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Abstract

:

Wave energy is substantial as a resource, and its potential to significantly contribute to the existing energy mix has been identified. However, the commercial utilization of wave energy is still very low. This paper reviewed the background of wave energy harvesting technology, its evolution, and the present status of the industry. By covering the theoretical formulations, wave resource characterization methods, hydrodynamics of wave interaction with the wave energy converter, and the power take-off and electrical systems, different challenges were identified and discussed. Solutions were suggested while discussing the challenges in order to increase awareness and investment in wave energy industry as a whole.
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1. Introduction


The concept of harvesting energy from the ocean is not a recent idea. A patent of a wave energy converter (WEC) was filed as at 1799 [1], and several hundreds of patents related to wave energy conversion have been in existence by the late 20th century [2,3,4]. The first reported practical form of wave energy usage was by Y. Masuda when ocean waves were used to power navigation buoys [5]. The resurgence in wave energy research in the 1970s–1980s was partially as the result of the so-called oil crises of 1973 since the crises created the awareness of governments and policy makers to the temporal and spatial nature of fossil fuel reserves [6,7]. Hence, a lot of research and development efforts were spearheaded by governments [8,9] and inter government associations [10]. Another reason was the recognition of fossil fuel especially petroleum-based fuel as a ‘dirty’ fuel because it releases carbon dioxide and other greenhouse gases into the atmosphere causing global warming and other adverse effects on the environment [11].



Renewable energy sources as choices of alternative forms of energy supply are attractive since they are inexhaustible and cleaner during operation. Ocean wave energy has the second largest potential among all ocean renewable energy sources [12,13]. Although opinion varies on the amount that can be successfully exploited out of the total wave resource, some studies have conservatively estimated this amount to be up to 10–20% of the total potential [14,15,16,17]. At this amount, it is a substantial part of the current total world power consumption [18]. A study in 2010 estimated the world total theoretical potential of ocean energy resource about 29,500 TWh/yr [19]. This estimation did not consider technical, geographical, and economic constraints that would make the actual recoverable resource to be less. Many countries and regions having considerable exposure to the oceans within and along their borders have realized the potential of wave energy contributing to their energy needs. Related studies have been performed to evaluate the amount of exploitable ocean wave energy resource in those areas. Some countries have actively conducted studies to estimate the amount of ocean energy available within their countries for exploitation. For example, the United States with a substantial exposure to the ocean along its borders has a good potential of ocean energy exploitation. A comprehensive study conducted in the U.S. estimated the wave energy resource along its coast to be 2640 TWh/yr with the recoverable energy up to 1170 TWh/yr [20]. The total recoverable wave energy resource in the United Kingdom has been estimated around 50 TWh/yr [21] while another study [22] estimated it around 69 TWh/yr. Regions such as Australia, South America and Southern Coast of Africa have been recognized as high density wave energy areas with peak level of up to 90 kW/m along their coast lines [23].



Many countries have seen some development in the planning, installation, and operation of wave energy converters. Although the amount is still low compared to other renewable energy sources, such as solar and wind, the progress shows that interests and awareness in the ocean wave energy as a viable source of energy are increasing. The information shown in Table 1 is valid as of the end of 2016. It should be noted that all of these WEC installations included in Table 1 were not in commercialization stage yet, and WECs at prototype design or conceptualization stage were not included.



There have been many concepts and designs of wave energy converters over the years. Many of them remained at the design stage, laboratory test stage, or prototype testing stage [25,26], while only a few have been deployed [27]. Despite all these studies focused on wave energy conversion technology and the amount of identified resource potential, the commercial utilization of ocean wave energy is still low compared to other renewable sources, such as solar energy and wind energy. One of the issues affecting the commercial utilization of wave energy is the difficulty in integrating power from large WECs into the electricity grid due to the high variability of the wave properties [28]. Another reason is that there is little or nonexistence of grid facilities where the wave resources are located. Even when the coastlines have facilities for grid connections, the coastlines may have other competing uses such as recreation, which may make getting permits for building large scale WECs closed to coastlines a challenge. Extreme weather conditions are also factors to be considered that make the construction, operation, and maintenance of WEC systems challenging. Lastly, wave properties (height, period and direction) have very high variabilities in both space and time, which make it difficult to plan and harvest the energy from ocean waves.



There were reported successes in testing of models and prototypes of WECs [25,26,29]. These models had capacities ranging from a few hundred watts to up to 500 kW [30]. Transforming these laboratory and prototype models to large scale commercial successes have been one major challenge hindering the commercialization of WECs as the focus being on integrating large scale WECs into the electricity grid. Compared to other renewable energy systems that are successful in both technology development and commercialization, such as wind and solar, wave energy is still at a nascent stage. There are very few grid-connected commercialized WEC systems operating anywhere in the world [24]. For example, a company in United States had to abandon its WEC program in 2010 because the program would not be profitable [31].



In this paper, the authors reviewed different concepts of wave energy conversion while covering some historical perspectives and backgrounds, discussed the ocean wave energy resource assessment, and presented the evolution of the conversion technologies while analyzing the hydrodynamics of wave energy as the WECs interacting with the ocean environment. The general status of the emerging wave energy conversion industry was studied with focus on the challenges facing the industry and suggested solutions.




2. Wave Energy Resource Assessment


To effectively plan either small or large scale WECs, it is important to have an estimate of both the total resource potential and the exploitable resource. The change in ocean wave properties when it travels from the deep offshore to coastal areas is critical since it affects the wave energy resource. The characterization of the ocean wave properties would ensure that the appropriate technology to extract the optimum amount of energy is applied. The wave energy harvesting should start with the proper characterization of available wave energy resources in a given area. The available wave energy resource depends mainly on the wave height and wave period [32,33,34,35]. Many organizations at both the government and private levels have conducted various studies to estimate the wave energy resource potential at both global [36,37] and regional levels [38,39,40,41]. For example, National Renewable Energy Laboratory, a United States government agency, has estimated the gross and recoverable wave energy resource potentials in United States [20]. Besides those studies sponsored at government level, numerous researchers have estimated the wave energy resource potential at national, regional and sub-regional levels. Some of these studies can be found in China [42,43,44,45], Ireland [32,46], Spain [39,47], the Mediterranean Sea [48,49,50], the Aegean Sea [51,52], Black Sea [40], India Ocean [53], etc. Table 2 shows estimations of the wave energy resource potential in different regions of the world. This data provides general overview. However, it is lacking in technical and economic studies, as well as being limited by geographical constraints between countries in these regions.



Most of these estimations’ resolutions are yearly average, and only offer an overview on wave energy potential. Actual location specified data will have to be either measured or forecasted for the particular location if detailed WEC design, installation, and operation are to be undertaken. The work done by [54,55] analyzed wave data in the Gulf of Mexico focusing on the assessment of wave energy potential considering both the spatial and temporal variation of the wave energy resource using the energy event method. A lot of different data bases are available with ocean wave properties in many parts of the world. However, these ocean wave properties are usually for providing information for other ocean related activities, including seafaring vessels, offshore structures for oil and gas exploitation activities, weather stations, and even for recreational activities such as surfing. While data from these data bases can be beneficial, they are not tailored for WEC systems since some vital information may be missing from them. For example, data that gives significant wave height, wave period and direction may not have good enough grid resolution to be adequately used for implementing a WEC design and planning.



Ocean wave property data are normally collected from weather stations, ocean buoys and the satellite. Most of these data have grid resolutions of about 20 km by 20 km that makes them suitable for wave energy resource assessment but not sufficient for specific WEC design. Meanwhile, the wave properties vary when the bathymetry changes rapidly from the offshore regions to the coastal areas [56,57,58]. For the wave energy resource assessment in the nearshore areas, two factors are important: (1) the location of the wave properties includes the effect of wave reaction and shoaling in the nearshore areas forming hotspots with high energy potential as waves travel from offshore to coastal areas; (2) the change in the wave properties per unit area becomes pronounced, therefore, more data points should be required in this region in order to accurately assess the wave energy resource in the area. Some work has been done in specific nearshore areas in order to identify the hot spots best suited for wave energy extraction, the qualification of the wave energy potential, and the frequency of occurrence of the wave properties (wave height and period) [58].



Some computer applications have been developed to simulate and forecast ocean wave properties, and to improve the grid resolution of wave data to make them suitable for specific needs. These applications were validated with data collected from weather stations and ocean buoys. For example, the wave energy resource of the Iberian Peninsula was studied [47], in which the wave properties were simulated using a coupled SWAN-WAVEWATCH III approach. Each of the two applications provided the boundary condition for one another. WAVEWATCH III was used for the deep offshore areas while SWAN was used for the coastal areas. They were able to achieve a resolution of approximately 5.5 km by 11.1 km in the offshore region and 920 m by 920 m in the coastal areas. Resolutions of 20 km by 20 km, 10 km by 10 km, and 2 km by 2 km were achieved for forecasting and simulating wave properties using WAVEWATCH III in the Mediterranean Sea [48]. WAVEWATCH III was also used by [46] for both offshore and nearshore areas, in which the grid resolution ranged from 10 km by 10 km in the offshore region to 225 m by 225 m in the coastal areas. Other scholars have used WAVEWATCH III, SWAN, WAMIT, and combination of these applications [53,59,60] to simulate and forecast ocean wave properties that have shown a very good accuracy by comparing with actual measured data. Therefore, these computer applications have proven over time to be reliable methods for the simulation and forecast of ocean wave properties. Recent advancement in the assessment of ocean wave energy resources have progressed from merely predicting ocean wave properties for calculating the potential, to computer tools to better evaluate the temporal and spatial variability of the resource [55]. The use of machine learning tools, optimization methods, and artificial neural networks [61,62,63] has increased the accuracy of wave energy prediction. Furthermore, the combination of optimization methods with data obtained from wave property predicting tools has allowed further improving of the accuracy in the wave energy assessment [64,65].



These ocean energy assessment methods have provided very good framework for WEC designers in the design and planning stage. However, the spatial resolution of the wave energy assessment is one major limitation especially for nearshore areas, where the wave properties vary rapidly with change in bathymetry [56,57,58]. The finest spatial resolutions are in the range of 200 m, so in situ investigation will still be required to obtain accurate wave data for detailed WEC design.




3. Wave Energy Extraction Technologies


Although there are many different patents filed for WECs, with each claiming to be unique, different ways are used to classify wave energy converters. WECs can be classified based on their working principles, i.e., the mode of capturing energy. WECs can also be classified based on their ways of converting the energy from the waves to electrical energy. Another classification method is based on water depth of the ocean where the WEC is sited (Shoreline, Nearshore and Offshore). WECs can also be classified based on the ratio of the magnitude of the wavelength over the interacting part of the WEC. If the WEC absorber is smaller than the wavelength of the incoming waves, it is called a point absorber [66,67,68,69,70,71]. For terminators [72], the dominant wave direction is perpendicular to the structural extension of the WEC, while it is called an attenuator if the structural extension is parallel to the incoming wave direction [73]. In this paper, the WECs were broadly classified under three categories (Figure 1): Oscillating Water Columns (OWC), Oscillating Body Systems, and Overtopping Converters.



3.1. Oscillating Water Column (OWC)


The Oscillating Water Column is one of the first identified methods by which energy can be extracted from ocean wave. The earliest OWCs were located on fixed structures on the shoreline or very close to the shore [29] or on naturally occurring or manmade rigid structures, such as breakwaters or rock cliffs on the sea [26]. Applications as a floating device are also possible, and these are suitable for offshore locations [74]. The operating mode of OWC shown in Figure 2 is a simplified one. A partially submerged structure with an opening in the underwater section is made to trap air above the free air surface. The air inside the internal free surface moves according to the oscillatory motion of the water column to drive a turbine placed across. Many prototypes based on OWC have been built and tested. A lot of configurations and modifications have been adapted in order to increase the efficiency. For example, a backward bent duct buoy was used to capture surge and pitch motion of waves [75], and a spar buoy with a long vertical tube opened at the bottom to make the water column moving only in the heave direction to produce pneumatic power through the relative motion between the water and vertical column. Comparing these basic technologies of energy capture mechanism of the OWC, it can be concluded that the performance of any of these devices will be influenced by the water depth and wave direction in addition to the wave height and wave period, which are used to estimate the resource potential. For example, a spar buoy will be more suitable for offshore locations where the water depth can accommodate the draft of the elongated vertical tube with more powerful waves, while the spar buoy is not sensitive to wave direction [30]. The sloped configuration will be more suitable for regions closed to the shore with considerable water depth so that it can float and capture both the surging and heaving waves. Meanwhile, since the sloped buoy is sensitive to wave direction, nearshore areas with more unidirectional waves will make sloped buoy perform better.



Most of the fixed OWC wave energy converters were located on either the coastline or the nearshore areas. Fixed structures are more practical and convenient in these areas because ease of installation, operation, and maintenance leads to lower costs. In addition, power transmission facilities for such devices are easier to be installed compared to devices located in the deep offshore areas. The main disadvantage in these low depth regions is that the wave possesses less power due to wave breaking. The structure (Figure 1a) is designed in such a way that an opening is submerged below the water surface in which the incident waves oscillate the air trapped in the oscillating column. Prototypes of the fixed OWC device have been installed in Norway [25], Portugal [76], Iceland [77], Italy [78], Spain [79], Japan [26], etc. One of the major advantages as discussed earlier is that such systems can be integrated into existing or planned coastal structures, such as breakwater and retaining walls. So construction costs can be shared since the civil design and construction costs take the greatest portion of fixed OWC’s cost besides the well turbine.



Although the energy conversion efficiency was very low, buoys were first deployed in Japan to capture wave energy [30]. As the name implies, these devices are usually allowed to float on the sea surface, and they are moored loosely to a fixed point to allow free oscillations. Similar to the fixed OWC devices, the opening of the water column was normally submerged below the sea surface during operation. Experimentally modifications were made to increase the amount of power capture, e.g., a backward bent duct buoy (Figure 2) in which the opening of the oscillating column faced backward in relatively to the direction of the incident wave [74]. The spar buoy was also a modification of the floating OWC wave energy converter that can be in sloped or straight configuration [30].



When the first OWC wave energy converter was deployed by Masuda in the 1940s [30], the theoretical knowledge of the OWC’s hydrodynamics was still limited that caused very low power absorbing efficiency. Since then, various modifications have been made in order to improve the power capturing efficiency of the OWC device. The spar buoy [74] and BBDB [75] were examples of shape modifications that were made to improve the power capturing efficiency. With the increased knowledge about the power capture of an oscillating system through its interaction with the ocean waves (more discussion in Section 4.2) and the increased availability and capability of computational fluid dynamics tools and numerical methods, the efficiency of the OWC device could be estimated even at the design stage. The prototype also allows the comparison between theoretical simulated performance with experimental tests. Using the Pico OWC prototype [80], its annual efficiencies in different sea states with different turbine sizes were determined using stochastic modelling approach. The efficiency ranged between 15% and 40% as recorded. The work by [81] also estimated the power performance of an OWC proposed in Spain at 2011. Using data from this site, the monthly average performance of the OWC was estimated using an integrated approach included both the absorbed energy from the waves and the efficiency of the turbines. Turbines with different rated capacities were used. The results showed that the higher rated capacity turbines had lower capacity factor than the lower rated capacity factor turbines. However, the results did not show the efficiency of the device in relative to the total available energy in the region. In other studies [82,83], numerical methods were used in the optimization of OWC that focused on the initiation of damping in the turbine in order to increase energy capture rate.




3.2. Overtopping Devices


The overtopping devices capture water close to the wave crest and introduce it into a chamber that stores water at a higher level than the average sea water level. The potential energy in the stored water is converted to useful energy by a low head hydraulic turbine as shown in Figure 1b. The hydrodynamics of overtopping devices is non-linear, so its power capture is not subjected to the hydrodynamic theories described in Section 4.2. Tapchan [84] is an example of WECs based on this technology, while the more popular ones are Wave Dragon [85] and Seawave Slot Cone Generator [86]. Overtopping devices can be used on the shoreline when they are integrated with breakwater facilities. However, due to the reduction in wave heights as the waves travel onshore from offshore, more power would be collected by the floating types installed offshore since the wave is more powerful, such as Wave Dragon.



Modifications have been made in the Tapchan [84] to the collecting channel, which allowed the approaching wave height to be increased as the collecting channel narrowed from the mouth towards the reservoir end where the propagating waves were concentrated. This increased the potential energy available for the low head hydraulic turbine. The case of the Tapchan exemplifies the different modifications and designs made to the basic structure of a typical overtopping WEC in order to increase the potential energy input into the turbine and provide a steady supply of water into the reservoir. Another example is the Wave Dragon (Figure 3) [85], which has two reflectors in the collecting structure to concentrate the incoming waves towards the reservoir. And the Sea Wave Slot Cone Generator [86] has a slopping wall to introduce the collected water in the reservoir smoothly into the hydraulic turbine.



Basically, the geometry of the reflector and the turbine efficiency determine the overall performance of the overtopping device. The overtopping device has the advantage that its power conversion process is one-step, i.e., the turbine converts energy directly from the captured sea water. Investigating the energy conversion from the captured water is the first step to evaluate the overtopping device. The tests performed on a Wave Dragon prototype by [87] for about 18 month showed overall average energy conversion efficiency around 12%.




3.3. Oscillating Body Systems


Oscillating body system moves with the motion of the ocean waves, which can be translational (mainly heave) or rotational (mainly pitch) as shown in Figure 1c. It can either be floating on or submerged in the ocean. Depending on the wave energy capture concept, oscillating modes in the surge/sway, heave and pitch are possible. This capture method is more suitable for regions with considerable depth because these regions have more powerful waves and the bottom of the floating device will not scour the seabed. This method could capture maximum power when the body is in resonance with the ocean waves [88].



Heaving systems can be single body heaving buoys [89], in which a heaving body moves relatively to a fixed frame of reference. The relative motion between the oscillatory part and the fixed part usually drives a power take-off system or a turbine. Different hydraulic fluids were used in this system, which was discussed in subsequent sections. Most of the heaving systems were connected directly to a linear generator [89] as shown in Figure 4a. A model with 10 kW power output deployed in Oregon (Figure 4b) to undergo series of tests had 3.5 m radius and 6.7 m spar length [90]. Another concept is the multibody system, which was designed to solve the problem that may arise in deep offshore areas as it is difficult to have a body reacting against another structure fixed to the ocean floor due to depth. In a multibody system, the energy was produced from the motion of two connected bodies that oscillates out of sync [30]. Some prototypes based on this concept had been tested to produce useful energy, including AquaBuoy [91], Interproject Service (IPS) buoy (Figure 5a) [92], and Wave Bob (Figure 5b) [93].



Heaving systems can also be fully submerged in which the bottom part is fixed to the seabed and the upper part oscillates vertically according to the wave action. The motion of the buoyant part drives a generator situated in the bottom part of the device. A device can also be hinged to the seabed while its top made of a buoyant material oscillates in response to the action of the waves. A very good example is the Archimedes Wave Swing (AWS) [94] as shown in Figure 5c, which used same concept similar to a single heaving system but fully submerged.



The mechanism of single body or two bodies heaving systems make them unsuitable for shoreline areas. Depending on their sizes, a single heaving body and submerged system can be adapted for nearshore areas. However, the captured energy will be reduced since less energy is captured in the heaving mode. They are much more suitable for offshore areas.



Heaving systems interact with waves to produce motion that drives a power take-off (PTO) system to generate useful energy. Optimization of this body motion will lead to increase in captured energy. The hydrodynamics of oscillating bodies leads the fact that the optimum energy is absorbed when the body oscillates at resonance with the incoming waves. The controllable parameters related to the hydrodynamics of an oscillating body are the inertia, geometry, and the PTO damping [95,96,97]. The optimization approach adopted by [95,96] was to tune the geometry of the WEC to capture most available energy in a particular wave climate. The major limitation of this method is that the optimum capture bandwidth was narrow and also it was location specified. The power capture was improved by varying the mass of device to enable it resonate with the incoming waves [97]. However, practical methods to achieve the improvement were not discussed while only theoretical calculations were presented. The optimization of geometry, shape, and inertia provides a good way of increasing the captured energy of an oscillating body. The main challenge is to practically change these parameters during operation so that the optimum energy capture bandwidth could be increased.




3.4. Rotational (Pitching) Systems


Because of the methods that most WECs were moored, other motion directions (surge/sway and pitching/rolling) are possible. Some WECs have been made to convert energy based on pitch motion, e.g., the Duck [1]. Another successful WEC that converts energy based on the pitch motion is the Pelamis (Figure 6c) [98], which is the first grid connected WEC. The Pelamis is the most studied among all the pitch motion based WECs. It was usually moored loosely with sections hinged together. These hinged sections were aligned with the wave direction. When the joints experience wave action, they were resisted by the hydraulic rams that pressurized the hydraulic fluids through a motor to drive an electric generator. Another example is the Searev (Figure 6b) [99], which was a bottom hinged device suitable for nearshore areas. The Searev was hinged to the seabed with the top part moving in a rotational manner in response to the wave action. Others pitch motion based WECs include McCabe wave pump [30], wave roller [30], Oyster [100], The Mace (Figure 6a) [101], etc. The pitching devices can be adapted for both offshore and nearshore areas since the pitch motion is a quasi-surge motion, which can benefit from the concentration of ocean waves direction in the nearshore region and produce more power from the surge motions.



As discussed above, Pelamis is one of the most studied WECs due to the fact that it is the first commercially operated WEC. Despite the cessation of operation in 2014 when its parent company went into administration [73], Pelamis had provided researchers a benchmark for the evaluation of wave energy extraction in different locations. Tests of energy extraction based on scaled prototype [98,103] and simulations by numerical methods and computer tools based on the Pelamis concept have been reported. From those studies, it can be seen that the power take-off system could act as a mechanical damper to not only transmit absorbed energy but also to regulate the interaction between the device and the ocean waves in order to optimize the total useful energy captured by Pelamis [104,105].



Table 3 summarizes different WEC concepts with aforementioned examples.




3.5. Performance Comparison of Different WECs


The non-convergence of energy conversion technologies has created some challenges in terms of comparing their performances and efficiencies. Many researchers introduced different devices claiming increase in performance through optimizing some parameters. However, the question remains—what is the benchmark of quantifying or qualifying such increase? As discussed in Equation (1) of Section 4.2, maximum theoretical energy absorbed by an oscillating body depends on the direction of its motion, so will it be appropriate to compare the efficiencies of designs with the same or similar parameters under different oscillating directions? It is one of the questions to be answered when comparing the performance of these devices.



Since the aim of different WECs is to reach competitive technical and commercial level, parameters related to this aim should form part of the framework for performance comparison of different WECs. One of such attempt was by [107], who compared the performance of Wavestar (heaving) and Pelamis (pitching) at different locations in Europe. Multiple power ratings of the devices were tested while incorporating variables such as availability and capacity factors. Their results showed that Pelamis performed better in regions with high wave energy potential while Wavestar performed better in regions with low wave energy potential. A more detailed comparison analysis was performed by [108] as shown in Figure 7, in which eight different WECs were investigated including heaving systems, surging systems, and oscillating water columns. Indices used to compare performance included absorbed energy per unit weight of WEC, absorbed energy per surface area, and absorbed energy per power take-off force in five different test sites in Europe. The same methodology was used by [109] in an expanded setting as the WECs’ performance were tested in selected regions of high wave energy density in Europe, Africa, Asia, America and Australia. Comparison of efficiency through the power absorbed per weight, surface area or PTO force is a good comparison technique, and can also be expanded to include costs when more technically reliable capture methods become available.





4. Wave Energy Converter Design


When designing a wave energy converter, the type of harvesting technique should be chosen first. To decide the harvesting technique, one should consider characterization of the ocean wave energy properties and resources, site assessment, and other factors that determine the survivability and successful operation of the WEC in the open sea. For the energy capture of a WEC, numerical and theoretical analysis can be applied to determine the magnitude of the captured energy. Basic theoretical analysis has limitations since real waves are nonlinear and vary greatly both temporally and spatially. In addition, viscous and eddy losses cannot be adequately captured using theoretical analysis. Despite these limitations, basic theoretical analysis forms the first step to be considered when designing a WEC.



Most WEC designers first designed and manufactured laboratory models in wave tanks after the harvesting concept was determined. These scaled models were first tested in the laboratories to analyze their performance. Some after successful tests progressed to testing of prototypes in large wave tanks [30], which were reported in Norway and France. While the testing of laboratory models gave a good insight of a WEC’s performance, it was still inadequate to fully predict the WEC’s performance in the ocean environment. For example, the OSPREY was destroyed at sea not long after it was deployed [30]. Most WECs did not perform optimally in the open sea compared to the capturing efficiencies reported in the laboratories. Most designs and tests were presently at the model stage, and focused on the optimization and the power take-off of the energy captured by the WECs. Structural reliability studies related to WEC designs were still very few. The work done by [110] investigated the failure mode in a laboratory scaled model of a modified point absorber using the failure mode and effect analysis (FMEA) method. Using a laboratory scaled model, the components of the WEC device were analyzed separately, including buoy, bearings, nuts and bolts, fastenings, etc.



4.1. Model Testing of WECs


The design and testing of the WECs have been carried out by different developers and researchers. However, testing methods are as diverse as the capture technologies since there is still no convergence of the ocean wave capture technologies. While some tests were based on very small-scale laboratory models, some tests were conducted in larger wave testing facilities on bigger scale models that were lower in magnitude up to a factor of three or four of the designed WEC. The performances of WECs can also be estimated based on complex mathematical models through powerful computer simulations. Meanwhile, testing methods are significantly influenced by the wave energy capturing methods. For example, setting up WECs to be installed in breakwater or shoreline areas may be more difficult and expensive to be replicated in the laboratory scale, while a floating system can easily be scaled down for laboratory tests. Some tests were performed considering a WEC as a whole completed device, while some tests focused on different modules of a WEC separately, such as PTO, electrical systems [103,110,111], etc. No matter which testing mode or method is used, it is affected by the aim of the developers/researchers, cost, harvesting technology, and available facilities.



While the testing of small scale model gives a lot of insight about behavior and performance of the device, there are limitations of the method because as the uncertainties in the results greatly increase as the wave properties and size of device increases. With the increase in the number of test sites around the world, larger scale prototypes can be tested now [112]. To reduce the uncertainties associated with small scale tests and cost with large scale tests, it is possible to first used numerical and analytical tools to analyze the survivability, structural reliability, stability, and efficiency of a laboratory scaled model [113]. They compared the results with experimental studies, and then tested a larger scale using real ocean wave conditions in which they also analyzed the maintainability of an oscillating surging WEC [113]. The numerical simulation covered the effect inertial force, drag forces, hydrodynamic radiation and diffraction effects. The complex nonlinear effects such as turbulence, wake impact and flow separation could also be considered. One major advantage of the computer simulations is that changes can be made to the shape of a WEC and wave conditions easily. The results of the simulation of the motion flab angle showed very good convergence between the experimental models and computer simulation model. However, some noticeable differences were seen between the time histories of the sensors embedded in the WEC with similar trend.



The classical approach of WEC design, testing, and deployment was adopted by [87]. They worked on a wave dragon that is an overtopping device. A laboratory model was first tested for about three years. A prototype was then deployed in the open sea with extensive monitoring and measurements on its efficiency, behavior, and survivability for two years. The prototype tested was connected to the grid, and fully equipped with turbines, mooring systems, etc. The prototype is 4.5 times lesser in size than the proposed WEC design. Although they differ in size by a factor of about 12, results from the hydrodynamic performance showed a correlation between the laboratory scale and the prototype model. The whole testing process gave very good feedback to understand the WEC operations, however, the total time spent (about five years) in the testing process is too long.



Another study [114] used numerical analysis to calculate the power absorption under real ocean wave conditions with the equations optimized using MATLAB. A new capturing concept was proposed, which used the pressure differences occurred at various points in the wave field to drive a fluid flow. They compared two different designs of the concept, one having the moving parts at the bottom of the air chambers while the other one having the moving parts at the top. Using purely numerical methods, the device had an estimated yearly capacity factor greater than 50% when it was simulated in a nearshore wave condition of 16.8 kW/m generating 82 kW out of 150 kW rated power.



The characterization, design, and testing of WECs have moved gradually from extensive physical testing of very small scales in the laboratory to using numerical methods and computer simulations with powerful computing tools. This not only saves a lot of time, it also saves costs and is more efficiency in the design and testing process. New computing tools take into consideration complex process in the interactions between WEC and ocean waves that are nonlinear in nature. Large multi-dimensional wave conditions can now be modelled easily. Therefore, real ocean wave conditions can be incorporated into the early stages of design and testing.



Some works used combinations of both numerical and computational analyses. The numerical and computational combination method will not in any event replace the testing of either prototypes or laboratory scale model. Instead, it will act as a compliment to each other. Hence, testing time will be greatly reduced with more accurate understanding of the behavior of a WEC in real ocean conditions.




4.2. Hydrodynamics of Wave Energy Converters


If all the wave energy resource potential at a particular location and time is absorbed and converted, there will be no more waves to continually power the device. In fact, this scenario is theoretically impossible. A lot of theories have been propounded to describe the relationship between the WECs and the sea waves [30]. Apart from the overtopping devices, the rest of the WECs utilized the oscillatory motions to generate energy. The oscillatory motions could be either the oscillatory mode of the body relative to the ocean waves or the oscillatory mode similar with the OWCs in which the water column oscillates in a column chamber. All oscillating bodies employed one or more oscillatory mode. The Oyster and Wave Roller were primarily pitching devices, but they also experienced some quasi surge motions and were usually hinged to the sea bottom (Figure 1c). On the other hand, the Pelamis experienced solely the pitching motion while hinged at the sea surface, and the AWS oscillated only in the heave mode.



The motion of any oscillating body at sea can be described by the Newton second law of motion [30] as expressed in Equation (1).


     ∑   j = 1  6   (   M  i j   +  A  i j    )     x ¨   j  +  B  i j     x ˙  j  +  C  i j    x j  =  F  i   ,   i = 1 , 2 , … 6   



(1)




where i and j are subscripts representing the hydrodynamic properties in the ith mode due to the motion in the jth mode. Mij, Aij, Bij, Cij and Fi are the mass, added mass, radiation damping, hydrostatic force, and external forces matrices, respectively. The external forces include the excitation forces, PTO forces, viscous forces, etc. The value x represents displacement and its derivatives with respect to time. Using a one-dimensional analysis in a linearized frequency domain, Equation (1) can be written as


    (  m + A  )   x ¨  =  f d  − B  x ˙  − ρ g S x +  f  P T O     



(2)







In Equation (2), the viscous effects are neglected. fd is the excitation force that is zero in calm water. S is the cross-sectional area of the body on the free surface plane while PTO force is represented by fPTO. The PTO force fPTO equals    − C  x ˙  − K x   . C is the linear damper coefficient, and K is the stiffness of a linear spring. Assuming a regular wave of frequency (ω),     {  x ,    f d   }  = R e  (     {  X ,    F d   }    i ω t    )    . X and Fd are complex amplitudes. Based on Equation (2), it can be obtained as


   X =    F d    −  ω 2   (  m + A  )  + i ω  (  B + C  )  + ρ g s + K     



(3)







The absorbed power averaged over a given period of time is given as     P ¯  =    f d   x ˙   ¯    , and the maximum power occurs when


   ω =    (    ρ g s + K   m +  A w     )      and   C =  B ( ω )    



(4)







The condition in Equation (4) is referred as the resonance condition, and ω at that point is the resonant frequency. Some computer applications such as WAMIT developed by the National Renewable Energy Laboratory (NREL) in the U.S. and ANSYS/AQWA [108] can be used to obtain the stiffness, excitation forces, added mass, and the damping coefficient in any body with any geometry and degrees of freedom of the body’s motion.



The consequence of the Equations (1) to (4) above is that maximum theoretical power to be extracted from a sea wave has a relationship between the wave energy fluxes per unit length of a wave crest (the resource potential) as described in the following equations [115,116,117].


    L  m a x   =    P  m a x    E  =   λ n   2 π     



(5)








	
n = 1 if body is in heave motion;



	
n = 2 if body is in surge motion



	
Pmax = Maximum Extractable power;



	
Lmax = Absorption width at maximum power



	
λ = ocean wavelength;










   E = resource   potential =     ρ  g 2  T  H 2    64 π     



(6)








	
ρ = seawater density;



	
g = gravitational acceleration; T = wave period



	
H = significant wave height










   Efficiency   η =    P   P  m a x       



(7)




P is the average power produced at a particular period.



This relation is similar to the Betz limit for the power coefficient in wind energy systems. One of the assumptions of these equations is that the sea wave is regular with small amplitude and oscillates in a single mode so that the power take-off is linear. Suffice to say, the WEC should resonate with the sea waves in order to reach Pmax. However, it is almost impossible since sea waves are polychromatic in nature. Meanwhile, the extraction technologies have their unique motion modes that may affect the actual captured energy. According to Equation (5), a surging body can theoretically capture twice of what a heaving body does if both devices are operated under similar wave conditions.



From the hydrodynamics analyses of WECs, particularly oscillating bodies, it seems that achieving the optimum energy capture is impossible because resonance of the WEC device will only occur in a narrow wave period bandwidth due to multiple waves and periods in the ocean. A lot of studies [104,118,119,120,121] have been performed in order to optimize and control the behavior of a WEC to regulate the ocean energy conversion process in complex ocean conditions. Different control methods were studied. The optimum phase control regulated the reactive power in order to achieve maximum power [122]. Latching [118] is a partial phase control method that was proposed theoretically in the late seventies through to the late eighties [121,122,123,124,125,126,127,128], and is more popular in the design of most proposed WECs. However, the wave conditions of latching method must be predicted in advance in a time frame of about half of the resonant wave period of a WEC, which is very difficult given the high variability of real sea waves conditions.




4.3. Power Take-Off (PTO)


The conversion of wave energy to useful energy is the main goal of the wave energy conversion process. Most of the focus in the design of a WEC is to make power available as electric power to be transferred into the utility grid. There have also been some studies on small to medium scale systems as stand-alone systems, where the captured energy is consumed in-situ or very close to the harvesting area with very little or no need of extensive storage and transmission systems. There are many different existing technologies for wave energy conversion, the choice of power take-off is diverse as well. However, some power take-off systems are standard, and the others are usually modifications and upgrades of the standard systems.



The OWC is one of the oldest wave capture technologies, and the first set of WECs were designed based on this technology. The major challenge the OWC was that the air flow due to the oscillating column of water caused by the wave action was reciprocating in nature. This problem was solved with the invention of the Wells turbine [129,130]. The Wells turbine is an axial flow turbine that can self rectifies. Therefore, the torque of the turbine is not affected by the airflow’s direction. Since the first invention and deployment of the Wells turbine, different upgrades and modifications have been performed on it to improve its efficiency. Most OWC preferred using the Wells turbine because the ratio between the airflow and blade velocity was high while the peak efficiency was considerably high and the cost of manufacture was low. Some of the disadvantages of the Wells turbine include (1) the torque can be very low when the airflow is low; (2) their sizes are relatively large when compared to other turbines with similar power ratings; and (3) they are susceptible to aerodynamic noise [131,132,133,134,135,136]. Other turbines with similar working process of the Wells turbine are the self-rectifying impulse turbine [137,138,139,140,141,142] and the Dennis-Auld turbine [143]. Compared to conventional turbines, these self-rectifying turbines’ performance were relatively acceptable if the performance was averaged over a given period of time considering the fact that they were operating under a highly unsteady state environment.



The hydraulic turbines used in overtopping devices were similar to the ones used in the low head hydroelectric [144,145] because their modes of operation are very similar. The Pelton impulse turbine [146,147] is suitable for use by oscillating bodies as well as overtopping devices because they can use water as an alternative to hydraulic driven motors. Majority of oscillating body conversion systems used the hydraulic oil. They also have gas accumulators that can store energy for some time [105]. This type of system was used in the Pelamis. A comprehensive review of hydraulic systems used in wave energy converters can be found in [104].



Another type of power take-off is the linear electrical generator. This method converts mechanical wave energy directly to electrical energy, so energy loss due to friction from moving parts is greatly reduced. This method was mainly used in oscillating body systems. The downside of this method is that the requirement of using heavy magnets causes increase in mass of the whole system and reduction in efficiency due to the low velocity of wave oscillations. With the increase in popularity of oscillating body systems, the use of linear generator has been proposed for the power take-off of new WEC designs. Extensive reviews on the use of linear generators can be found in [90,91,148,149,150,151,152]. There are ongoing studies to design new systems, improve existing power take-off systems, and develop hybrids of existing methods [153,154,155,156].



The energy desired mostly from the wave energy conversion process is the electricity. When connecting into the electricity grid, the requirements and regulations may vary from countries to countries and even vary on sub regional cases. The WEC systems have to be modified to meet these requirements. Like energy from other distributed generation sources, wave energy conversion systems produce energy in an irregular and intermittent way, and needs to go through some conditioning before being fed into the electric grid as regulated in IEEE-1547-2003 [157]. According to [104,158], they have identified three main requirements for a reliable WEC system, including




	
a good power take-off system to convert mechanical power to electricity,



	
regularization of the unstable electricity to meet grid requirement or meet the electrical load if it is to be supplied to a stand -alone system, and



	
the power electronics to ensure the quality of power at the user’s end.








Similar to other distributed generation sources, power conversion can be DC/AC, DC/DC, AC/DC, AC/DC/AC and AC/AC. A lot of studies and reviews about wave energy electrical systems can be found in [119,158,159,160,161,162,163,164,165,166,167,168]. Table 4 summarized examples of WECs with their PTO systems.





5. Challenges of Wave Energy Systems


The challenges of WECs range from the techno-economic problems to issues affecting its operation and maintenance [168] in the harsh ocean environment due to ocean salinity and extreme weather conditions [169]. The environmental impacts of wave energy converters might not be easy to evaluate since very few if at all any device have been deployed long enough to comprehensively determine the environmental impacts both at the coastal areas and offshore locations. Although there are many existing studies focusing on technical aspects of WECs, different capture technologies also face different challenges.



One of the major challenges militating against WEC design and deployment is that the technologies are still at a nascent stage compared with other matured renewable energy technologies such as wind and solar [170,171,172,173], despite many prototypes and patents reported in so many literatures. Different technologies are being considered for harvesting wave energy, which also means that there has not been any convergence of wave conversion technology. Therefore, it is difficult to predict the challenges and address them at the design stage of a WEC. Moreover, even the most successful capturing device (Pelamis) to date has not achieved the same levelized cost of energy with wind or solar energy.



5.1. Design, Installation and Operation


The design, operation and installation of any structure or facility in the ocean environment are always a challenge compared to land-based structures. The case of the WEC design is even more pronounced as the WEC is expected to actively interact with the ocean waves in a specific way to harvest energy from it. Apart from the WEC being able to withstand operational loads, its performance and survival under extreme loading conditions during events such as hurricanes and storms are highly important. The corrosive nature of sea water [174,175,176] can be problems for some parts of a WEC as well. The implication is that a comprehensive operation and maintenance strategy have to be planned for WEC systems at the design stage, which will definitely incur additional cost to the lifecycle cost.



Another important consideration for operation and maintenance planning activity is the accessing of the facility if it is offshore [177,178,179,180,181]. The experience gained from the offshore energy industry including offshore wind and oil and gas industries [182] can help to appreciate the risks and costs associated with maintaining an offshore facility. Because of this, a system in which maintenance activities are well spaced will be a good option, limiting costs associated with mobilizing crews to the facility many times. Compared with WECs in deep offshore locations, issues associated with construction are reduced for WECs to be located in coastal and nearshore areas, and the accessibility is also easier. However, nearshore WEC structures have to compete with other coastal uses such as recreation, docks, etc. If the WEC can be incorporated into existing structures, such as breakwater structures, costs can be shared and minimized.




5.2. Environmental and Other Issues


The impact of WEC structures and its operation on its immediate environment needs to be investigated. Similar with all renewable energy system, its operation produces little or no greenhouse gas that makes WEC environmentally friendly in the first place. However, analysis should be conducted to ensure that the WEC facility have little or no negative effect on the aquatic plant and marine life in the place where WEC is going to be deployed. It should be noted that WECs on shoreline areas will reduce shoreline erosion because energy have been extracted from the waves [15]. There have been concerns that WEC structures can introduce new species into the immediate environment and also become artificial reefs [183] thereby causing a shift in balance of the local ecosystem. For systems that use hydraulic fluid such as oscillating body systems, precaution measurements should be taken to prevent leakages or better make the hydraulic fluid biodegradable. The majority of environmental impacts of WECs may occur during the construction and installation stage. Drilling, dredging and other construction activities can cause pollution or generate unbalance in the natural habitat of the ocean plants and animals. Other adverse effects on marine life could be trapping, collision, etc. [184]. The effect of seaweeds, biofouling on the WEC structure, can cause reduction in performance and also accelerate structural degradation [185,186,187,188].



Ocean wave conditions are hard to predict and power production is intermittent. The power density depends on wave height and wave period that increases the challenge in the prediction of expected power production. Other problems that might arise for the WEC system is the transmission of the produced energy because electricity grid facilities may be almost non-existent where the power is produced. Where there is a developed offshore wind energy system, those facilities may be made available for WEC systems. Another issue is the ‘aesthetics’, especially for shoreline devices since the local coastal community may want to resist the installation of a large structure close to them. In addition, most of the structural designs performed on WECs were completed in isolation of the power capture. WEC designers should to be careful when doing it since changes on some of the structural parameters could affect the power capture. For example, the mooring system of a heaving device goes a long way to affect the damping coefficient, which in turn affects its energy absorbing capability.





6. Conclusions


Many studies are currently taking place around the world, especially in the United States, Europe, and China, on the wave energy systems as it can be seen from the volume of literatures published from these regions. Upon all these studies about different conversion technologies, none have really made it to large commercial stages when compared to wind and solar energy. There has been progress in theoretical studies, experimental and model testing of WEC prototypes in the laboratory, however, translating these successes to actual field deployment have been very difficult. The developments in the methods for wave resource potential characterizations have been very encouraging since there are powerful computer software and applications available now to predict and simulate wave conditions with finer temporal and spatial resolutions. But most of the characterizations were still being done using static methods. Therefore, the complexity of the wave energy temporal and spatial variability was not adequately captured due to the dynamic nature of these properties.



Recent advances in the use of numerical simulations with computational fluid dynamics have seen the use of ‘testing’ large scale prototypes while incorporating complex interactions between the WEC and the sea waves. This method has been applied to existing technologies and the new ones that are modified from the existing capture methods. The use of both the simulations and laboratory tests will lead to higher efficiency in the nascent wave energy industry. Actually, no ‘champion’ may not necessarily emerge from the present competing wave energy capture technologies. Instead, all capturing methods may be combined to optimize the wave energy capture in a particular wave energy farm. Future studies will focus on the best placement of WECs in a typical wave energy farm.



When there is a breakthrough in any of the presently wave capture technologies, the challenges that may arise due to construction, operation and maintenance, wave energy farm optimization, lifecycle costs, return on investments, environmental issues, socio-economic issues, and permits will be fully studied. Until then, these challenges that are presently at the level of hypothesis and predictions will remain so.
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Figure 1. Classification of Wave Energy Converter (WEC) extraction technologies: (a) oscillating water column, (b) overtopping devices, and (c) oscillating bodies [13]. 
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Figure 2. Schematic Representation of a Backward Bent Duct Buoy (Floating Oscillating Water Column (OWC)) [75]. 
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Figure 3. Schematic Representation of Wave Dragon [85]. 
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Figure 4. Schematic Representations of (a) a single heaving buoy developed in Sweden [89] and (b) single heaving body system developed in Oregon University, USA [90]. 
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Figure 5. Schematic Representations of the 2-Body systems: (a) IPS buoy [92], (b) Wavebob [93], and (c) Archimedes Wave Swing (Submerged) [94]. 
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Figure 6. Schematic Representations of the 2-Body systems: (a) The Swinging Mace [101], (b) Searev [99], and (c) Pelamis [102]. 
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Figure 7. Comparison of Different WECs’ performance [108] based on: (a) absorbed energy per WEC weight, and (b) absorbed energy per contacted surface area. (WEC type: 1 = heaving buoy, 2 = submerged heaving buoy, 3 = 2-body heaving buoy, 4 = fixed buoy array, 5 = floating buoy array, 6 = fixed oscillating flap, 7 = floating 3-body oscillating flap, and 8 = floating OWC). 
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Table 1. Wave Energy Converters Installations (kW) around the World [24].
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	Country
	Planned
	Installed
	Operational
	Total





	Canada
	0
	0
	11
	11



	New Zealand
	0
	20
	0
	20



	Denmark
	39
	12
	1
	52



	Italy
	0
	150
	0
	150



	Mexico
	200
	0
	0
	200



	Ghana
	0
	0
	450
	450



	Spain
	0
	230
	296
	526



	Korea
	0
	0
	665
	665



	China
	0
	400
	300
	700



	Portugal
	350
	0
	400
	750



	United States
	1335
	500
	30
	1865



	Sweden
	0
	0
	3200
	3200



	Ireland
	5000
	0
	0
	5000
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Table 2. Theoretical Potential of Wave Energy Resource in Different Regions of the World [19].
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	Regions
	Wave Energy Potential (TWh/y)





	Mediterranean Sea and Atlantic Archipelagos (Azores, Cape Verde, Canaries)
	1300



	Central America
	1500



	Western and Northern Europe
	2800



	Africa
	3500



	North America and Greenland
	4000



	South America
	4600



	Australia, New Zealand and Pacific Islands
	5600



	Asia
	6200



	TOTAL
	29,500
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Table 3. Summary of Wave Energy Converters with Examples.
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Wave Energy Harvesting Method

	
Examples






	
Oscillating Water Column

	
Fixed Structure

	
Pico [76], LIMPET [77], Sakata [26], REWEC3 [78], Mutriku [79]




	
Floating Structure

	
Mighty Whale [106]




	
Oscillating Bodies

	
Floating

	
Heave

	
IPS buoy [92], Wavebob [93], AquaBuoy [91]




	
Rotation

	
Pelamis [98], SEAREV [99]




	
Submerged

	
Heave

	
AWS [94]




	
Rotation

	
Wave Roller [30], Oyster [100], The Mace [101]




	
Overtopping Devices

	
Fixed Structure

	
TAPCHAN [84], SSG [86]




	
Floating Structure

	
Wave Dragon [85]
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Table 4. Examples of some Wave Energy Converters with their Power Take-Off (PTO) Systems.
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	WEC Name
	WEC Type
	PTO
	Remarks





	Pico [76]
	Oscillating water column
	Wells turbine
	Horizontal axis turbine used



	LIMPET [77]
	Oscillating water column
	Wells turbine
	-



	REWEC3 [78]
	Oscillating water column
	Wells turbine
	Multi turbines with 136 chambers



	Mutriku [79]
	Oscillating water column
	Wells turbine
	Multi turbines with 16 chambers



	Mighty Whale [106]
	Oscillating water column
	Wells turbine
	-



	Sakata [26]
	Oscillating water column
	Wells turbine
	Two units installed in breakwater



	IPS buoy [92]
	Heaving body
	Hydraulic oil system & linear generator
	Tests performed using the two listed PTO systems



	AquaBuoy [91]
	Heaving system
	Impulse turbine
	-



	Wavebob [93]
	Heaving body
	Hydraulic System
	Biodegradable hydraulic fluid



	SEAREV [99]
	Pitching system
	Hydraulic System
	Hydraulic pumps connected to the pendulum wheel charged the high pressure accumulators, which discharged their energy into hydraulic engines to drive electric generators



	Pelamis [98]
	Pitching system
	Hydraulic System
	Hydraulic pumps utilized the bending motion (caused by the passing waves) inside the joints



	Oyster [100]
	Pitching/quasi surge system
	Hydraulic System
	Bottom mounted WEC with water-pump serving as PTO



	Wave Dragon [85]
	Overtopping device
	-
	Turbines were used to convert the low head of the water into mechanical energy



	TAPCHAN [84]
	Overtopping device
	-
	Low head turbines and conventional hydroelectric turbines of appropriate size
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