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Abstract

:

An oscillating water column (OWC) is designed for the extraction and conversion of wave energy into usable electrical power, rather than being a standalone renewable energy source. This review paper presents a comprehensive analysis of the mathematical modeling approaches employed in OWC systems, aiming to provide an in-depth understanding of the underlying principles and challenges associated with this innovative technology. A prominent classification within the realm of wave energy devices comprises OWC systems, which exhibit either fixed or floating configurations. OWC devices constitute a significant proportion of the wave energy converter prototypes currently operational offshore. Within an OWC system, a hollow structure, either permanently fixed or floating, extends below the water’s surface, creating an enclosed chamber where air is captured over the submerged inner free surface. This comprehensive study offers a thorough assessment of OWC technology in conjunction with air turbines. Additionally, the investigation delves into theoretical, computational, and experimental modeling techniques employed for analyzing OWC converters. Moreover, this review scrutinizes theoretical, computational, and experimental modeling methodologies, providing a holistic understanding of OWC converters. Ultimately, this work contributes a thorough assessment of OWC technology’s current state, accentuating its potential for efficient wave energy extraction and suggesting future research avenues.






Keywords:


wave energy; oscillating water column device; wave power extraction; marine renewable energy; hydrodynamics of OWC












1. Introduction


In recent decades, there has been a growing interest in renewable energy sources due to concerns related to environmental pollution, rising costs, and the depletion of fossil fuels. Ocean wave energy has gained significant attention as a promising alternative. Researchers worldwide are actively working on making it a cost-effective energy source. Among the various ocean WEC designs proposed, the OWC concept stands out for its simplicity and versatility. Ocean waves represent a clean energy source that holds promise in addressing our global energy needs as we strive for a more sustainable future. One of its notable advantages lies in the predictability of energy generation, which helps stabilize electrical grids, setting it apart from the less reliable solar and wind energy sources. The potential to harness wave energy for practical use has motivated countless innovators throughout history. By 1980, over a thousand patents had already been recorded, and this number has continued to rise significantly. In 1799, [1], a French inventor successfully obtained the initial patent for a wave-driven apparatus engineered to propel sawmill machinery.



Numerous comprehensive reviews on the topic of wave energy conversion have been disseminated through various mediums, encompassing books, conference and journal publications, as well as reports. Notably, a seminal book in 1981 [2] is a pioneering work in this field. Additionally, significant contributions are found in the works authored by [1,3,4,5,6]. Valuable insights into contemporary advancements in the field are also available in a report commissioned by the UK Department of Energy in 1999 [7], as well as the conclusive 2003 report by the European Thematic Network on Wave Energy [8], supported by the European Commission. Concise reviews can be found in [9,10,11,12,13]. Since studies on wave energy have been conducted in Japan since the 1940s, Yoshio Masuda is recognized as the inventor of the field. He devised a wave energy-powered navigation buoy equipped with an air turbine, later referred to as a floating OWC. From 1965 onward—and subsequently, in the United States—these buoys have been commercially available in Japan as documented by [14]. Subsequently, in Japan, Masuda advocated for the building of a considerably bigger device, the Kaimei (80 m × 12 m). This structure functioned as a floating testing platform for multiple OWCs equipped with a diverse range of air turbines [15].



In 1974, the research conducted by [16] drew the focus of the global scientific community toward wave energy. In 1975, the British government launched an ambitious wave energy research and development effort [17], which was swiftly followed by the Norwegian government. Two full-sized shoreline prototypes (rated power of 350 and 500 kW) were constructed in Bergen, Norway, in 1985. A small (75 kW) OWC shoreline prototype that was built on the Scottish island of Islay in 1991 appears to have been the most successful of the activities that took place in Europe in the years that followed, up to the early 1990s [18]. Around the same period, two prototypes of OWC developed in Asia: one was a 60 kW converter located in the port of Sakata, Japan [19], and the other was a bottom-mounted 125 kW facility in India [20]. A hydrodynamic process with significant theoretical complexity called wave energy absorption involves highly intricate diffraction and radiation wave processes. This explains why some prominent applied mathematicians played crucial roles in wave energy research published in the second half of the 1970s, much of which concentrated on theoretical hydrodynamics. The Implementing Agreement on Ocean Energy Systems (IEA-OES), which comprises 17 nations as contractual parties, was initiated in 2001 by the International Energy Agency. Its primary objective is to foster and promote international collaboration and the exchange of information in the areas of ocean energy research, development, and demonstration. The 2008 Annual Report from IEA-OES provides a summary of the current worldwide wave energy activity. Further, a hydrodynamic process with significant theoretical complexity called wave energy absorption involves highly intricate diffraction and radiation wave processes [21]. This shows that theoretical hydrodynamics constituted a major part of the wave energy research published during the second half of the 1970s, with some prominent applied mathematicians playing vital roles. According to the IEA-OES, there are now more than one hundred wave energy conversion systems being developed throughout the world. These systems are designed to collect energy from tides and currents along coasts, utilize temperature and salinity gradients across different water depths, and capture energy from wind waves and oceanic gravity. While wave energy extraction technologies have become increasingly efficient in recent decades, sustainability and cost-effectiveness are still major hurdles to their widespread use. By the year 2040, as the global population surpasses 9 billion, it is projected that worldwide energy consumption will increase by nearly 30% compared to the levels observed in 2010 [22]. Concurrently, there is a substantial growth in wave energy in the US and Canada, including research institutes, national and regional administrations, and industries, resulting in a slew of ocean energy events and conferences [21]. Although there are many different designs and ideas, WECs may be divided into three basic groups: (i) point absorbers, (ii) terminators, and (iii) attenuators. Within these categories, there are further distinctions based on their operational methods, such as oscillating water columns, immersed pressure differential devices, oscillating wave surge converters, and overtopping devices. The oscillating water column, which was initially introduced in the early 19th century, has been a prominent wave energy conversion device and is still considered state-of-the-art [23].



Generally, near- and off-shore WEC devices are designed based on the principles of oscillating water columns, wave overtopping, wave absorption, and submerged oscillations. However, the reliability and cost-effectiveness of these systems are highly sensitive to environmental conditions, and detailed mathematical models and efficient mathematical techniques need to be developed to design WECs optimally. Among the many WEC devices, OWC devices are currently one of the leading innovative technologies in development for wave energy extraction. OWC systems offer superior management of energy conversion efficiency and peak-to-average power when compared to other technologies. This advantage arises from the foreknowledge of wave patterns and periods, as well as the effects of climate and geography. Due to its few moving parts, especially in water, OWCs also demonstrate flexibility to various shoreline designs, assuring dependability and inexpensive maintenance. The substantial demand for renewable wave energy extraction has spurred numerous mathematical and experimental investigations on shore-connected OWCs ([24,25,26], etc.). However, there is a considerable need for the optimization of sustainability and costs of OWC implementation for large-scale implementation of the device.



Accordingly, integrating WECs with marine structures like breakwaters, docks, and piers, or with shoreline segments, can enhance their economic models and increase their viability. These structures offer financial benefits related to the construction, configuration, and restoration of the shoreline. Moreover, these structures can be integrated with mechanical power take-off systems (PTOS) that are used in small-scale wave energy converters because of their high energy transfer efficiency. Therefore, a hybrid model that incorporates a power take-off system into floating and submerged structures has the potential to provide both coastline defense and commercialized wave energy extraction [27,28,29]. On the other hand, in recent decades, floating constructions have been extensively used in ocean engineering, while flexible, porous structures are also being implemented as cost-effective coastal protection systems [30,31,32].



[23,33] include more detailed evaluations of OWCs in addition to reviews on WECs in general [13,21]. An in-depth history of wave energy conversion development, in general, and OWCs, in particular, up to around 1995, may be found in a book written by a freelance writer, from a non-technical perspective; see [1]. There is limited availability of information specifically on OWC control, despite the availability of reviews, comparative studies, and books on control systems for general wave energy installations. The paper will provide an overview of offshore OWC systems as they are considered the most promising among WECs for constructing both high and low-power plants while maintaining minimal environmental impact. The assertion made in our paper regarding offshore OWC systems being considered the most promising among WECs is substantiated by the statement from [34]. In their work, [34] acknowledged that among the various wave energy conversion concepts, OWC is recognized for being extensively investigated and well-developed. Different studies have identified challenges resulting from the volatility of the properties of ocean waves and the sustainability of energy converters of the waves in a severe ocean environment [35,36]. The review by [36] provides a comprehensive overview of the types of WECs, their operational principles, and the design challenges they face, particularly focusing on the environmental sustainability of these systems. Building upon this, our study emphasizes the suitability of OWC systems for both high and low-power plants while maintaining a minimal environmental impact. Additionally, it delves into practical and theoretical approaches for converting wave motion into electrical power. The paper is structured as follows: Section 2 presents the major review analysis of OWC technology. Section 3 and Section 4 are devoted to the types of OWC and mooring systems, whereas the conclusions are made in Section 5.




2. OWC Technology


Yoshio Masuda (1925–2009), a Japanese navy officer who carried out research in Japan in the latter half of the 1940s, is largely regarded as the father of modern wave energy technology. He designed a (floating) OWC, an air turbine-equipped navigation buoy powered by wave energy. Initially, buoys similar to those that have been widely distributed in Japan since 1965 were the first wave energy devices to be successfully released into the ocean (and, subsequently, in the USA). Traditional unidirectional air turbines were incorporated into Masuda’s navigation buoys, necessitating a set of rectifying valves (Figure 1). The whistling buoy utilized as a navigational aid is the first instance of an OWC. It was viewed as the conventional bell buoy replacement in the nineteenth century (as a sensory warning tool). A whistling buoy of this type was patented by J. M. Courtney of New York (Figure 2), and was said to be in use throughout the US coast in 1885, according to a report in Scientific American.



Since 1989, fifteen OWC plants have been constructed. While some have stopped operating, others are still in use. The first OWC ever constructed was a wave power buoy in the Sea of Japan, constructed in 1983. This OWC plant generated 40 kW of rated electricity using a Wells air turbine power generator. In 1985, the full-sized OWC was installed in Toftestallen, close to Bergen, as part of the more modest Norwegian scheme. The plant used a vertical-axis Wells turbine and had a 500 kW nominal rating. Although the functioning of the plant was not formally reported, it was well known that it was less than anticipated. Due to the steel structure’s bolted attachment to the concrete base failing, the facility collapsed in a storm in 1988. A modest (75 kW) OWC shoreline prototype, equipped with a Wells turbine and installed on the Scottish island of Islay (commissioned in 1991; see Figure 3), was the most notable success of the subsequent years’ activity in Europe, which continued until the early 1990s. In 1989, in Shanwei City, Guangdong province, China began constructing an OWC facility. The plant produced a rated power of up to 100 kW between 1989 and 1991 using an impulse turbine with a fixed waveguide, but it was damaged and could not be utilized after that. Beginning construction on a second OWC facility in 1990 in the Port of Sakata, Japan combined the converter system with the breakwater to produce a rated output of 60 kW using the Wells turbine technology. In the same year as the Port of Sakata facility, India established its first OWC plant, Trivandrum. Trivandrum’s converter system achieved 125 kW of rated power by using a Wells turbine. The turbine was later converted to an impulse turbine by Trivandrum. In 1990, a manufacturing plant was constructed at Vizhinjam, India. The Wells turbine utilized in the first testing phase was swapped out in 1997 for an impulse turbine, which had a guiding vane connected to regulate the vanes’ pitch automatically. The plant’s rated power was 75 kW from April to November and 25 kW from December to March each year.



As they continued to develop the technology, Japan unveiled their first Mighty Whale at Gokasho Bay in 1998. The facility produced up to 110 kW of electricity from its three-chambered OWC floating structure between 1998 and 2001 using a Wells turbine with guiding vanes. Australia developed the Energetech wave energy converter a year after the Mighty Whale was first introduced. With the installation of a variable pitch control Wells turbine, the fixed-structure device was able to attain a 500 kW rated output. The identical Wells turbine with guiding vanes that was previously constructed and utilized in the Mighty Whales was installed in a fixed-structured OWC on Pico Island in the Azores, Portugal, in 1999. Since then, a full-scale permanent structure OWC has allowed the plant to reach a rated output of up to 400 kW. It took a full 12 years to produce power before it was completely deactivated in 2010. Japan made further investments to establish an OWC facility at its port in Niigata. With a maximum recorded power of 800 W, the impulse turbine utilized in the plant achieved a rated power of 450 W. From June to September of 2007, the plant’s four-month operational window was limited. In Galway, Ireland, a 1:4 scale model of a rotating backward bent duct buoy (BBDB) OWC with a CORES backward duct was constructed in 2008. It was driven by an impulse turbine equipped with stationary guiding vanes. It functioned until the year 2011 and reached a maximum rated output of 13 kW. Spain launched the Mutriku approach in 2011 and is still utilizing it now. Biplane Wells turbines, with an output of 296 kW, are used. On Scotland’s Islay Island, the LIMPET facility was constructed in 2012 and has a contra-rotating Wells turbine. The plant produced 500 kW of electricity at first, but the next year it was reduced to 250 kW. This full-scale fixed-structure OWC was in operation from 2012 until 2018. In the Italian harbor of Civitavecchia, REWEC3 was first introduced in 2016. With a Wells turbine and a breakwater-integrated U-shaped OWC system, this still-in-operation plant generates 25 kW of rated electricity. On Yongsoo, Jeju Island, Korea’s OWC plant, which was constructed in 2017, is undergoing a sea trial. It can produce up to 500 kW of power by using impulse turbines with static guiding vanes connected.



A turbine at the aperture of an OWC device uses the fluid’s oscillation at the free surface—a result of repeated incident waves—to drive a volume of air in a single direction. Figure 4 illustrates the principles behind the wave energy conversion in an OWC system. The conversion process consists of two stages. The wave energy compresses the working fluid before the power take-off (PTO) activates, converting hydrodynamic contact into mechanical power. In the subsequent stage, the generator transforms mechanical energy into electrical energy. The OWC device also successfully serves as a pump, capturing wave energy by using the free-surface movement as a piston [23,38,39].



The concept behind OWC involves harnessing wave surface motion to compress the air within a column. Bidirectional airflow and pressure fluctuations occur inside the cylinder as a result of the surface rising and falling in response to wave peaks and troughs. To enable continuous rotation in one direction despite the constantly changing airflow, these bidirectional airflow systems require a turbine capable of self-rectification. The most commonly used turbine in OWCs is the Wells turbine, which was created by Queens University professor Alan Arthur Wells [40]. By using symmetric airfoils, this turbine can spin in one direction regardless of the direction of the airflow, which helps it overcome the problem of variable airflow rates. Other turbine options have been suggested, including the Savonius turbine [41] and the self-rectifying bidirectional impulse turbine [42]. Current research in this area is focusing on potential improvements. One significant benefit of OWCs is their versatility in terms of deployment locations within the sea, depending on their structure and design:




	
Incorporation into breakwaters along the shoreline: This is a widely adopted model that reduces deployment and maintenance costs.



	
Nearshore deployment: They can be utilized in the form of multiple floating OWCs.



	
Offshore utilization: They can be incorporated into buoys and floating constructions.








2.1. Fixed OWC Structure


Although many different approaches to energy extraction have resulted in the design of numerous systems, only a few full-scale prototypes have been constructed and placed in open coastal waters. These prototypes, which are frequently referred to as first-generation devices, are located along the coast or in nearshore areas. The benefit of using shoreline devices is that they do not require long underwater electrical lines or deep-water anchors, making installation and maintenance simpler. The natural concentration of wave energy from diffraction and/or refraction can partially offset the relatively less powerful wave conditions at the coastline (assuming the device is positioned effectively for this reason). The OWC device is built as an open, partially submerged concrete or steel structure below the water’s surface, with trapped air above the free surface (see Figure 5). Incoming waves cause this internal free surface to oscillate, creating airflow via a turbine and driving an electrical generator. The axial-flow Wells turbine, developed in the mid-1970s, offers the advantage of not needing rectifying valves and has been employed in the majority of prototypes.



It has been established both theoretically [43] and experimentally (since the early 1980s) that extending the chamber structure with protruding walls, whether natural or man-made, in the direction of the waves, can significantly improve the process of absorbing wave energy. This results in the formation of a harbor or collector, a concept that has been incorporated into the design of most OWC prototypes. Additionally, Energetech, an Australian company, has created a technique for this use that makes use of a sizable parabolic-shaped collector, which resembles a Tapchan collector. This technology was attempted in 2005 in Port Kembla, Australia, for a nearshore prototype [44]. The primary innovation lies in the converging wall’s size, which is far larger than the OWC’s actual dimensions [45].



The most critical elements in OWC technology, significantly impacting the economic feasibility of wave energy production, involve the design and construction of the structure, excluding the air turbine. The integration of the plant structure within a breakwater offers several advantages: shared construction costs and significantly improved access for construction, operation, and maintenance of the wave energy facility. In 1990, Sakata, Japan’s port saw a groundbreaking example of this integration in action [19], when one of the caissons that made up the breakwater was specifically built to serve as the OWC in addition to the mechanical and electrical apparatus. A few other examples of the concept of a ’breakwater OWC’ have been implemented: the 0.75 MW twin-chamber OWC plant that is scheduled to be installed at the head of a breakwater at the mouth of the Douro River in northern Portugal [46] and the newly built breakwater at the port of Mutriku in northern Spain. The latter features 16 chambers and 16 Wells turbines, each rated at 18.5 kW [47]. Boccotti [48] suggested an alternative geometric method for an OWC incorporated into a breakwater, utilizing a quasi-two-dimensional terminator arrangement. In southern Italy, near the eastern shore of the Strait of Messina, a field experiment was carried out to validate this idea [49].




2.2. Floating OWC Structure


Yoshio Masuda led the invention of floating systems in Japan in the 1960s and 1970s, which were the first OWC converters to be deployed at sea. These comprised the large Kaimei barge and navigation buoys driven by waves. Masuda developed a new design for a floating OWC known as the backward bent duct buoy (BBDB) after realizing the shortcomings of the wave-to-pneumatic energy conversion in the Kaimei system. It was discovered that the BBDB design, which has the OWC duct orientated backward from the direction of the incident waves, had benefits over the forward-facing duct variant [50]. This configuration kept the floating structure’s draft within reasonable bounds while enabling a long enough water column to reach resonance. Several nations, including Japan, China, Denmark, Korea, and Ireland, studied and tested the BBDB converter concept. In China and Japan, it was employed to supply power for around one thousand navigation buoys [51,52]. Ireland has been working on creating a large-scale BBDB converter that can be used in open waters for some time now. Since late 2006, tests have been conducted in the protected waters of Galway Bay in western Ireland using a 1/4th-scale model that is 12 m long and features a horizontal-axis Wells turbine [21].



The Japan Marine Science and Technology Center developed the Mighty Whale, another floating OWC converter, following theoretical studies and wave tank testing. A full-scale model with a floating structure of 50 m in length, 30 m in width, 12 m in draft, and 4400 tons in displacement was then developed and built. The structure incorporates three air chambers positioned at the front, arranged side by side, as well as buoyancy tanks [53]. A Wells air turbine attached to each of these air chambers powers an electric generator, yielding a total rated power output of 110 kW.





3. Hydrodynamics of OWC


Due to the accessibility of wave patterns, period information, and awareness of geographical and climatic wave factors, regulating the effectiveness of energy conversion and peak-to-average power in OWC systems is easier than in other technologies. Additionally, OWCs are adaptable to various shoreline configurations, making them reliable and low maintenance, thanks to their limited moving parts, especially underwater. Theoretical studies play a crucial role in revealing hydrodynamic characteristics, primarily using linear water wave theory. The practicality and efficiency of the linearized approach have led to the continuous development of theoretical studies for OWC devices [54,55,56,57,58,59,60]. [24] investigated the behavior of the OWC device near an impermeable wall using the Galerkin technique (see Figure 6). Using the eigenfunction expansion method, [61] examined the radiation and diffraction problem for a circular OWC. Utilizing an eigenfunction expansion approach and a cylindrical coordinate system, [25] investigated the wave power extraction effectiveness of a floating, circular OWC device. [62] employed the eigenfunction expansion and boundary element method to investigate the impact of a single OWC device over a changing bottom topography (see Figure 7).



As we approached the twenty-first century, theoretical models became more developed and widely used to study the effectiveness of OWC devices with more geometrically complex features when subjected to more plausible external environments; the objective was to meet the demands of commercial usage as quickly as possible [26,63]. In a study on the linked hydro-electromechanical action of a two-dimensional piezoelectric device, [64] found that the device could absorb sufficient energy for low-power electronics, such as wireless networks, LEDs, computers, and sensors. [22] presented a review on floating WEC and a technique for mooring design.



The roles of the turbine power take-off system (PTOS) and the surrounding environment in extracting wave power from an offshore breakwater-integrated Oscillating Water Column (OWC) have also been explored. A conventional OWC consists of a hollow pressurized chamber with an open undersea bottom and a PTOS on the chamber’s roof. It is also found that by tuning the PTO dampers for maximum power, the extraction of wave power and attenuation of wave can be achieved. Further, the PTOS of WECs can be classified into the following (i) direct-driven PTOS, (ii) hydraulic PTOS, and (iii) mechanical PTOS [29]. A finite element analysis on the wave power absorption by an array of OWC was conducted by [65]. By using the CFD model, [27] studied the effects of PTO damping and the efficiency of an onshore OWC. The wave power dissipation by an array of floating/submerged permeable flexible plates was investigated using analytical techniques given by [66,67]. Assuming that the permeability of the flexible plates serves as a simpler mechanism for power take-off, the significant potential of elastic plates for wave energy extraction has been shown. Using vertical power take-off (PTO) mechanisms that connect a floating circular plate to the seabed, [28] presented a system for extracting wave energy. Most recently, [68] studied the effectiveness of a hybrid WEC device made up of a piezoelectric plate and an OWC device. Later, [69] investigated the extraction of wave power from a clam-type wave energy converter. Additionally, the performance of an OWC device and a piezoelectric plate placed on an undulating seabed were examined by [68] using the boundary element approach and taking into account the Bretschneider spectrum for irregular incident waves (See Figure 8).



In addition, multi-chamber OWCs are anticipated to be constructed to fully harness the local wave power and produce large quantities of energy [70,71]. A hypothesis was developed by [72] to estimate the efficacy of multiple OWCs in a given depth reflecting wall. They used the simple technique of the matched asymptotic expansions approach to construct the approximation theory. A thorough experimental investigation on the power absorption effectiveness of an array of multi-resonant OWC wave energy caissons was conducted by [73]. [74] conducted a theoretical analysis of wave energy absorption caused by multiple OWCs. By employing the finite element method, [65] investigated the effectiveness of a multi-chamber OWC. They noticed that even at great distances, nearby OWCs had a significant influence on the power collection efficiency of individual devices. According to research conducted by [75], the efficiency of the device may be significantly increased across a broad frequency range by placing a dual OWC chamber on a sloping sea bottom (Figure 9).



[76] provided an effective theoretical framework to investigate the efficacy of a free-floating array of OWC, showing substantial improvements in recovered power for arrays spaced apart within the water columns. The hydrodynamic characteristics of a hybrid wave farm made up of both OWCs and point-absorber WECs were assessed in the studies [77,78] (Figure 10). [34] considered the analysis of a 3D water column by employing Bessel and modified Bessel functions in cylindrical coordinates. The impact of the frequency ratio—that is, the ratio of the device’s natural frequency to the wave frequency—on the operation of a moored OWC device was examined by [79]. [71] utilized a CFD tool to study the effect of connection type and the angle between the float arm and the float in an octagonal truss-type structure integrated with multiple WECs. The array of cylinder OWC was modeled by [80] using a second-order time-domain higher-order boundary element method (BEM) (see Figure 11). The impact of wave load excitation on the U-OWC structure during extreme wave events was studied experimentally by [81]. [82] conducted a numerical study to determine the hydrodynamic efficiency of an OWC device for using sea waves to generate electricity in both regular and irregular wave settings.



In real sea environments, the irregular nature of incoming waves necessitates analyzing the performance of oscillating water column wave energy converters (OWC-WECs) under random wave conditions. [83] conducted experimental research focusing on an OWC-WEC positioned above an underwater mound. [84] explored the functioning of OWC-WECs across various seabed profiles (flat, sloping, curved), concluding that the efficiency of these systems increases with reduced wave steepness due to seabed shapes and increased flow, particularly in deeper waters. [85] introduced a dual-mass system to assess the hydrodynamic performance of OWC-WECs, highlighting the positive impact of stepped bottoms on efficiency, particularly in facing irregular incoming waves. [86] specifically examined an L-shaped OWC-WEC’s performance under random wave conditions, emphasizing the significant influence of submergence depth on both the amplification factor and hydrodynamic efficiency. [87] used a 1:15 model to experimentally analyze OWC-WEC performance under random waves, noting the direct influence of wave spectrum on the chamber’s spectral shape within the OWC-WEC. [88] investigated breakwater-integrated floating WECs under potential theory assumptions, highlighting the crucial role of the seaside wall in improving hydrodynamic performance. In a recent study, [89] explored OWC-WEC performance integrated with a cylindrical caisson breakwater, demonstrating substantial optimization potential, with peak efficiency reaching up to 81% under specific designs.




4. Recent Sea-Tested OWC Prototypes and Plants


The Kaimei floating vessel in Japan was one of the first OWC prototypes to be placed into the ocean in the 1970s. As shown in Figure 12, a fixed offshore plant was built in 2016 close to the shore of Jeju Island, South Korea. These facilities are equipped with two 250 kW rated power self-rectifying axial-flow impulse turbines. Since the beginning of wave energy technology, integrating wave energy converters into harbor safety structures has been considered a desirable alternative. This approach makes construction, installation, and maintenance easier and incorporates cost-sharing for structures with many uses. In Mutriku Harbor in Spain’s Basque Country, a breakwater with sixteen OWCs was constructed. As shown in Figure 13, this facility, which was completed in 2012, was outfitted with sixteen bi-plane Wells turbine–generator sets, each powered at 18.5 kW.



In the port of Civitavecchia, Italy, a considerably larger breakwater with 124 OWCs was built; the project was finished in 2016 (as shown in Figure 14). Initially, only one turbine of the bi-plane Wells type was temporarily installed. The Civitavecchia OWCs, designed by [91], have a U-shaped form that enables a longer OWC that can easily attain resonance, all the while maintaining the mouth close to the sea surface (as depicted in Figure 15). The concept of U-OWC breakwaters is intended for replication in other locations in Italy. Recently, in Portland, Oregon, USA, a life-sized prototype was constructed to deploy it in Hawaii (as illustrated in Figure 16).



The spar-buoy OWC converter is another version of the floating OWC idea. It is made up of an axisymmetric float with an extended coaxial vertical tube that opens to the sea at its lower end, containing the water column. This concept has been subject to thorough theoretical, numerical, and wave tank studies in recent years. In the Basque Country, Spain, at the BiMAP test site, a scaled-down prototype of around one-third its original size was built and tested in 2018 and 2019. An air turbine that was 30 kW bi-radial and self-rectifying was installed on the converter. The turbine–generator combination had already gone through a year-long testing phase at one of the OWCs inside the Mutriku breakwater. Additionally, in 2018–2019, the MARMOK-A-5 spar-buoy OWC was equipped with a 30 kW biradial turbine that had been tested at Mutriku. This turbine was then placed in the BiMAP test site in the Basque Country, Spain (as shown in Figure 17).



In the case of the spar-buoy tube, the lower opening is positioned at a significant depth below the sea surface, typically around 30 m. Consequently, the absorption of wave energy primarily occurs through the interaction between the oscillating float and the surrounding waves. Alternatively, as seen in Figure 18, the co-axial tube OWC offers a situation that is similar to an axisymmetric floating form of Boccotti’s U-OWC. The tube’s upward-facing aperture in this configuration is located close to the water surface. Furthermore, the hydrostatic restoring force is also relatively low because of the small water plane area, which is the annular cross-sectional area of the inner tube wall at seawater surface level. The floating structure acts as a semi-submersible structure, and as a result, the frequency of its free oscillations is also small. This unique characteristic results in weak excitation of heave and pitch oscillations by sea waves, making this type of WEC suitable for integration into multi-use floating platforms. Within the scope of the H2020 project, WETFEET, a group consisting of five of these OWCs—rigidly connected in an array—underwent model testing in 2017 (as shown in Figure 18). Most recently, [92] studied the effect of an array of arbitrary trenches on the slanted OWC attached to an impermeable sea wall.




5. Computational Fluid Dynamic (CFD)


Wave energy converters represent a modest yet theoretically significant segment of the global renewable energy portfolio. However, for the WEC industry to be competitive with offshore wind or solar energy, it must advance viable prototypes that can be upscaled for commercial deployment. To effectively assess performance indicators during the initial design stages, the adoption of robust and reliable numerical modeling methods is imperative. CFD algorithms, capable of solving Navier–Stokes equations (NSEs) or addressing Reynolds-averaged Navier–Stokes (RANS) problems, offer the means to handle intricate nonlinearities that may pose challenges for other approaches. The three most commonly utilized approaches for numerical modeling of WECs include the linear and nonlinear potential flow approach, the fully non-linear potential flow technique, and the CFD method, which can solve the NSE for both single and two-phase fluids. Accurately modeling the two-phase fluid interface in the chamber where air and water interact is one of the primary challenges with the CFD approach.



CFD simulations of oscillating water column (OWC) systems allow for a quantitative assessment of their energy and power performance potentials. Through computational modeling, we derive estimations of the mean annual energy production (AEP) based on wave interactions with the OWC chamber. This calculation typically yields values in kilowatt-hours (kWh) per unit area, providing an estimate of the average energy output over a defined period. Furthermore, CFD analyses facilitate the determination of the instantaneous power output by evaluating air movement within the chamber during different wave conditions. Additionally, conversion efficiency, expressed as a percentage, can be quantified by assessing the system’s ability to convert incident wave power into usable electricity.



A crucial aspect impacting the power potential of OWC systems lies in the multiple zero crossings during a wave’s period, directly influencing force and velocity interactions. In the realm of CFD, zero crossings during a wave’s period present intricate challenges impacting force–velocity interactions within OWC systems. CFD simulations enable the visualization and quantification of these fluctuations in force and velocity. These moments of minimal or zero force and velocity pose a challenge to sustained power generation, requiring specialized attention to optimize energy extraction. The simulations facilitate a detailed understanding of how these fluctuations affect the pressure differentials and airflow rates crucial for power generation. By quantifying these impacts, strategies can be formulated to enhance energy capture during these critical intervals. Utilizing CFD-derived insights, design modifications can be proposed to mitigate the adverse effects of zero crossings. Tailoring the chamber’s geometry or implementing adaptive mechanisms, informed by CFD predictions, can optimize energy capture during these transient periods. CFD simulations also aid in evaluating the effectiveness of control strategies, such as dynamically adjusting the chamber configuration or air column response and maximizing energy extraction despite zero crossings.



In a study conducted by [93], a two-dimensional CFD simulation verified through experimentation and implemented using Fluent software was employed to assess the impact of the frontal lip of the OWC chamber on the device’s hydrodynamic performance. In reference to [93], it was observed that making minor modifications to the frontal wall of the chamber, such as increasing its thickness or introducing curvature, can lead to substantial enhancements in the effectiveness of the OWC. [94] employs an innovative approach for the three-dimensional modeling of an OWC that addresses the interaction between waves and the structure (Figure 19). Using CFD simulations, the RANS equations for two incompressible phases—air and water—must be solved. CFD findings for airflow velocity with time are shown in Figure 20 by [94].



A 3D CFD model was also created by [95] using the NSE to investigate the hydrodynamics of a bottom-mounted OWC mechanism. Their research revealed that vortex shedding greatly enhances the spatial resolution of the OWC cylinder. [95] presents a 3D depiction of the simulation of OWC and wave height patterns inside the OWC cylinder, which is shown in Figure 21.



In reference to [96], a 3D CFD method for assessing stationary multi-chamber OWC equipment was introduced, and the CFD results have been demonstrated to align with experimental findings. In order to effectively decrease the expenses associated with OWCs, [97] examined the potential for structural optimization. They analyzed an OWC in a three-dimensional space with an extra vertical channel employing a one-way coupled hydraulic-structural numerical simulation. This design encompassed both a fluid and a solid domain. The study found that a 2D model might be appropriate for feasibility studies by removing the solid domain and making use of the feature that water pressures display homogeneity over the transverse width, significantly simplifying the simulation. Their results are shown in Figure 22, where maximum inflow conditions are shown in the top row and maximum outflow circumstances are shown in the bottom row.



The efficacy of a novel hybrid WEC device that combines an overtopping device and an OWC inside a rubble mound structure was investigated by [98]. Based on the findings of a physical model research carried out at a geometric scale of 1:50, this assessment was made. The device’s performance was optimized by numerical simulations using ANSYS Fluent prior to the experimental observations. The effectiveness of both capture methods was assessed, and the hybrid WEC’s ability to capture wave power was calculated. The research demonstrated that across a broader range of wave circumstances, the hybridization of these technologies might produce more effective outcomes than each of them individually. Later, using the CFD program OpenFOAM, [99] carried out a numerical investigation to examine the hydrodynamic properties of an OWC device linked with a submerged horizontal sheet.




6. Conclusions


In this paper, we conducted a comprehensive analysis of research gaps to gain insights into the current trends in the field of WECs and OWCs. The research demonstrates that numerous opportunities exist for optimizing the design of OWCs, exploring diverse deployment methods, implementing multi-functional OWCs, and innovating wave and wind energy harnessing techniques. It also emphasizes how simple the OWC WEC is to use in capturing wave energy, with its few moving parts, low complexity, and adaptability to be integrated into various other WECs or even complementary renewable energy sources like wind turbines. The goal is to offer researchers a well-defined path for selecting the most suitable method for their project implementation.



Substantial advancements have been made since the introduction of early self-rectifying air turbines, namely the axial-flow Wells and impulse turbines, in the mid-1970s. Model testing indicates that modern turbine designs can achieve peak efficiencies of approximately 80% and average efficiencies above 70% in random wave conditions. This positions the air turbine PTO system in direct competition with high-pressure hydraulic circuits or direct electrical energy conversion utilizing linear generators. In the near future, it is equitable to anticipate that efficiencies comparable to those of more conventional turbines, such as steam, gas, and hydraulic turbines, will be obtained.



The primary approach commonly utilized for theoretical hydrodynamic modeling of OWC relies on linear water wave theory and hydrodynamic coefficients, particularly when conducting control studies. The Reynolds-averaged Navier–Stokes (RANS) equations are the foundation of many computational fluid dynamics (CFD) methods, while their use is frequently limited to two-dimensional configurations and regular wave conditions. Similar to other wave energy converters, a crucial stage in OWC development involves model testing, typically conducted in wave tanks or wave flumes. However, addressing the air chamber’s compressibility effect and accurately simulating the air turbine in model testing presents specific challenges that have not always been adequately resolved. Phase control represents a domain where significant enhancements in power efficiency and economic feasibility can be anticipated with only marginal additional expenses. For OWC, latching-based phase control emerges as the most feasible approach, although certain mathematical control challenges must be adequately addressed before practical implementation.
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Figure 1. Layout of Masuda’s navigation buoy ([37] 2006). The airflow via the rectifying and turbine valves is shown in detail on the right. 
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Figure 2. Courtney’s whistling buoy ([23] 2012). 
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Figure 3. Oscillating water column on the island of Islay, Scotland, (courtesy of M. Folley). 
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Figure 4. Working principle of OWC ([38] 2019). 
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Figure 5. A view showing the cross-section of a bottom-standing OWC (Pico plant). 
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Figure 6. Oscillating water column ([24] 1995). 
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Figure 7. Single oscillating water column ([62] 2013). 






Figure 7. Single oscillating water column ([62] 2013).



[image: Jmse 12 00342 g007]







[image: Jmse 12 00342 g008] 





Figure 8. Piezoelectric plate and the OWC device placed over an undulated seabed ([68] 2023). 
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Figure 9. Dual chamber OWC ([75] 2015). 
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Figure 10. Hybrid wave farm [77]. 






Figure 10. Hybrid wave farm [77].



[image: Jmse 12 00342 g010]







[image: Jmse 12 00342 g011] 





Figure 11. Quad OWC platform ([80] 2022). 
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Figure 12. Bottom-mounted OWC, Jeju island, South Korea ([90] 2022). 
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Figure 13. Mutriku harbor breakwater. 
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Figure 14. Breakwater at Civitavecchia ([90] 2022). 
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Figure 15. Cross-section of the Mutriku conventional OWC and the U-shaped OWC of Civitavecchia breakwater ([90] 2022). 
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Figure 16. Full-sized prototype in Portland, (2019) [90] 2022. 
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Figure 17. MARMOK-A-5 spar-buoy OWC Spain [90]). 
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Figure 18. University of Plymouth (2017) [90] 2022). 






Figure 18. University of Plymouth (2017) [90] 2022).



[image: Jmse 12 00342 g018]







[image: Jmse 12 00342 g019] 





Figure 19. The oscillating water column scheme ([94] 2015). 
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Figure 20. The vertical air velocity within the chamber throughout a pressurization–depressurization cycle (a) t = 21.70 s; (b) t = 22.00 s; (c) t = 22.20 s; (d) t = 22.50 s; (e) t = 22.80 s; (f) t = 23.10 s; (g) t = 23.80 s; and (h) t = 24.40 s; and (i) t = 24.90 s ([94] 2015). 
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