stream enters the velocity without decreasing of volumetric flow rate. The relatively constant extractable energy density near the surface of the Florida Straits Current is about 1 kWm-2 of flow area with a volumetric flow rate of 30 Million m3s-1. It has been estimated that capturing just (1/1.000)th of the available energy from the Gulf Stream, which has 21.000 times more energy than Niagara Falls in a flow of water that is 50 times the total flow of all the world’s freshwater rivers, would supply Florida with 35% of its electrical needs [15]. Miami located on the coast of Florida Straits, in which it is a perfect place to invest heavily on ocean current turbines. The Gulf Stream flows at its full speed only a few kilometers away from Miami, which means the energy source is only a few kilometers away from the energy demand. This advantage makes ocean current energy cheaper and more competitive because of the lower cable investment and lower maintenance.



Figure 2.3: Surface Current of Florida Straits [20].
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 Another good site for ocean current power generation is on south-east coast of Japan, where the Kuroshio Current, Figure 2.4, is at its highest velocity (3-4 ms-1). The velocity of the water is even higher than Florida Strait.



Figure 2.4: Kuroshio Current on east south coast of Japan.
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 3. CHAPTER 3: TECHNOLOGIES Systems for harvesting ocean current are well known developed or at least under R&D technologies. Hence, tapping into ocean current energy and harvesting it is not as far-seen objective as some might think. Nevertheless, there are certain aspects and limitations that raise questions on their reliability and raises doubts before their actual market employment. So, what are these technologies and what are the accompanied limitations? In this chapter, these questions will hopefully be answered in details.



3.1



Available Technologies



As explained before, the generation of ocean current is dependent on many factors. This kind of energy is called “Hydrokinetic Energy” *21+, in which the energy conversion system works on the principle of harvesting the energy in sea water mass flow without (allegedly) altering the environment. There are two categories for such systems, submerged water turbines and non-turbine designs. 3.1.1 Submerged Water Turbines This kind of technologies are based on designs of wind harvesting systems and share similar features, in which they have blades connected to rotor that extract energy from the passing fluid either by drag or lift forces. These turbines are further classified based upon the direction of rotation to: 1. Horizontal Axis Turbines: As the name indicates, the axis of rotation is horizontal to fluid flow. The rotation of the blade is caused by lift forces acting on the airfoil of rotor blade. Such turbines might be comprised of 2 or more blades with a permanent magnet DC generator or an asynchronous generator (depending on the required electricity type), shown in Figure 3.1.



Figure 3.1: A) 3-blade turbine (The Blue Concept, Norway), B) Twin rotor 2-blade turbine (Seagen, UK) [15,22].
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 2. Vertical Axis Turbines: Vertical axis turbines also known as “Cross-Flow turbines” have an axis of rotation that is perpendicular to water stream and may be any angle ranging from parallel to perpendicular to ground level. Unlike Horizontal axis turbines that work only on the principle of lift, the Vertical axis turbines work on extracting energy from a stream by lift-drag coefficients (depending on design). Figure 3.2, shows two different arrangement of such turbines, on the right a Darrius turbine design that uses the principle of lift to move the rotor blades; on the left an H-turbine that may consist of 2 or more blades.



Figure 3.2: Cross Flow water turbine, right: Darrius turbine, left: H-type-turbine (Blue Energy, Canada) [5,23]



3.1.2 Non-turbine Designs The designs of non-turbine stream harvesting system are various and even sound eccentric; however they are under heavy R&D processes. Some of these designs are [23,24]: 1. Oscillatory Hydrofoils: In which similar to an airplane wing but in water; yaw control systems adjusts their angle relative to the water stream, creating lift and drag forces that cause device oscillation; mechanical energy from oscillation feeds into a power conversion system [24]. Figure 3.3 shows these systems’ basic approach.



Figure 3.3: Right: Sketch of the Oscillating Hydrofoil [24], Left: Stingray (UK).
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 2. Vortex-induced motion: In which water current flows around cylinders inducing transverse motion. The energy contained in the movement of the cylinder is then converted to electricity. Figure 3.6 shows a patented design of such systems.



Figure 3.4: VIVACE, patented Vortex-induced vibration (VIV) system [25].



3.2



Limitations



There are many considerations that have to be thoroughly researched before the erection of an actual series of commercial ocean current harvesting systems, some of these limitations are technical, and other economical and some might be environmental. Some of these limitations are explained in the following sub-chapters.
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 3.2.1 Environmental & Ecological Considerations Environmental consideration is a wrap that covers many topics. The first basic thought could be the effect on natural ocean stream cycles. Extracting energy from moving streams means depleting it from significant amount of energy and thus leaving it weaker. However, some preliminary study [23] made in 1977 by Aerovironment Inc. (program is better known as the “Coriolis Program”), indicated that a 10,000 MW installation in the Gulf Stream would only have a small reduction in the overall energy of the stream. Since ocean current harvesting systems are in R&D phases, the long term effect of weakening the stream is still unknown. Some says [5], that removing energy from the ocean stream could affect the downstream marine ecologies. Another consideration is the effect on marine creatures as fish and mammals. In which high velocity blades could easily injure if not kill anything that comes in contact. One final addition is the effect of these harvesting systems on trade routes and fishing spots. In conclusion, a deep environmental impact study is required to know the extent of damage caused by the introduction of this new technology. 3.2.2 Foundation: There are fundamentally 2 categories of anchoring approaches for ocean current harvesting system. Each category depends on the type of the system used. There is the simple foundation that is used for offshore wind turbines and oil rigs, presented in Figure 3.5 which could be metallic or ceramic structure (usually metallic, since ceramic structures are porous materials which impose structural integrity). Another approach is to use guy-wires for parachute type technologies.



Figure 3.5: Different anchoring systems that could be used for submerged water turbines [26].
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 Overall, the foundation election requires a vast amount of paperwork, time and materials to fabricate not forgetting to mention the huge amount of logistic work required to transport the several hundred tons of foundation bars in the middle of the ocean and erect them. 3.2.3 Material failure Material failure in marine surrounding includes a long list of symptoms which include: corrosion (pitting), cavitation and fouling. Corrosion is the chemical dissociation of a metal into oxides because of the alkaline/acidic nature of the surrounding. The resulting oxide is usually a brittle surface that affects the stability of the structure. Protection from different kinds of corrosion includes introducing a noble metal that doesn’t corrode into the overall structure of steel (which is expensive). One particular type of corrosion is ”Pitting” which is a sort of localized corrosion. Unlike normal corrosion, pitting is the dissociation of material in a specific location, forming holes. Cavitation [16] is the formation and immediate implosion of cavities in a liquid when subjected to rapid change in pressure. This kind of material failure is usually found in lift type turbines, in which the fast change of pressure occur in the output of fluid stream –after energy extraction. In which the water at the turbine blade output has a relatively low pressure which may cause it to boil and form water vapor. This water vapour when subjected again to high pressure will implode (internal explosion) on the blade surface producing a shock wave that might remove a piece of the blade material. It is practically like shooting a metal with another piece of metal but not penetrating it (chunks of metals will be removed). Fouling or biological fouling [27] is the undesirable buildup of animal, plant or microorganisms on marine structure; in this case the turbine blades. The major drawback of these buildups is the decrease of efficiency of the rotor blade to capture the energy from the stream. With all these types of material failure, material selection is quite a sensitive procedure which has fabricating and economic effects of ocean current technologies. 3.2.4 Maintenance For the vertical axis turbine, the gear-generator assembly that contains almost all the weight of the turbine is fixed in the foundation point which means that underwater engineering is required, Figure 3.6. Another approach is to fix the generator above the water surface, which means that foundation instability is questionable. Either way or for either approach, underwater foundation (even for HAT) means that the price for maintenance is quite high, which could in turn reflect over the end user price for electricity.
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 Figure 3.6: Engineers downing underwater repairs.



3.2.5 Large torques Large torques or dynamic loading on rotor blades are the main consideration when operating a fluid harvesting turbine in a high density stream. Since the water is about 800-1000 times denser than air, the airfoils used for wind turbines are not used here. Either the rotor blades have to be re-enforced or they have to operate at a relatively low rotational speed to prevent any undesirable vibrational and stability problems. Gearings [16] that can operate in low-speed/high-torque characteristics are sure to be costly and hard to produce. In addition, since maintenance costs contribute heavily to the cost of operation, the end price for the user could be deducted to be potentially high.
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 4. CHAPTER 4: ECONOMICS AND COST ANALYSIS Because no commercial turbines are currently in operation and since ocean current technology is still at an early stage of development, it is difficult to assess realistic costs of this technology. Initial studies suggest that for an economic profitability, velocities of at least 2 ms -1 would be required [15]. Some early European studies have suggested that electricity could be generated from between 0.05€/KWh and 0.15€/KWh. On the other hand, a Canadian study published in 2002 concluded using Canadian technology, electricity could be produced at a price between 0.072€/KWh (for an 800MW installation) and 0.18€/KWh (for 43MW installation) [5]. In general, generation costs within these ranges could be competitive with diesel engines. One major cost dependent is given to the transmission lines required to transmit that electricity cost-effectively to onshore grid, which is in around 20% of investment cost [28]. Green et al. (2007) provided a simple model of the cost and performance of offshore wind farm electrical systems; electrical and transmission. They note that transmission lines based on high voltage alternating current (HVAC) will be preferred on economic grounds up to a transmission distance of 50 km, while high voltage direct current (HVDC) will be more cost-effective at transmission distances over 80 km. In addition, they note that a transmission distance between 50 and 80 km, the costs of HVAC and HVDC are expected to be comparable and are left solely on the decision of plant owner [28].
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 5. CHAPTER 5: FEW LIVE PROJECTS EXAMPLES 5.1



Horizontal-Axis Turbines 5.1.1 SeaFlow and SeaGen, Marine Current Technologies, UK



The SeaFlow project involved a full-scale demonstration device installed in the Bristol Channel, UK, with a rated power of 300 kW. The device consisted of a 2-bladed, One 1m-diameter variable-pitch rotor, Figure 5.1, connected through a gearbox to an induction generator. The turbine was mounted on a movable assembly, which allowed it to be raised out of the water for maintenance. The assembly was attached to a single ‘Monopole’ base that was then anchored to the seafloor. The initial device was not grid-connected; however it was able to reach the targeted peak power levels of 300 kW [29]. Following the success of SeaFlow, MCT designed and built the SeaGen, a 1.2MW twin-rotor turbine similar to SeaFlow. Installation has been done in 2008 and the SeaGen grid-connected system is currently operating [30].



Figure 5.1: Seagen [29].



5.1.2 Hammerfest Strom AS, Norway The Hammerfest tidal turbine is a 3-bladed, seabed-anchored device that turns, Figure 5.2, to face varying tidal flows [32]. Although limited information on its performance is available, it is known that the device is rated at 300 kW and has been connected to the power grid for the nearby town of Hammerfest. The company also has plans to build and install a prototype in Scotland, eventually leading to 1 MW commercial devices [31].
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 Figure 5.2: Hammerfest-Turbine [31].



5.1.3 Evopod, Oceanflow Energy, UK A recent entry into the area of tidal turbines, the Evopod consists of a turbine and generator mounted in a pod underwater, supported by a floating platform, shown in Figure 5.3. The hydrofoil-like shape of the platform, along with the mooring system, allows the device to face currents from any direction. The overall system attempts to use standard wind turbine equipment where possible, including a gearbox for the generator. A 1:10 scale prototype of the device was the first device tested at the New and Renewable Energy Centre (NaREC) tidal test center, and the company is developing a 500 kW prototype, which it plans to install at the European Marine Energy Center (EMEC) test facility in Orkney, UK [33].



Figure 5.3: Evopod [33].
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 5.2



Vertical Axis Turbines 5.2.1 Gorlov Helical Turbine, GCK Technology, US



The Gorlov turbine is a vertical axis turbine, which uses blades that are twisted into a helix shape, rather than the straight blades typically employed by other vertical axis turbines (Fig.5.4). The helical shape reduces the amount of vibrations that can otherwise occur in vertical turbines and allows the turbine to capture up to 35% of the energy of the water flowing through it. Extensive prototype tests have occurred, including a test in Amesbury, Massachusetts that was performed in 2004 in partnership with Verdant Power. During the test, a small turbine generated up to 0.8kW in currents of 1.5 m/s. In South Korea, a pair of the turbines were deployed in the Uldomok Strait. The Korean Ocean R&D Institute also began work on a 1 MW plant based on a larger turbine and a pair of generators. GCK Technology has also deployed small turbines in Maine, New York, and Brazil [35,36].



Figure 5.4: Gorlov Turbine [34].



5.2.2 Davis Hydro Turbine, Blue Energy, Canada The Davis Hydro turbine is vertical axis turbine designed for use in tidal currents (Fig. 5.5). The design was pioneered by Dr.Barry Davis, who worked with the NRC to develop a series of gridconnected prototypes, the latest of which became operational in 1987. The prototypes ranged from 4100 kW, including a device that generated up to 70 kW for the Nova Scotia power grid. Blue Energy has a concept design that uses a string of devices to form a “tidal fence”, a tidal barrage-like structure made up of a wall of turbine units mounted across a tidal estuary [36,37].
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 Figure 5.5: Davis Hydro Turbine [36].



5.2.3 EnCurrent Turbine, New Energy Corporation Inc., Canada EnCurrent also drew from the similar early designs and prototypes that were created by Dr.Barry Davis, similar to Blue Energy (Fig 5.6). The company has also demonstrated its technology in many applications and has plans to develop a 500 kW demonstration project at Canoe Pass, BC, which could later be expanded further up to 7 MW [38].



Figure 5.6: EnCurrent Turbine [38].
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 6. CHAPTER 6: FUTURE OF OCEAN CURRENTS TECHNOLOGY After understanding all the technology involved, conditions of operation and after evaluating the potential of the technology, we can learn that ocean current energy has many favorable characteristics, which are listed as follow:   



Water currents have a relatively high energy density. Some ocean currents are relatively constant in location and velocity, leading to a large capacity factor for the turbines. Because they are installed beneath the water’s surface, water turbines have minimal visual impact.



Ocean current energy can be considered as a good solution to the energy lacking problem. Moreover it is a renewable energy, with no greenhouse effect emissions and it permits to save resources. So it could be registered as a way to develop the sustainable development. On another hand, we also have to consider that this energy is not available for all countries. Furthermore, at present, we have no real data over a long period about the environmental impact on fauna and flora of this technology. To conclude, we can say that ocean current’s energy is a technology we have to develop earnestly in order to reduce our fossil energy consumption and to prevent the energy shortage we will most certainly have to face with in the near future.
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