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Abstract

:

Research into renewable energy is an active field of research, with photovoltaic and wind being the most representative technologies. A promising renewable energy source is Ocean Thermal Energy Conversion (OTEC), based on the temperature gradient of seawater. This technology has two contradictory features, as its efficiency is relatively low while, on the other hand, its energy source is almost unlimited. OTEC research has focused on optimizing energy extraction, with different techniques having been used for this purpose. This article presents a review of the advances and applications of OTEC technology around the world. Throughout the document, the different uses of deep seawater are analyzed; further, the current systems which generate energy through the marine temperature gradient are reviewed, and the main advantages and disadvantages of each method are highlighted. The technical operations, construction variations, and the projects that have been developed around the world and those which are in the planning phase are also detailed. The two main conclusions are that this technology is still under development, but it is quite promising, especially for regions with little access to drinking water. Second, given the high implementation costs and low conversion efficiency, the development of this technology must be sponsored by governments.
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1. Introduction


Islands contribute negligibly to the global emissions of greenhouse gases (GHG); however, they emit large amounts of GHG per capita. For example, in 2015, 0.4% of GHG emissions worldwide originated from the Caribbean Islands. Similarly, the per capita production of GHG is higher in islands (120 t), compared to the rest of the world (5 t) [1]. These GHG emissions are derived mainly from fossil fuels [2,3].



Renewable energies have been spreading to preserve the environment and human health, with solar and wind being the most common sources [4,5]. Due to their learning curves and increased installation capacity, the efficiency of renewable energies has been improved and their installation costs have been reduced [6]. However, it must also be kept in mind that not all cities have the optimum conditions (e.g., solar irradiation or wind speed) to apply these technologies [7].



Marine energy technologies represent a keen interest for islands and coastal areas, as they allow for the generation of electricity using an abundant resource in these regions; that is, seawater. The primary marine energies are produced by the ocean’s thermal energy, tides, marine currents, offshore wind turbines, and waves [8].



Wave power transforms the kinetic energy contained in the movement of the waves into electrical energy. Identifying the areas where more massive waves are generated is extremely important when planning and deploying wave energy equipment. Bearing in mind that wave formation is closely related to surface winds, the places with the most excellent feasibility for wave sites are between 40° and 60° of latitude in both hemispheres [9].



There are two types of designs to capture the energy of waves. On one hand, devices can be located at the bottom of the water, at a shallow depth and crossing the water’s surface. On the other hand, floating devices can also capture the kinetic energy of a wave’s movement and convert it into electricity through a generator [10,11]. The relative level difference between different points of the machine turns hinges joined to hydraulic systems, which pump fluids that turn electrical generators. The main advantage of this type of device is that it does not need to be fixed to the seabed and only works with the relative water level difference, allowing for its installation in locations at different types of depths and distances from the coast.



Tidal Power is a type of marine energy which is often confused with wave power. In order to clarify these distinctions, it is considered essential to understand their differences. The energy of a wave is only related to the energy from the movement of the waves, while tidal energy takes advantage of the movements of tides: that is, the change in the tide produced by the gravitational forces exerted by the sun and the moon. When the tide rises, the floodgates of a dyke open, allowing the entry of wtaer into a reservoir. When it has been filled, the doors are closed. When the tide descends below the reservoir’s level, reaching its minimum height, the gates open and let the water pass through narrow conduits that pass into turbines connected to electric generators [12].



A characteristic that hinders the propagation of tidal energy in the world is that it should be installed in places where the high and low tides have a considerable difference (i.e., of more than five meters) in height. Otherwise, it would not be profitable [13].



Marine current power takes advantage of the kinetic energy of marine currents. Although it is not widely used, it can be used to generate electricity in the future, as tides are more predictable than wind and sunlight. Ocean currents are produced by combining several factors such as temperature, wind, salinity, and the earth’s rotation, among others [14,15]. The appropriate water speed is estimated between 2 and 3 m/s. A seawater current at a speed of 2 m/s has, per every square meter of area perpendicular to its flow, the same energy as a wind current at 18 m/s [16].



The main drawback of the devices designed to take advantage of marine current energy at high depths is their high manufacturing, installation, and maintenance costs. It is estimated that around 80% of the energy of marine currents is located in areas more than 40 m deep [17], such that it is necessary to use new designs for devices that can operate in these areas. As such, the cost of a large structure fixed to the seabed makes first-generation solutions unviable. The second-generation systems have anchoring systems, with a fixed base or anchor at the bottom and a series of cables that hold the device to the seabed [18].



Ocean Thermal Energy Conversion (OTEC) is a renewable energy source based on sea temperature change, concerning depth. This temperature gradient can be used to drive a thermal machine that generates useful work, which is then transformed into electricity [19]. The oceans capture the heat generated by solar radiation and cover more than 70% of the earth, making OTEC systems an almost unlimited source of energy, as they only depend on the sun and ocean currents; this effectively makes them the most effective energy storage systems in the world [20]. It has been estimated that the power that can be collected ranges from 3 to 5 TW, without harming the environment [21].



This paper presents a comprehensive overview of OTEC technology, based on its different prototypes, infrastructure, and technological advances in the development of devices, as well as the multiple applications that can be obtained to generate drinking water and food. The comprehensive vision of this paper serves to help governments, private entities, or researchers who intend to develop projects of this type and wish to have a first approach to this technology.



The remainder of the paper is organized as follows: Section 2 explains the differences in sea temperature and the different cycles of OTEC technology, while Section 3 exposes the possibilities of installation. Section 4 discusses other uses of deep seawater. Section 5 provides an overview of OTEC technology. Section 6 and Section 7 are, respectively, concerned about the associated environmental impacts and technical limitations. Section 8 analyses the economic viability of OTEC projects, depending on the location. Finally, our main conclusions are given in Section 9.




2. Temperature in the Sea and Otec Cycles


The temperature of tropical seas depends directly on the depth; there is an approximate 20    °  C difference between the surface and 1000 m of depth. This difference can be used to build an OTEC power plant [22]. Such regions exist mainly in the Equatorial latitudes, with more considerable temperature differences being observed in the Pacific Ocean’s western part. The regions to the east and the west of Central America and some remote areas off the United States are also satisfactory.



The temperature differential strongly determines the efficiency of the cycle. The more significant the temperature difference, the higher the efficiency [23]. In different areas of the world, the water has different temperatures, depending on the depth in which it is found; especially in the tropics, where three thermal layers can be distinguished:




	
The surface: From 100 to 200 m deep, which acts as a heat collector, with temperatures range between 25 and 30    °  C.



	
The intermediate: Between 200 and 400 m deep, with a fast temperature variation and acting as a thermal barrier between the upper and lower layers.



	
The deep: The temperature decreases smoothly, reaching 4    °  C at 1000 m and 2    °  C at 5000 m.








Thus, the surface water could be used to heat a liquid (using a heat exchanger), which would then be transformed into steam to move a turbine generating electricity. Then, this steam would cool in another heat exchanger in contact with the cold water of the depths, restarting the generation cycle. This process presents several challenges, such as the heat transfer losses and pressure drop due to the long path that the fluid has to travel.



The transformation of thermal energy into electrical energy is carried out using the Rankine cycle [24] (a thermodynamic cycle in which the heat consumption is related to the production of work), in which a liquid evaporates to pass through a turbine. The cycle can be open, closed, or hybrid.



2.1. Open-Cycle


An open-cycle OTEC system uses a vacuum for its operation; vacuum is the condition that occurs inside a closed cavity when the pressure of the air or other gases is close to absolute zero. Figure 1 shows the scheme of an open cycle, where the surface water is pumped first into a vacuum chamber that operates between 1 and 3% of the atmospheric pressure [25]; the pressure drop rapidly evaporates the water. It should be noted that the salt and other seawater components remain in the vacuum chamber; therefore, this is a freshwater vapour. This vapour passes through a low-pressure turbine which, in turn, is connected to an electric generator. Apart from producing electricity, this technology also produces desalinated freshwater, which is suitable for drinking water, irrigation, or aquaculture [26].



Low-pressure water vapour has a high specific volume; thus, an open-cycle OTEC must be designed with large flow areas, in order to avoid high vapour velocities [27]. The gases present in seawater (carbon dioxide, oxygen, and nitrogen) are incondensable gases which leave the solution in a vacuum and, thus, must be eliminated [28].



The vacuum chamber walls usually have several gates which are used to install instruments. In medium vacuum applications, rubber O-rings are typically used for sealing. On the other hand, in high vacuum applications, the flanges are welded directly to the chamber [29]. In higher vacuum applications, the flanges have hardened steel blades welded on them, which cut a copper gasket when the flange is bolted. The side channel vacuum pumps are designed to work in both suction and compression modes. The aspirated air is forced to follow a spiral path using a unique impeller and subjected to repeated accelerations, thus increasing the differential pressure of the fluid transported through the blower. The fluid aspirated is kept clean and free of oil traces, as no type of lubrication is necessary for the side channel blowers, which are built entirely of die-cast aluminium [9].



An electrical power generation system for real applications based on this technology requires a large turbine, in order to cope with the large volumes of steam produced [30]. The turbines used in a conventional steam power plant can be used, but their production is limited to 2.5 MW, due to technological limitations. For this reason, an open-cycle OTEC above 2.5 MW is very expensive, as it would require several modules for its operation [31].



A practical example of electricity production using an open-cycle OTEC can be found in [32]. This work stated that an OTEC system’s maximum theoretical efficiency is 9.2%, and the real efficiency will generally be less than this. The results achieved show that this technology is feasible; however, a common problem was failure of the grease-lubricated bearings in centrifugal pumps [33]. The use of magnetic bearings was recommended to avoid this problem, reducing energy consumption and increasing the power delivered [34].




2.2. Open-Cycle with Mist Lift System


Another mode to operate an open-cycle OTEC is using a Mist Lift system, which replaces the steam turbine with a hydroelectric turbine, as shown in Figure 2. In Mist Lift systems, a floating concrete container is used, large part of the structure of which is submerged underwater. A hydroelectric turbine located at the base of the structure generates electricity. This turbine is fed by large amounts of warm seawater, which fall by gravity from a height of approximately 100 m [35]. Mist lift systems are so named because of the water lift technique used, consisting of reintegrating the water into the structure’s upper part. The hot water on the surface boils due to the partial vacuum inside the container, creating a great magnitude of rising steam. At a height greater than 20 m, cold seawater flows are sprayed within the steam, retracting quickly and creating a lower pressure. This pressure difference between the base and the upper part of the structure generates a mist of multiphase steam, which comes out of the upper part of the structure at high speed [36].



A problem that may arise is the generation of microbubbles due to the turbine’s late start when the water has already risen, causing large steam cavities in the turbine [37]. In this case, a submerged chamber can be used; however, the project costs would rise more than 40%, due to the resistance and volume necessary for its operation. A chamber with a large volume is necessary to avoid high flow speeds, which generate significant friction. It should be clarified that the structure must be conditioned to withstand pressure at depths of around 100 m [38].



An electric power generation project based on Mist Lift could be between17% and 37% cheaper than a closed-cycle plant, as it does not require large pumps and heat exchangers, as in other types of OTEC systems [39].




2.3. Closed-Cycle


A refrigerant is a substance that acts as a cooling agent, with the special properties of evaporation and condensation point. Through changes in pressure and temperature, they absorb heat in one place and dissipate it in another, through a change from liquid to gas (and vice versa) [40], as can be seen in Figure 3. Low-boiling fluids are used as refrigerants, such as propane or ammonia. In closed-cycle OTEC plants, the surface water’s heat is sufficient to evaporate the refrigerant [41]. The steam generated is used to move the turbines and is then cooled using water from the deep layers, and the cycle begins again. This method is cheaper and technically more comfortable than an open cycle, but does not produce desalinated water.



In 1979, a small floating OTEC system was presented in [42]. The system was located 2.4 km off the coast of Hawaii and produced enough energy to operate a ship’s lighting and some electronic equipment, becoming the first successful case of a closed-loop OTEC system.



In a closed-loop OTEC system, the highest cost of implementation lies in the heat exchangers. These devices are responsible for transferring heat from one place to another, and are separated by a contact wall.




2.4. Hybrid Cycle


A hybrid cycle OTEC is presented in Figure 4, which combines both closed- and open-cycle characteristics. A vacuum chamber quickly evaporates warm seawater. In this way, water steam causes a working fluid to reach its boiling point. Electricity is generated by expanding the refrigerant in the turbine, followed by the vaporized fluid condensing inside a heat exchanger, thus generating desalinated water [43].



The following working fluids can be used: (i) Ammonia, which has excellent transport properties, is easy to obtain, and its cost is low. Unfortunately, it is a toxic and easily flammable fluid. (ii) Fluorinated carbons providee another choice; they have the advantages that they are not toxic or flammable, but they help to weaken the ozone layer [44]. (iii) Hydrocarbons can also be used; however, they have the disadvantage of being flammable [44]. On the other hand, the pressure of the fluid used strongly affects the system’s size, as a higher pressure decreases the size of both the turbine and the heat exchangers; in turn, the wall thickness must increase [45].




2.5. Optimizations for OTEC


Thermodynamic optimizations for OTEC systems and design components are presented below.



2.5.1. Thermodynamic Optimizations for OTEC


One of the main problems for OTEC systems is the low energy efficiency of the system. In energy conversion, heat exchangers transfer heat energy to the heat engine, converting it into power. Various studies carried out to evaluate the performance, performed by Ikegami’s group in Japan, are described below.



In [46], a multistage heat engine was used to analyze the maximum usable power and to propose an evaluation formula based on the maximum power. The results obtained showed that, for a multi-stage motor (compared to a single-stage motor), the power increased by approximately twice at its maximum and the thermal efficiency of the cycle for maximum power was constant and independent of the number of stages.



On the other hand, the theoretical maximum power production and the relationship between the performance of the heat exchanger have been studied in [47], in which a method for evaluating the total performance of heat exchangers was developed, describing the theoretical relationship between the heat transfer performance of the heat exchangers, including the pressure drop and heat engine power output. Research with a similar goal can be found in [48], where the authors presented the potential energy of heat sources using the dead state as the state of thermal equilibrium of finite heat sources, instead of considering an infinite amount of ambient temperature. It was also proposed that the normalized thermal efficiency of energy conversion should be defined as the ratio of work to potential energy. Another method for performance evaluation has been presented in [49]. In this work, a theoretical model of the maximum work of an ideal thermal engine with finite heat transfer performance of heat exchangers was presented. The evaluation method was applied to evaluate a cross-flow type plate heat exchanger. A simplified method for evaluating the overall performance of heat exchangers, which can be fully and easily applied and considers heat transfer performance and pressure drop, has been presented in [50]. Other recent research performed by Ikegami’s group can be found in [51,52,53,54]. Similar investigations carried out in China can be found in [55,56].




2.5.2. Designs for OTEC System Components


Based on constructal theory, various investigations have been developed to design both a shell-and-tube evaporator [57] and condenser [58], with the working fluid being ammonia–water. In both cases, the principal objective was to optimize the tube diameter. In the evaporator case, a complex function composed of the heat transfer rate and total pumping power was taken as the optimization objective, while the heat transfer area of the tubes is taken as the constraint. The inlet temperature of hot water has a specific influence on the ammonia–water and hot water optimal mass flow rates, but does not influence the heat transfer rate’s optimal external diameter [57]. A complex function formed of the entropy generation rate and total pumping power was minimized for the condenser case, which reflects the trade-off between the entropy generation rate and total pumping power [58]. Other recent research performed in this same line can be found in [59,60,61,62].



In [63], based on constructal theory, the optimal design of a dual-pressure turbine for a OTEC system was presented under the condition that the total volume of the turbine was fixed. The turbine’s total power output was chosen as the optimization objective. The optimization variables were the volume fraction, the ratio of wheel diameter, and relative flow angle at the rotor outlet. Their significant results were obtaining the dual-pressure turbine’s optimal performance and optimal constructs with the same and different structural parameters. The turbine total power output increased with the increase of the inlet pressure of the low-pressure turbine, the mass flow rate ratio of the working fluids, the total volume of the turbines, and the absolute flow angle at rotor inlet; while it decreased with the increase of the reaction degree.



Other relevant works for the design of OTEC system components that combine finite-time thermodynamic optimizations for the thermodynamic cycle with constructal designs and other appropriate design techniques can be found in [64,65,66,67,68].






3. Location of an Otec Power Plant


OTEC systems can be built on land (onshore), on a fixed platform in the sea (offshore), or as floating constructs.



3.1. OTEC Onshore


Onshore locations have three advantages over offshore systems: First, they do not require a robust lashing system and maintenance is more comfortable to carry out [69]. Second, they can be designed in such a way that they are protected from storms. Finally, the products generated—electricity and desalinated water, among others—can be easily distributed. On the other hand, the disadvantages of an onshore installation are several. First, bringing seawater to the plant requires a significant investment in civil works, as it must be ensured that the pipes are fixed in changes in the tide or storms. In this sense, the distance between the plant and an adequate depth, requiring the excessive use of pipes to transport both hot and cold water [70], are crucial. Some of these problems can be solved by building the plant in shallow waters (i.e., between 10 and 30 m deep), reducing the distance to the optimal depth and, therefore, the water loading and unloading pipeline. However, the construction would be subject to a marine environment, thus requiring special maintenance [71].




3.2. OTEC Offshore


OTEC power plants can be installed around 100 m deep. Thus, the turbulent waves generated near the coast can be avoided; additionally, it would be closer to the cold water supply. Carrying out an installation at a greater depth would increase the costs, compared to onshore systems [72]. The problems include stress due to the open sea conditions and the complicated delivery of the product. Strong marine currents and large waves increase the implementation costs. These platforms require massive pillars to ensure their stability, while the distribution of the energy produced requires submarine cables to reach the distribution power lines [73].




3.3. Floating OTEC


A medium- or high-power OTEC device can be settled on a ship, reducing the implementation costs compared to submarine infrastructures. The difficulty in design and construction time also decreases with this type of installation. Floating OTECs are suitable for large systems; however, these systems present several challenges: Anchoring in deep waters is not easy; additionally, the distribution of energy can be affected by the damage of the marine cables, as they are exposed to constant movement, and their repair or maintenance is not easy to carry out [74].





4. Other Uses of Deep Ocean Water


Concerning renewable energies, such as photovoltaic or wind power, OTEC plants have the advantage of generating energy 24 h a day throughout the year. This is their main characteristic, especially in islands located in the tropics, which generally obtain their electrical energy from fossil fuel-based plants. Additionally, OTEC plants can generate other services, which are mentioned below.



4.1. Desalinated Water


Approximately 97% of the water in the world is saline [75]. The most common methods for desalination are lightning evaporation, reverse osmosis, distillation, and freezing. These processes require high energy consumption, which usually results in the consumption of fossil fuels; this is why more efficient methods are actively being sought.



An open-cycle or hybrid OTEC plant produces desalinated water, converting seawater vapour into drinking water. For example, a 1 MW hybrid OTEC could generate around 4500 m   3   of drinking water daily. Its performance, in terms of production cost and the quality of the water produced, is very similar to that of a standard desalination plant [76]. An OTEC system that remarkably desalinates water has been described in [77].




4.2. Refrigerated Soil Agriculture


Temperate climate plants can be grown in the subtropics; for this, it is necessary to cool the soil where the plants are planted. This cultivation technology is known as refrigerated soil agriculture. An OTEC system can be used for cooling by use of the flow of cold seawater, which cools the surrounding soil through which the pipeline passes [78]. An example of this technology has been described in [79], where they showed an example of spinach production throughout the year.




4.3. Aquaculture


An OTEC system pumps large amounts of water from the ocean depth. Considering that the water at high depths is richer in nutrients, this water can be used to feed aquaculture systems [80]. In this way, various species (e.g., oysters, clams, and lobsters, among others) can be raised at a lower cost, as no auxiliary system is required to pump the water with nutrients [81].





5. History and Otec Projects around the World


OTEC systems began to be studied in the late nineteenth century; since then, new developments have emerged to improve their benefits.



5.1. Beginnings of OTEC Technology


In the 1880s, Jacques D’Arsonval, based on the Rankine thermodynamic cycle, first proposed closed-loop OTEC technology [82], for use in tropical oceans. The proposed system uses a stream of ammonia that passes through two heat exchangers (evaporator and condenser). To do this, it uses the difference in temperature between surface water and water found at high depths (i.e., greater than 800 m) as an energy source. The cycle begins by using the first heat exchanger to evaporate the pressurized ammonia. Then, the steam generated is used to drive an electric turbine. The next cycle is achieved with cold seawater and the second heat exchanger, which is responsible for condensing the ammonia vapour.



The open-cycle OTEC concept would take a further 40 years to arrive. Georges Claude proposed the use of ocean water as a working fluid. To do this, he used a vacuum chamber to evaporate the warm water from the surface; the resulting steam was used to drive an electric turbine. The steam that passes through the turbine is condensed using the water at depth, which is lower. This system can produce both electricity and desalinated water [83].



In the 1930s, a 22 kW pilot plant was implemented, using a direct contact condenser but avoiding desalinated water production. Unfortunately, the expected 22 kW was not achieved; however, it operated for several weeks, until a storm destroyed it [84].




5.2. OTEC in Japan


In 1994, the Ocean Energy Institute at Saga University in Japan built a 4.5 kW plant. This institute leads in research related to OTEC systems, focusing on energy production and secondary products or services derived [85].



In 2013, a 100 kW OTEC plant was installed on the island of Kume, Japan. This plant had a double objective: To check the validity of computational models and to verify the real functionality of this technology. The plant is comprised of two functional units, one to generate electricity and the other to carry out on-site tests [86]. In 2015, water desalination functionality was added to the OTEC plant. Japanese researchers have been interested in using nutrients from deep ocean waters [87] and using refrigerated soil agriculture at a large scale [88].




5.3. OTEC in United States


Hawaii is another suitable place for the use of OTEC technology, due to the sea’s high surface temperatures and the vast depths that can be reached very close to the coast, where the temperature drops to 5    °  C. In 2011, an OTEC pilot plant was installed in Hawaii; this plant was used to design and test heat exchangers. Its ultimate goal was to reduce manufacturing costs, thus increasing the useful life and performance [89].



In 2015, a closed-loop OTEC pilot plant, capable of producing 105 kW and connected to the United States power grid, was installed in Kona, Hawaii [90]. This plant has generated income for the region through aquaculture, and produces around 7000 gallons of fresh water every day [91].




5.4. NEMO Project


New Energy for Martinique and Overseas (NEMO) is an OTEC project (still in the design phase) located on Martinique island in the Caribbean Sea [92], which consists of a moored barge containing four turbogenerators. Each one will be driven by a closed cycle using ammonia and taking advantage of the approximate temperature difference of 20    °  C; the depth used is 1.1 km. Each turbine has a generation capacity of 4 MW, obtaining a nominal capacity of 16 MW. The tests have shown a net generation capacity of 10.7 MW [92]. The energy is carried to an electrical substation by a submarine cable [92].



The power generated will be exported to the network through the submarine cable to an electrical substation. This project is part of the collaboration agreement signed in January 2013 between DCNS and Akuo Energy, to combine their respective skills to develop renewable marine energy. DCNS and Akuo Energy plan to have NEMO operational by 2020, which would be the largest OTEC plant to date [93].




5.5. Other OTEC Projects in Development


A project under consideration, studied for the U.S. naval base on Diego García Island in the Indian Ocean, is a 13 MW plant, which would be built to replace fossil fuel-based electric generators and generate 5 million litres of drinking water per day [94].



India has developed an experimental floating OTEC near Tamil Nadu. The plant finally did not succeed, due to a fault in the cold water pipe. Even so, the Indian government continues to sponsor investigations [95].





6. Environmental Impact


OTEC technology is a source of clean energy; although ammonia is used in closed-cycle OTECs, it is never emitted into the environment, avoiding the generation of hazardous waste. On the other hand, in the case of open-cycle OTECs, a negligible amount of carbon dioxide is emitted into the ocean, compared to fossil fuel plants [96].



Analyses obtained from OTEC systems have shown that the water expelled by the systems at depths of 60 m is diluted at a ratio of 1:3; that is, one part of the water expelled by the OTEC system to three portions of seawater [97]. This water return depth also provides vertical separation of the hot water entrance by about 20 m, which is necessary to avoid reingestion by the plant. From the above, it can be deduced that such systems have minimal impact on the seabed.



The environmental risks of OTEC facilities are similar to those presented by any civil work of constructing a marine platform. Under normal conditions, emissions to the environment from the workflow (ammonia) are incipient [98]. It should be clarified that a workflow emission due to a malfunction of the system should be avoided at all costs [99].



OTEC systems must be designed to interact with the environment. There are two effects to take into account. On one hand, fish may be attracted to an OTEC system, as it will emit seawater with nutrients, positively affecting fishing. On the other hand, the eggs and larvae may be affected by said emission. In this sense, the success of an OTEC operation will be directly proportional to the balance between these two effects [100]. Finally, with proper planning, OTEC systems can serve to increase tourist attractions [101].




7. Technical Challenges and Restrictions


A complete safety system must be implemented for the anchorage system and the submarine electric cable, in order to ensure the well-being of workers. In this sense, survival burdens must be available to cope with extreme environmental phenomena. Similarly, there must be loads induced by fatigue which can be used in normal operations [102].



Ensuring the stability of the platform is also a challenge. To face this challenge, traditional offshore mooring systems can be used, or a more sophisticated system which makes use of dynamic positioning propellers [103]. On the other hand, the pipes used to transport the large volumes of water from the depth to the surface is also an active challenge. Researchers hve attempted to address this challenge by using computer-assisted analytical methods, complemented by laboratory and at-sea tests [104]. High-density polyethene pipes can be used for onshore plants, as long as the diameter is less than 1.6 m [105]. In offshore plants, steel or concrete pipes can be used; however, the costs are considerably increased. A promising technology is pressurized tubes made from reinforced elastomeric fabrics [9]; the disadvantage of this technology is that pumps must be used at the cold water inlet, which may operate incorrectly at a depth greater than 800 m over long periods.



The efficiency of OTEC plants can be evaluated using the principles of thermodynamics used in conventional steam power plants. The difference lies in the large volumes of water used for heat transfer, consuming approximately 30% of the energy to operate the pumps [106]. Additionally, various energy losses are generated, due to gravitational energy, friction, and density differences between different fluids [107]. At a temperature difference between 26    °  C and 4    °  C, the theoretical maximum efficiency is 8%, but losses associated with pumping needs and heat transfer produce actual efficiencies between 3% and 4% [76]. Although this seems to be a reasonably small value, compared to other renewable energies, it is worth noting that the energy source is practically inexhaustible. Approximately 4 m   3  /s of warm water and 2 m   3  /s of cold water are needed to generate 1 MW of electricity, between which there must be a nominal temperature difference of 20    °  C [108]. Closed-loop OTEC technology is limited to less than 100 MW generation, due to suitable pipe sizes. Open-cycle technology is limited to 2.5 MW, due to the difficulty of handling low-pressure steam [109].




8. Economic Viability


The pilot plants implemented at different locations worldwide have demonstrated the technical feasibility of OTEC technology. Due to both infrastructure and implementation costs, the most viable plants are 100 MW for developed countries. In return, for middle-income countries, lower power plants have been recommended [110]. Pilot plants below 300 kW are not commercially viable, at least in developed countries. There is currently enough information for developing OTEC systems up to 10 MW [110]. In this sense, when reviewing the economic viability of an OTEC system, the production of other services apart from electrical energy, such as aquaculture and desalinated water, among others, must be evaluated, as the initial investment for an OTEC system is quite considerable. OTEC systems have low financial viability, due to the current costs and availability of fossil fuels. For this reason, these systems probably have to be developed by government entities [110].



The viability of this type of project is more reasonable for small islands, where they generally obtain electricity from fossil sources and fresh water is scarce. In this sense, a 1 MW plant with desalinated water production would be profitable under the current costs. It should be noted that the number of places that meet these conditions is limited [110]. Another viable market would be middle-income island countries. In these countries, up to 10 MW open-cycle OTEC systems could be installed, and desalinated water could be generated at a competitive price [110]. Finally, industrialized island nations could implement hybrid OTECs of up to 50 MW, produce electricity through a closed cycle, and desalinate water through an evaporator. This scenario would be profitable under high prices for fossil fuels or freshwater [110]—a scenario that is not illogical in the future.




9. Conclusions


There is enormous potential for OTEC technology, thanks to its almost unlimited energy source. Almost all proposals have not made the leap from experimental prototype to commercial plants, due to high infrastructure costs—especially for cables that would lead the sea to the mainland—and the hostile and corrosive environment of marine waters. Many companies have been developing new and efficient solutions, in order to take advantage of the potential of the ocean as an unlimited energy source. The optimization of heat exchangers, condensers, vaporizers, and turbines, among other devices, is an active line of research that must be developed from various points of view, including thermodynamic theory, new materials, and engineering designs.



Over the next few decades, an increase in the research, development, and diffusion of OTEC technology is expected. Currently, 98 locations around the world have been identified as potential markets for this technology. Due to the high implementation costs and low efficiencies, these projects must be developed with a comprehensive vision, including the generation of freshwater, the design of spaces, the generation of food, and correct community appropriation.



Finally, small islands and small cities located in the coastal region of developing countries require small plants that can generate between1 and 10 MW and produce between 1700 and 35,000 cubic meters of desalinated water per day, enough for communities of 4500 to 100,000 inhabitants. Unfortunately, most of these populations are economically poor and the current costs of implementation are beyond their financial capabilities. For this reason, governments must become involved in the development of these initiatives.
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Figure 1. Open-cycle OTEC scheme. 
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Figure 2. OTEC with Mist Lift System. 
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Figure 3. Closed-cycle OTEC scheme. 
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Figure 4. Hybrid cycle OTEC scheme. 






Figure 4. Hybrid cycle OTEC scheme.
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