

  sustainability-08-01342




sustainability-08-01342







Sustainability 2016, 8(12), 1342; doi:10.3390/su8121342




Article



Wave Energy Exploitation System Integrated in the Coastal Structure of a Mediterranean Port



Stefania Naty *, Antonino Viviano and Enrico Foti





Department of Civil Engineering and Architecture, University of Catania, Via S. Sofia 64, 95123 Catania, Italy









*



Correspondence: Tel.: +39-095-738-2729







Academic Editor: Gregorio Iglesias Rodriguez



Received: 30 September 2016 / Accepted: 16 December 2016 / Published: 20 December 2016



Abstract

:

A feasibility study for installing Wave Energy Converters (WECs) in a Mediterranean port is presented here. The final aim is to evaluate the possibility of building a green touristic infrastructure in a site having ordinary wave energy. In particular, the site of interest is Giardini Naxos, which is located in the northern Ionian coast of the island of Sicily (Italy). A preliminary estimation of the available energy has been carried out. The chosen type of WEC device is the Oscillating Water Column (OWC) system, which is found here to allow for good integration with the vertical breakwater needed for the extension of the existing port. Its feasibility is evaluated from the structural and economic point of view. Towards this aim, the system is tested in the laboratory for estimating the reflection coefficients and the pressures on the structure, which allow us to carry out the optimization of the OWC breakwater. Furthermore, the air turbine noise is estimated and an attenuation chamber is designed to reduce such noise to within acceptable levels. The economic feasibility study allows for an evaluation of the recuperation period of the investment, which is slightly less than the service life of the WEC device.
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1. Introduction


Interest in the renewable energy resources has increased in recent years [1,2]. In particular, countries with suitable coastlines are able to exploit wave energy that is associated with the motion of the water surface, produced by wind currents blowing across the sea. Such a form of energy is not uniformly distributed throughout the world [3,4,5,6] and being generally weak in enclosed seas, is therefore scarcely used for energy exploitation. In particular, the wave energy availability in the Mediterranean Sea, in terms of mean annual wave power, gives values in a range of 2–12 kW/m [7,8,9,10,11,12,13]. The areas of the highest energy are located on the western coast of the island of Sardinia, near Alghero (Italy) [14,15], where the mean power is about 12 kW/m. Nevertheless, such values are low if compared with those achieved along the west coast of Europe, of Scotland and Ireland, where the mean power is 75 kW/m [4,16].



Within the Mediterranean Sea, the present study focuses attention on the coasts of the island of Sicily (Italy). The energy around these coasts was studied comprehensively in [8], where hotspot areas of energy concentration were selected and studied, by means of a third-generation model. Thus, the wave data around Sicily was estimated with a high degree of detail with steps of 400 m for the depths shallower than 50 m. Starting from the data from the European Centre for Medium-Range Weather Forecasts (ECMWF), the study analyzed a period of about fifteen years. The highest energetic areas were found to be located along the western and southern coasts of Sicily, with maximum values of mean power equal to 8 kW/m and 6 kW/m. Furthermore the minimum annual energy levels are reached on the northern and eastern sides of the island, with mean power in the range of 2–3 kW/m.



The exploitation of wave power needs the installation of Wave Energy Converters (WECs), for the transformation of part of the wave motion into electricity. More than one thousand WEC devices have been patented since 1799 [14]. A classification of the WEC system is proposed in [16], which considers: (i) location of the device in respect of the coast; (ii) size and direction of the device compared to the incoming wave; and (iii) working principle. Among such devices, attention is focused here on towards those types of WECs which can be embedded into the breakwater of the port, both in vertical wall and rubble mound dykes. Specifically, four types of systems are considered here: Oscillating water column (OWC) devices, modified OWC systems with an U-shaped internal conduit (U-OWC), point absorber and overtopping devices.



The first two kinds of systems (i.e., OWC and U-OWC) are based on the same working principle: the wave motion causes a variation of water level which enters, through a gap at the front vertical wall in an internal chamber where the air is compressed and decompressed. In this way, the flux of air crosses a turbine which can operate in both directions [16,17,18,19,20]. Additionally, the U-OWC system presents a further vertical duct, before the air chamber, which increases the oscillating period of the system and makes such a period close to the typical wave periods of sea waves, so increasing the overall performance of the device [21,22].



The point absorber is a floating body that absorbs energy from all direction of the wave through its movements near the water surface. Its application is of greater interest when large arrays of absorbers are considered [23,24].



Overtopping devices are based on the wave run-up mechanism over a slope. The overtopping flow of the waves is collected in a reservoir behind the slope. Such systems use the difference of level, between the reservoir and the sea, through a hydraulic turbine [25,26,27,28].



Some of the WECs described above have been embedded inside breakwaters for the protection of ports. In particular, an OWC device was installed in Mutriku, Spain [29]. That device is located inside a vertical breakwater for a length of about 100 m; it is composed of 16 caissons, arranged to a curvature of 220 m. Each caisson has a trapezoidal shape of about 6 × 12 m and contains 16 turbo-generators. Energy produced by the system was expected to be 600 MWh/year [29]. That system no longer produces energy since the structure was damaged by a violent storm in 2009.



A full scale U-OWC breakwater is being constructed at the harbor of Civitavecchia, Italy. This breakwater embodies 19 caissons, each including 8 cells, 34 m long [22]. The vertical duct is 1.60 m wide and the U-duct opening is located 2.00 m below the mean water level, so that the opening is not always below the free surface; the pneumatic chamber is 3.20 m wide. In such an installation the turbine duct is protected during severe sea states, as the impact of the inner free surface with the turbine can damage the device. The system is estimated to absorb 57% of the incident wave energy for the most frequent sea states. However the estimated performance of the system is reduced to 23% due to the presence of Wells turbines [30].



In 2015 an overtopping device was installed in the port of Naples, Italy. The device is denominated OBREC (Overtopping BReakwater for Energy Conversion) and represents the world’s first WEC prototype, completely embedded into a breakwater, which exploits the wave overtopping process [27,31]. It was installed inside an existing breakwater in an area of 75 m2, replacing part of the seaward armor layer. In the machine room, three low head turbines were located in order to convert potential energy into kinetic energy and then in electrical energy by means of a generator. The total power installed was 2.5 kW.



The feasibility of installing WECs inside a breakwater for port protection is investigated in the present work, by considering a site having ordinary wave energy availability. The main goal is to identify a convenient strategy for exploiting wave energy, also in enclosed seas like the Mediterranean. Attention is focused here on the main advantages and issues related to the presence of WECs inside the breakwater of a port. Energy, reflection, loadings, noise and economic payback are considered in detail. To begin with, a physical model was implemented in order to test the chosen device and to achieve reliable data for the carrying out of the feasibility study.



The site of interest and the choice of WEC typology are described in Section 2. Section 3 shows the laboratory tests carried out, by considering different configurations of the chosen kind of device. The results of the physical modeling are used in Section 4 in order to evaluate wave reflection, loadings and noise. The structural and economic feasibility is carried out in Section 5, where a reliable solution is achieved for the design of the breakwater. Finally the main conclusions are drawn in Section 6.




2. Choice of WEC System for the Case Study


The site of interest for the feasibility study is Giardini Naxos (in Italy), which is situated along the east coast of the island of Sicily, as shown in Figure 1. A summer seasonal port is located in front of Giardini Naxos, which is constituted by a breakwater 250 m long, having a quay at its shoreward side. In the summer, the water surface protected by the breakwater is used for berthing by means of floating docks. At present, the port requires maintenance intervention. In such a context, there are plans to improve and extended the infrastructure.



The widening of the port includes the construction of a new lee breakwater and the extension of the existing main breakwater. Therefore, the berths for yachts and cruise ships will be expanded. The growing concern about energy sustainability prompted the developer to investigate the feasibility of building a green infrastructure, by using renewable energies for the lighting of the port. In particular, the installation of a WEC system inside the new part of the main breakwater is investigated here.



At the beginning, the available energy at the site of interest is estimated on the basis of annual offshore wave climate toward the coast [9]. In particular, the wave mean power distribution around the island of Sicily is shown in Figure 1b, from which the values in front of Giardini Naxos (red dot) are extracted. The chosen low wave power site allows us to evaluate the feasibility of installing WECs also in low energy sites.



The available energy distributions are shown in Figure 2, Figure 3 and Figure 4, as a function of wave direction of propagation and of wave conditions respectively. Such distributions highlight the fact that the greatest part of offshore mean power comes from the sector 60°–210° N, while a small energy component arrives from the North. In more detail, the offshore annual mean power is equal to 1.75 kW/m and is mainly due to sea states having significant height in the range 0.5–2 m.



The wave propagation is carried out from offshore toward the zone where the breakwater will be extended, i.e., at the bathymetric −20 m. The corresponding mean power reduces its intensity to 0.76 kW/m and is more focused near to a direction perpendicular to the bathymetries, i.e., 120° N. Furthermore, the annual energy is concentrated in sea states having significant height in the range 0.5–1 m and energetic period Te = 6–8 s.



Since the site of interest is characterized by low wave energy, it is important to choose a WEC system optimized for the case study and to install such devices in that part of the port most exposed to waves, i.e., the extension of the main breakwater. As shown in Figure 5 and Figure 6, the dam extension will be carried out for a length of 176 m, with a plane vertical wall at its offshore side. The caisson will be filled with dredging inert material and with concrete at the top.



Only the first 80 m of the extended part of the dam can contain a WEC, since the final section of the breakwater will include a building which accommodates berthing services for yachts and cruise ships. The WEC system to be located inside that breakwater have been chosen among three types, namely OWC, U-OWC and OBREC, which have been already introduced in Section 1. The applicability of each system, for the case study, is compared here on the basis of the following consideration and of the sketches shown in Figure 7.



In particular, rubble mound breakwater cannot be realized in the site of the study, because of the high water depth (greater than 14 m). Furthermore, the development of the port needs to allow for the possibility of provisional docking for large ships at the offshore side of the dam. The point absorber cannot be installed in the site for the same reason. Therefore OWC and U-OWC systems can be installed here much more easily. Moreover the working principle of the OBREC requires the presence of a slope.



The choice between OWC and U-OWC devices is accomplished on the basis of the analysis of the corresponding schematic transverse section, shown in Figure 7. As specified above, the planned extension of the main breakwater in Giardini Naxos needs a vertical wall under the free surface, for the provisional docking of cruise ships which can have drafts greater than 9 m. Therefore the U-OWC system cannot be used here, for the presence of the submerged U-duct which would impede the large ships to berthing. On the contrary, the choice of the classic OWC system doesn’t require many changes to the planned extension of the port breakwater. Its footprint and maximum height are unchanged, so the increment of the costs for breakwater construction should be limited. The following analysis compares hydrodynamic, structural and economic aspects of embedding the chosen WEC device in the breakwater.




3. Physical Model Setup


The configuration of the active part of the OWC system is chosen on the basis of physical model tests, carried out in a wave flume at University of Catania, with a scale 1:75 of Giardini Naxos (see Figure 8). The OWC model is installed at the bottom of the horizontal channel, 16 m far from the wavemaker. Such a model covers the 1 m width of the flume by means of 11 separated chambers, each having internal transversal length Bt = 0.08 m, height ht = 0.28 m and longitudinal width B = 0.05 m. Furthermore, water depth is h = 0.19 m at still conditions, the anterior wall submergence a may vary in the range 0.05–0.155 m, the gap opening in vertical wall hi varies with a (hi = h − a).



An orifice is inserted inside a vertical conduct, at the top of the caisson, to simulate the air pressure losses due to the installation of a turbine. Two diameters of orifice d0 are tested, i.e., 0.01 m and 0.006 m, giving surface ratio between orifice and chamber (A0/Ac) equal to 1.96% and 0.71%, respectively.



Interactions between waves, front wall and rear air chamber of the model are monitored by means of six wave gauges and three pressure sensor. In detail, three wave gauges (WG01–03) are installed in the center of channel, about 2 m far from the structure. Such gauges are used for the evaluation of the reflection coefficient. Furthermore two gauges (WG04–05) are placed in front of the structure for the evaluation of the wave motion near the front wall. The last wave gauge (WG06) is inserted in the central chamber of the model, in order to furnish data on the air-water interaction inside the OWC.



Three pressure sensors (P01–03) are installed inside the device, each of them being 0.1 m long. P01 and P02 are placed along the front wall, for the evaluation of the loadings. Such sensors are placed in a lateral chamber, in order to avoid their influence on the surface water measurements, since the width of internal chambers is similar to the length of the sensor. The last pressure sensor (P03) is located at the top of the central chamber, and it is used for the study of the air inside the OWC. Data of surface elevation and pressure signal are recorded at frequency 1000 Hz, in order to allow reliable measurements of the peaks for impulsive waves and loadings.



All the wave conditions tested in the laboratory are irregular with mean JONSWAP spectrum with a shape parameter χ1 = 3.3 and χ2 = 0.08. The first column of Table 1 contains tests names, which are defined by considering both wave height and peak period. The following columns contain significant incident wave height Hm0,i, peak wave period Tp and the wave steepness S, ratio between wave height Hm0,i and wave length Lp. In particular, the last parameter varies in the range 0.016–0.039.




4. Interactions between OWC and Wave Motion


The available data of the physical model tests are here coupled with wave climate at Giardini Naxos and with literature studies in order to evaluate the main effects of the interaction between wave motion and OWC system, in terms of wave reflection, loadings and noise. In particular, the variability of both front wall submergence and orifice opening has been studied, by means of physical model measurements on wave motion and pressure. The estimation of the noise produced by the system is executed on the basis of a sea state condition representative of the annual wave motion. All the results reported here allow one to carry out the design of the breakwater, with embedded OWC device, for the site of interest.



4.1. Reflection Coefficient


Incident waves interacting with coastal structures are partly reflected by those structures. A reflection coefficient Cr can be introduced for random waves, defined as the ratio between reflected and incident significant wave heights. Such a coefficient assumes a maximum fixed value for vertical wall breakwaters: Cr = 0.9 independently from the characteristics of waves [32]. On the contrary, reflection coefficient assumes lower and variable values for Jarlan type caissons [33] and combined caisson with internal rubble mound [34,35], as function of the characteristics of waves and structures. Reflection coefficient behavior for OWC breakwaters is similar to that of Jarlan type caissons. Furthermore such a coefficient is expected to increase, up to 0.9, with increasing front wall submergence a, since the OWC would become a vertical wall if submergence was equal to water depth.



The influence of the PTO damping on the energy conversion has been investigated in [36] for regular waves and in [37] for irregular waves. The orifice used in the tank test in place of a PTO system may provide constant damping coefficient. Nevertheless, the orifice influences the reflection coefficient, causing a maximum value for the closed duct and a minimum value for the optimized orifice dimension [38,39,40]. In the physical model of Giardini Naxos, PTO is substituted with a restriction, i.e., an orifice.



Reflection coefficient is estimated here by means of three-probes method [41]. Such a method uses three wave gauges, i.e., WG01, WG02 and WG03 (see Figure 8), placed at reciprocal positions x12 = 18.5 cm and x13 = 34.5 cm, which correspond to the distances WG01-WG02 and WG01-WG03, respectively.



Figure 9 shows the influence of relative front wall submergence a/h and of relative orifice section A0/Ac, where A0 = π/4·d02 is the area of the orifice, Ac = B·Bt is the horizontal section of internal chamber. Reflection coefficient is represented as a function of the ratio between the width of internal chamber and the peak wave length B/Lp. In particular, Cr is in the range 0.55–0.9 for the greatest values of B/Lp. Furthermore, Cr tends to converge toward the value 0.7 when B/Lp decreases, independently from the geometry of OWC. The variability of orifice diameter does not influence appreciably the reflection coefficient, in this case, because the orifice diameter tested are near the optimum value and are less influential than the wide of the chamber. However it is possible to observe that the Cr moves toward 0.9 for highest submergence a and smallest orifice diameter d0, since in such a condition wave energy conversion is poor and the OWC acts like a vertical breakwaters.



The influence of front wall submergence plays a key role on reflection coefficient when B/Lp > 0.02. In particular, minimum values of Cr are found when the relative submergence a/h = 0.45, independently from orifice diameter. Therefore, such a value of relative submergence represents an optimum for the tested device which can be used to design the OWC breakwater for the case study.



The obtained reflection coefficients are compared with results of large scale tests [38], giving reflection coefficients about 10% bigger than the large scale experiments, for similar B/Lp. Such a difference has been considered fairly acceptable for the tests carried out.




4.2. Loadings


The effects of front wall submergence and orifice opening are investigated by analyzing loadings at the front wall, i.e., the weakest structural part of OWC devices [29]. The measured loadings are compared with Sainflou formulation for vertical wall breakwaters [42], with the aim of evaluating the reliability of such a simple formula in the case study.



Pressures on the front wall are recorded by means of sensors P01 and P02 (see Figure 8), located at the mean water level and at the lower edge of that wall respectively. The signals are sampled at 1000 Hz, in order to allow for a reliable measurement of the peaks for impulsive waves. The analysis of the signal is conducted by filtering only negative values of pressures, in order to exclude peaks due to wet and dry effect on the probes [38].



Instantaneous forces per unit length are obtained from the filtered signals of pressure, by integrating them along the front wall, up to the free surface elevation. Such an elevation at front wall is estimated by an extrapolation of the signals measured at the closest wave gauges, i.e., WG04 and WG05.



The greatest four peaks of the loadings are extracted from each test of 1000 waves. The average value of such peaks represents the 1/250 maximum value of the signal [43,44] that is more reliable than Fmax on a range of 1000 wave. Such a maximum has been obtained both for force and pressures at the front wall. In particular, the maximum pressure profiles are shown in Figure 10, for tests having the same incident waves (labeled H50T12 in Table 1), and different orifice relative section A0/Ac, equal to 0.71% and 1.96% respectively. Four different front wall relative submergences a/h are also present, varying in the range 0.26–0.82. The highest point of pressure profiles is a 1/250 maximum surface elevation, corresponding to the mean value of free surface registered at the peaks of the loading. The pressure is divided by ρgHm0,i, so obtaining a dimensionless pressure parameter. Furthermore, the elevations z are made dimensionless by dividing it by the water depth h.



The resulting pressure profiles of the Sainflou formulation are also shown in Figure 10, as a thick line. Such a formulation is applied starting from the wall submergence of each tested geometric configuration of OWC, since it is valid for vertical walls. The Sainflou formula is shown to be fairly reliable here because all the tested wave conditions are far from the breaking limit, and they do not cause impulsive loadings. Nevertheless, the maximum free surface elevation predicted by such a formula show a small underestimation of the measured values. On the contrary, the pressures at the lowest part of the front wall are always overestimated by predictions of Sainflou formula.



The effect of submerged front vertical wall is evident when a/h reaches its smallest value, i.e., 0.45. In such a case the maximum pressure (1/250) at mean water level is greater than the one predicted by means of Sainflou formula. The increase of orifice dimension causes a slight reduction of measured pressures, with exception of the greatest submergence configuration, shown in Figure 10d, for which orifice dimension does not give a clear effect on loadings.



Both measured and predicted maximum pressures (1/250) have been integrated along the front wall in order to find the corresponding 1/250 forces.



Figure 11 shows the forces obtained for all the tests carried out, divided by those predicted using Sainflou formulation [42]. Therefore, values greater than 1 mean that measured forces are underpredicted. In abscissa the relative wave height H* = Hm0,i/h is reported, in order to investigate the effect of wave magnitude.



The influence of the front wall relative submergence a/h is clear: (i) the smallest tested submergence (a/h = 0.26) causes the greatest underestimation of measured forces, which are nearly 40% greater than predicted; (ii) Sainflou formula becomes even more reliable for increasing wall submergence, and it gives safe values for H* > 0.25 and a/h > 0.6; (iii) for a/h = 0.45, an intermediate condition is achieved since. Sainflou formula furnishes ratios between measured and predicted forces which are all close to 1.1. This last relative submergence analysis corresponds to the optimized configuration found on the basis of the reflection coefficients.




4.3. Turbine Noise


The compressed (and decompressed) air flux at the PTO causes the propagation of pressure waves which in turn produces noise. Such an effect is a function of interaction between waves and pneumatic chamber, and it is highly pronounced with regard to the waves with the most energy. The noise here is assessed on the basis of an experimental study on the full-scale prototype for Wells turbine [45]. In particular, the noise is usually defined as the sound power level Lw, expressed in dB. Such a parameter can be written as a function of a specific sound power level Lw,spec, which has been estimated experimentally:


    L W  =  L  W , s p e c   + 10 l o g   V ˙     V ˙  0    + 20 l o g   Δ  p  t s     Δ  p 0      



(1)




where    V ˙    is the volume flow rate;      V ˙  0     is the reference flow rate equal to 1 m3/s; Δpts is the pressure total static and Δp0 is the reference pressure equal to 1 Pa. Lw,spec is considered equal to 40 dB, on the basis of experimental tests carried out with different kinds of turbine rotors.



Such a formulation was firstly applied to the full-scale turbine installed in the LIMPET wave power plant, by considering sixteen sea states having different wave heights and periods. The noise caused by the turbine for those sea states increased with the wave height and falls within the range of 120–140 dB [45].



For the site of Giardini Naxos, the noise has been evaluated by means of the formula obtained for the LIMPET OWC device, since the installation of a similar Wells turbine is assumed. In particular, a characteristic occurrence has been considered for the presented feasibility study, equal to five days per year. The sea state which is exceeded for such a period in Giardini Naxos has a significant wave height equal to 1.5 m. On the basis of the aforementioned methodology, the characteristic annual sound power level, corresponding to 5 days/year sea state, is 120 dB. Such a value is very high if compared to the pain tolerance level, which is equal to 125 dB [46].



The outcomes of this noise evaluation for the case study highlights the need for a system which might reduce such an extreme sound level. Therefore, the breakwater design must be optimized by also considering such a critical aspect, in order to reduce the sound level of the noise within a range compatible with the current and expected activities of the port.





5. Feasibility Study the OWC Breakwater


The main outcomes from the interactions between waves and OWC are used for the design of the breakwater for the case study, in order to gain: (i) low reflected wave heights; (ii) structural stability; (ii) noise reduction; and (iv) economic return.



The site of the study was chosen in order to evaluate the feasibility of the OWC system in a low energy site such as the Mediterranean Sea. In Figure 12, the power matrix of the WEC is shown as function of the energetic period Te and of the significant wave height Hm0,i. Such a power matrix is obtained on the basis of the reflection coefficient and of the PTO performance deduced in [47].



Large scale tests on a generalized OWC showed that the reflection coefficient (Cr = Hm0,r/Hm0,i) is equal to 0.9 when the orifice is closed [38]. Therefore, the dissipation of energy related to the water sloshing into the chamber is independent from incident waves, and the mean wave energy converted by the PTO can be estimated on the basis of the reflection coefficient:


   P =   ρ  g 2  ( 0 .  9 2  −  C r 2  )  H  m 0 , i  2   T e    64 π    η m    



(2)




in which ηm is the mean performance of the PTO for the sea state, here estimated on the basis of the water level measured inside the chamber of the physical model, by applying the performance characteristics    η [ φ ( t ) ]    of the PTO:


    η m  =  1   t  e n d   −  t 0       ∫   t 0     t  e n d     η   [ φ ( t ) ] d t   



(3)




where the parameter   φ  (t) = V0(t)/Ut is obtained from experiments; V0(t) = Ac/A0dζ/dt is the axial flow rate at the PTO; ζ(t) is the free surface elevation inside the chamber; Ut is the tangent rotor velocity, chosen in order to maximize the performance by achieving   φ   = 0.12 for the mean value of axial flow rate [47]; tend and t0 are the final and initial instants of the free surface time trace. In such a way, a value of PTO mean performance is obtained for each pair of Hm0,i and Te.



In Giardini Naxos, the breakwater extension is planned to be achieved by means of a reinforced concrete caisson, filled with dredged sand and gravels (see Figure 6, in Section 2). The presence of a vertical wall at the offshore side of the breakwater would allow berthing of large ships under extremely calm conditions. Nevertheless, such a breakwater would cause a strong increase of wave magnitude due to the complete reflection of waves in front of its vertical wall.



The presence of a WEC device embedded in the breakwater needs several modification to such a planned section, mainly concentrated at its offshore side. In particular, the first seaward chamber of the caisson becomes the active part of the OWC system, so it is connected to sea at the bottom and forms the pneumatic chamber at the top. Furthermore, the PTO (turbine) could be inserted in the first chamber in order to locate the dock along the remaining shoreward part of breakwater.



Figure 13 show the new type section for the breakwater in the port of Giardini Naxos, designed for exploiting wave energy. Such a breakwater presents a relative front wall submergence a/h = 0.45, which gives the minimum reflection coefficients (i.e., 0.55–0.65) among the configurations tested by means of physical modeling. Therefore, the new OWC breakwater gives an advantage with respect to the planned vertical wall breakwater, independently from the economic exploitation of wave energy. Indeed the reduction of wave height allows for a safer use of the whole harbor.



The structural feasibility of the new breakwater is carried out by focusing the attention on its stability analysis. Such an analysis is executed on the basis of extreme wave loadings (100 year return period), which are evaluated by means of a modified Sainflou formulation. In particular, the chosen OWC configuration causes loadings which are greater than those predicted, by a factor 1.1, independently from the incident wave conditions.



Extreme loadings estimations allow to carry out sliding and overturning tests, which are both satisfied by the new OWC breakwater: (i) the stabilizing horizontal forces are greater than 1.2 times the sliding horizontal forces; and (ii) the stabilizing moments are greater than 1.5 times the overturning moment. The stability of the system under extreme waves action is achieved since the second chamber of the caisson breakwater is entirely filled with concrete instead of dredged materials. Furthermore, the concrete filling at the third chamber of the OWC caisson is incremented of 1 m with respect to the vertical wall breakwater configuration.



Notwithstanding their differences, OWC and vertical wall breakwaters maintain the same transverse extension and height form water level. Therefore, the functionality and visual impact of the structure are not modified due to the presence of the WEC system.



During the design of the OWC breakwater for the case study, particular attention was paid to the reduction of the noise produced by the chosen PTO: a Wells turbine which would cause a sound power level almost intolerable for human beings. The solution adopted here considers putting the turbine inside an attenuation room about the pneumatic chamber, thereby obtaining a configuration similar to that applied in Mutriku [29]. In particular, the proposed attenuation room implies noise reduction panels on its internal walls. Such panels, on average, allow for a reduction of 40% of the sound level produced by the turbine [48]. Therefore, the resulting external power sound level is 70 dB which corresponds to that of highly animated discussion volumes. Such a noise is reached, on average, 5 days a year and it is considered acceptable since it takes place under stormy conditions, when the most exposed docks are used for short periods.



On the basis of the designed OWC breakwater characteristics, the economic feasibility of such a green infrastructure can be analyzed by comparing the energetic related profit with the increment of costs of embedding a WEC device in that breakwater (CWEC). In particular, the total cost of the harbor is increased by 4% due to the building of the 80 m long OWC breakwater. Structural modifications, turbines, generator, electrical connections and noise attenuators are considered in such an analysis, as summarized in Table 2. The most relevant cost after the structural one is related to PTO, since the chosen air turbines are not yet commercially available and must be optimized for the case study [49,50]. In more detail, the cost of the structural change is calculated as the difference between the cost of the OWC breakwater and the cost of the vertical wall breakwater. The cost of the turbine and generator are assessed by means of the relation proposed in [50] on the basis of the maximum power of the system. The cost for the connection to electric distribution is evaluated by means of the Italian regulations.



The expected economic gain is a function of the annual energy production and of its price. The actual exploitable energy can be derived on the basis of the available wave energy at the site of the study (evaluated in Section 2) and of the performance of the system. Such a performance is estimated here on the basis of the hydrodynamic efficiency of the physical model, by considering also the performance characteristic of a typical monoplane Wells turbine [47].



For the design configuration, the pneumatic chamber measurements of the physical model are used for estimating PTO efficiency as a function of wave conditions. Such efficiency values can be used for estimating the mean power related to the annual wave climate at the site of interest. In particular, the overall OWC performance at Giardini Naxos is equal to 0.18. Therefore, the energy exploited each year by the system is about 100 MWh. Such a value of annual energy can be considered an acceptable result for a low energy site and it is achieved because the WEC system is optimized for the waves with most energy during the annual climate.



The economic gain, for the case study, can be computed by considering that the renewable energy produced by sea waves in Italy is valued at 300 €/MWh. Therefore, the annual cash flow Cy is equal to 30,000 € on average. The payback period n of the investment can be evaluated by equalizing the costs of embedding the OWC into the breakwater (CWEC) with the discounted annual cash flow [51]:


    C  W E C   =   ∑  k = 1  n      C y      ( 1 + i )  k        



(4)




where k is the generic year from the construction of OWC breakwater; i is the interest rate, here assumed equal to 2%. The resulting payback period for the WEC device in Giardini Naxos harbor is equal to 19 years, which is similar to the typical service life of an air turbine, i.e., 20 years. Therefore, the installation of such a WEC device would not cause an economic loss, notwithstanding the low level of available wave energy in the site of the study.




6. Conclusions


A WEC device embedded in a port breakwater was designed. The case study was the harbor of Giardini Naxos, in Italy, where only low wave energy levels are available. However, the focusing of annual energy toward few wave classes allowed for a greater optimization of the exploitation system.



Three alternative WEC devices were considered into account, among them the OWC system was chosen on the basis of characteristics of both harbor and sea waves. In particular, such a system easily provides the possibility of obtaining an air chamber connected to the sea, in which the air is compressed and decompressed by wave motion. Therefore, it is not necessary to consider a lot of expensive modifications to the planned breakwater of the port.



The optimization of such an OWC device was achieved by means of physical model tests in which the front wall submergence was varied. The optimized configuration gave the minimum wave reflection and in turn the maximum wave energy conversion. Furthermore, the wave loadings on the front wall for such an optimized configuration were quite accurately predicted by Sainflou formulation for vertical wall, if they were multiplied for a safety coefficient equal to 1.1.



The noise produced by the air Wells turbine was estimated on the basis of literature study, obtaining a 5 days/year value slightly lower than the pain tolerance level. Therefore, the new OWC breakwater was designed by inserting the turbine into a noise absorption room which allows to reducing the noise level within acceptable values.



The economic feasibility of the optimized OWC breakwater identifies a payback period of investment equivalent to a period of 19 years. Such a period is quite extensive for a classic business plan but it can be of interest if the main goal of the investment is to achieve a green infrastructure. Indeed, the slight incremental cost of the whole port, equal to 4%, is recuperated in a time span only slightly less than the service life of the device.



Notwithstanding the site of the study is in a very sheltered zone for the energy conversion, the obtained results demonstrate that the economic feasibility of OWC system integrated into coastal structures is a quite interesting proposal for the Mediterranean basin: it is clear that in other locations the payback period would probably be considerably shorter.



Future works will aim at simulating numerically the OWC behavior, and its interactions with wave motion, by means of an efficient wave propagation modeling [52,53]. In such a way, both the energetic efficiency and the wave motion near the structure will be estimated by taking into account the actual shape of the bottom of the sea.







Acknowledgments


This work has been partly funded by the Italian Ministry of Education, Universities and Research MIUR through the Research projects of significant national interest—PRIN 2010–2011—project name HYDROCAR (cod. 20104J2Y 8M 003) and the PRIN 2012 project Project “Hydro-morphodynamics modelling of coastal processes for engineering purposes” (cod. 2012BY TPR5) and through the EU funded project HYDRALAB PLUS (proposal number 64110). The authors acknowledge Rosaria E. Musumeci for having provided the pressure sensors of the physical model. Stefania Naty acknowledges the company Tecnis s.p.a. for financing her Ph.D. thesis scholarship.




Author Contributions


This work was developed by Stefania Naty as part of her Ph.D. thesis; Stefania Naty, Antonino Viviano and Enrico Foti projected and designed the laboratory tests; Stefania Naty performed the experiments and analyzed the data by means of a methodology developed by Antonino Viviano; Stefania Naty and Antonino Viviano commented the results and wrote the paper which has been checked by Enrico Foti.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Azzellino, A.; Conley, D.; Vicinanza, D.; Kofoed, J.P. Marine Renewable Energies: Perspectives and Implications for Marine Ecosystems. Sci. World J. 2013, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Stancanelli, L.M.; Musumeci, R.E.; Cavallaro, L.; Foti, E. A small scale Pressure Retarded Osmosis power plant: Dynamics of the brackish effluent discharge along the coast. Ocean Eng. 2016. [Google Scholar] [CrossRef]

	



Clement, A.; McCullen, P.; Falcao, A.; Fiorentino, A.; Gardner, F.; Hammarlund, K.; Lemonis, G.; Lewis, T.; Nielsen, K.; Petroncini, S.; et al. Wave energy in Europe: Current status and perspectives. Renew. Sustain. Energy Rev. 2002, 6, 405–431. [Google Scholar] [CrossRef]

	



Mork, G.; Barstow, S.; Kabuth, A.; Pontes, M.T. Assessing the global wave energy potential. In Proceedings of the OMAE 2010, 29th International Conference on Ocean, Offshore Mechanics and Arctic Engineering, Shanghai, China, 6–11 June 2010; ASME: New York, NY, USA, 2010. [Google Scholar]

	



Rusu, L.; Onea, F. Assessment of the performances of various wave energy converters along the European continental coasts. Energy 2015, 82, 889–904. [Google Scholar] [CrossRef]

	



Silva, D.; Rusu, E.; Guedes Soares, C. Evaluation of Various Technologies for Wave Energy Conversion in the Portuguese Nearshore. Energies 2013, 6, 1344–1364. [Google Scholar] [CrossRef]

	



Arena, F.; Laface, V.; Malara, G.; Romolo, A.; Viviano, A.; Fiamma, V.; Sannino, G.; Carillo, A. Wave climate analysis for the design of wave energy harvesters in the Mediterranean Sea. Renew. Energy 2015, 77, 125–141. [Google Scholar] [CrossRef]

	



Iuppa, C.; Cavallaro, L.; Foti, E.; Vicinanza, D. Potential wave energy production by different wave energy converters around Sicily. J. Renew. Sustain. Energy 2015, 7, 061701. [Google Scholar] [CrossRef]

	



Iuppa, C.; Cavallaro, L.; Vicinanza, D.; Foti, E. Investigation of suitable sites for wave energy converters around Sicily (Italy). Ocean Sci. 2015, 11, 543–557. [Google Scholar] [CrossRef]

	



Liberti, L.; Carillo, A.; Sannino, G. Wave energy resource assessment in the Mediterranean, the Italian perspective. J. Renew. Energy 2013, 50, 938–949. [Google Scholar] [CrossRef]

	



Monteforte, M.; Lo Re, C.; Ferreri, G. Wave energy assessment in Sicily (Italy). Renew. Energy 2015, 78, 276–287. [Google Scholar] [CrossRef]

	



Vicinanza, D.; Cappietti, L.; Ferrante, V.; Contestabile, P. Estimation of the wave energy in the Italian offshore. J. Coast. Res. 2011, 64, 613–617. [Google Scholar]

	



Arena, F.; Fiamma, V.; Laface, V.; Romolo, A.; Viviano, A.; Sannino, A.; Carillo, A. Installing U-OWC devices along Italian coasts. In Proceedings of the 32nd International Conference on Ocean, Offshore and Arctic Engineering, Nantes, France, 9–14 June 2013.

	



Buccino, M.; Stagonas, D.; Vicinanza, D.; Muller, G. Development of a composite sea wall wave energy converter system. Renew. Energy 2015, 81, 509–522. [Google Scholar] [CrossRef][Green Version]

	



Vicinanza, D.; Cappietti, L.; Contestabile, P. Assessment of Wave Energy around Italy. In Proceedings of the 8th European Wave and Tidal Energy Conference, Uppsala, Sweden, 7–10 September 2009.

	



López, I.; Andreu, J.; Ceballos, S.; de Alegría, I.M.; Kortabarria, I. Review of wave energy technologies and the necessary power-equipment. Renew. Sustain. Energy Rev. 2013, 27, 413–434. [Google Scholar] [CrossRef]

	



De Falcao, A.F.O.; Henriques, J.C.C. Oscillating water column wave energy converters and air turbines: A review. Renew. Energy 2015, 85, 1–34. [Google Scholar]

	



Patterson, C.; Dunsire, R.; Hillier, S. Development of wave energy breakwater at Siadar, Isle of Lewis. In Proceedings of the Coasts, Marine Structures and Breakwaters, London, UK, 16–18 September 2009; Thomas Telford: London, UK, 2009; pp. 738–749. [Google Scholar]

	



Takahashi, S. Hydrodynamic characteristics of wave-power-extracting caisson breakwater. In Proceedings of the Twenty-First Coastal Engineering Conference, Costa del Sol, Spain, 20–25 June 1988; ASCE: Reston, VA, USA, 1988; pp. 2489–2503. [Google Scholar]

	



Takahashi, S.; Nakada, H.; Ohneda, H.; Shikamori, M. Wave power conversion by a prototype wave power extracting caisson in Sakata port. In Proceedings of the 23rd International Conference on Coastal Engineering, Venice, Italy, 4–9 October 1992; ASCE: Reston, VA, USA, 1992; pp. 3440–3453. [Google Scholar]

	



Boccotti, P. Comparison between a U-OWC and a conventional OWC. Ocean Eng. 2007, 34, 799–805. [Google Scholar] [CrossRef]

	



Arena, F.; Romolo, A.; Malara, G.; Ascanelli, A. On design and building of a U-OWC wave energy converter in the Mediterranean Sea: A case study. In Proceedings of the 32nd International Conference on Ocean, Offshore and Arctic Engineering, Nantes, France, 9–14 June 2013.

	



Falnes, J.; Hals, J. Heaving buoys, point absorbers and arrays. Philos. Trans. R. Soc. A 2012, 370, 246–277. [Google Scholar] [CrossRef] [PubMed]

	



Engström, J.; Eriksson, M.; Göteman, M.; Isberg, J.; Leijon, M. Performance of large arrays of point absorbing direct-driven wave energy converters. J. Appl. Phys. 2013, 114, 204502. [Google Scholar] [CrossRef]

	



Vicinanza, D.; Nørgaard, J.H.; Contestabile, P.; Andersen, T.L. Wave loadings acting on overtopping breakwater for energy conversion. J. Coast. Res. 2013, 65, 1669–1674. [Google Scholar] [CrossRef]

	



Vicinanza, D.; Contestabile, P.; Nørgaard, J.H.; Andersen, T.L. Innovative rubble mound breakwaters for overtopping wave energy conversion. Coast. Eng. 2014, 88, 154–170. [Google Scholar] [CrossRef]

	



Contestabile, P.; Ferrante, V.; Di Lauro, E.; Vicinanza, D. Prototype Overtopping Breakwater for Wave Energy Conversion at Port of Naples. In Proceedings of the 26th International Ocean and Polar Engineering Conference, Rhodes, Greece, 26 June–1 July 2016.

	



Buccino, M.; Vicinanza, D.; Salerno, D.; Banfi, D.; Calabrese, M. Nature and magnitude of wave loadings at Seawave Slot-cone Generators. Ocean Eng. 2015, 95, 34–58. [Google Scholar] [CrossRef]

	



Torre-Enciso, Y.; Marqus, J.; de Aguileta, L.L. Mutriku. Lessons Learnt. In Proceedings of the 3rd International Conference on Ocean Energy, Bilbao, Spain, 6–8 October 2010.

	



Arena, F.; Malara, G.; Romolo, A. A U-OWC wave energy converter in the Mediterranean Sea: Preliminary results on the monitoring system of the first prototype. In Renewable Energy Offshore; Guedes Soares, C., Ed.; Taylor & Francis Group: London, UK, 2015; pp. 417–421. [Google Scholar]

	



Iuppa, C.; Contestabile, P.; Cavallaro, L.; Foti, E.; Vicinanza, D. Hydraulic performance of an innovative breakwater for overtopping wave energy conversion. Sustainability 2016, 8, 1226. [Google Scholar] [CrossRef]

	



Allsop, W.; McBride, W.; Colombo, D. The reflection performance of vertical walls and low reflection alternatives: Results of wave flume tests. In Proceedings of the 3rd MCS Project Workshop, MAS2-CT9200047, Monolithic (Vertical) Coastal Structures, De Voorst, The Netherlands, 1 January 1994.

	



Huang, Z.; Li, Y.; Liu, Y. Hydraulic performance and wave loadings of perforated/slotted coastal structures: A review. Ocean Eng. 2011, 38, 1031–1053. [Google Scholar] [CrossRef]

	



Faraci, C.; Scandura, P.; Foti, E. Reflection of sea waves by combined caissons. J. Waterw. Port Coast. Ocean Eng. 2015, 141, 04014036. [Google Scholar] [CrossRef]

	



Liu, Y.; Faraci, C. Analysis of orthogonal wave reflection by a caisson with open front chamber filled with sloping rubble mound. Coast. Eng. 2014, 91, 151–163. [Google Scholar] [CrossRef]

	



Wang, L.; Engström, J.; Leijon, M.; Isberg, J. Coordinated Control of Wave Energy Converters Subject to Motion Constraints. Energies 2016, 9, 475. [Google Scholar] [CrossRef]

	



Wang, L.; Isberg, J. Nonlinear Passive Control of a Wave Energy Converter Subject to Constraints in Irregular Waves. Energies 2015, 8, 6528–6542. [Google Scholar] [CrossRef]

	



Viviano, A.; Naty, S.; Foti, E.; Bruce, T.; Allsop, W.; Vicinanza, D. Large-scale experiments on the behaviour of a generalised Oscillating Water Column under random waves. Renew. Energy 2016, 99, 875–887. [Google Scholar] [CrossRef]

	



Thiruvenkatasamy, K.; Neelamani, S. On the efficiency of wave energy caissons in array. Appl. Ocean Res. 1997, 19, 61–72. [Google Scholar] [CrossRef]

	



Ashlin, S.J.; Sundar, V.; Sannasiraj, S. Effects of bottom profile of an oscillating water column device on its hydrodynamic characteristics. Renew. Energy 2016, 96, 341–353. [Google Scholar] [CrossRef]

	



Mansard, E.; Funke, E. The measurement of incident and reflected spectra using a least squares method. In Proceedings of the 17th International Conference on Coastal Engineering, Sydney, Australia, 23–29 March 1980; ASCE: Reston, VA, USA, 1980; pp. 154–172. [Google Scholar]

	



Sainflou, M. Treatise on Vertical Breakwaters. Annales des PontsetChaussées IV; Yardoff, W.J., Translator; U.S. Army Corps of Engineers: Washington, DC, USA, 1928. [Google Scholar]

	



Cuomo, G.; Allsop, W.; Bruce, T.; Pearson, J. Breaking wave loads at vertical seawalls and breakwaters. Coast. Eng. 2010, 57, 424–439. [Google Scholar] [CrossRef]

	



Gōda, Y. Random Seas and Design of Maritime Structures; World Scientific: Singapore, 2010. [Google Scholar]

	



Starzmann, R.; Carolus, T. Model-based selection of full-scale Wells turbines for ocean wave energy conversion and prediction of their aerodynamic and acoustic performances. J. Power Energy 2014, 228, 2–16. [Google Scholar] [CrossRef]

	



Ginn, K.B. Architectural Acoustic, 2nd ed.; Bruel&Kjaer: Naerum, Denmark, 1978. [Google Scholar]

	



Curran, R.; Whittaker, T.J.T.; Raghunathan, S.; Beattie, W.C. Performance prediction of contrarotating Wells turbines for wave energy converter design. J. Energy Eng. 1998, 124, 35–53. [Google Scholar] [CrossRef]

	



Cox, T.J.; D’Antonio, P. Acoustic Absorbers and Diffusers: Theory, Design and Application; Spon Press: London, UK, 2004. [Google Scholar]

	



Di Bella, F.A. Development and Demonstration of an OWC Power System; Final Report; Concepts NREC: White River Junction, VT, USA, 2014. [Google Scholar]

	



Di Bella, F.A. Development of a Wave Energy-Responsive Self-Actuated Blade Articulation Mechanism for an OWC Turbine United States. UNT Digital Library. Available online: http://digital.library.unt.edu/ark:/67531/metadc827888/ (accessed on 23 November 2016).

	



Broverman, S. Mathematics of Investment and Credit; ACTEX Publishers: Winsted, CT, USA, 2010. [Google Scholar]

	



Lo Re, C.; Musumeci, R.E.; Foti, E. A shoreline boundary condition for a highly nonlinear Boussinesq model for breaking waves. Coast. Eng. 2011, 60, 41–52. [Google Scholar] [CrossRef]

	



Viviano, A.; Musumeci, R.E.; Foti, E. A nonlinear rotational, quasi-2DH numerical model for spilling wave propagation. Appl. Math. Model. 2015, 39, 1099–1118. [Google Scholar] [CrossRef]








[image: Sustainability 08 01342 g001 550] 





Figure 1. Geographic and energetic information on the site of interest: (a) the island of Sicily shown colored in red; and (b) available wave mean power (kW/m) around Sicily [9], with indication of Giardini Naxos by a red dot. 
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Figure 2. Polar plot of wave power mean frequency of occurrence (a) at deep water; (b) at bathymetric of −20 m. 
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Figure 3. Mean annual wave energy in front of Giardini Naxos, as a function of significant wave height Hm0 and energetic period Te: deep water. The numbers inside the graphs are the average annual occurrences of storms (in hours) for classes of Hm0 and Te. 
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Figure 4. Mean annual wave energy in front of Giardini Naxos, as a function of significant wave height Hm0 and energetic period Te: nearshore (−20 m). The numbers inside the graphs are the average annual occurrences of storms (in hours) for classes of Hm0 and Te. 
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Figure 5. Planned layout of Giardini Naxos harbor with indication (red rectangle) of the area where the WEC can be installed. 
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Figure 6. Type transverse section for the planned extension of the main break water, at Giardini Naxos harbor. 
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Figure 7. Schematic transverse sections, at the offshore side of the breakwater in Giardini Naxos, with three different WEC systems: (a) OWC; (b) U-OWC; (c) OBREC. 
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Figure 8. Wave flume where the tests has been carried out, with indication of OWC model, wave gauges (WG01-06) and pressure sensors; (a) top view; (b) longitudinal section; (c) detailed section of OWC caisson tested, with indication of main geometrical parameters, pressure sensors and wave gauges close to the modeled device. 
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Figure 9. Reflection coefficient Cr as function of relative width of pneumatic chamber of OWC B/Lp, for variable relative submergence of the front wall a/h: (a) orifice relative section A0/Ac = 0.71%, i.e., d0 = 0.006 m; (b) orifice relative section A0/Ac = 1.96%, i.e., d0 = 0.01 m. 
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Figure 10. Dimensionless pressure profiles, measured and predicted by means of Sainflou formulation [42] for vertical walls: (a) relative submerged a/h = 0.26; (b) a/h = 0.45; (c) a/h = 0.63; (d) a/h = 0.82. Effect of orifice relative section A0/Ac are also shown in each graph. 






Figure 10. Dimensionless pressure profiles, measured and predicted by means of Sainflou formulation [42] for vertical walls: (a) relative submerged a/h = 0.26; (b) a/h = 0.45; (c) a/h = 0.63; (d) a/h = 0.82. Effect of orifice relative section A0/Ac are also shown in each graph.



[image: Sustainability 08 01342 g010]







[image: Sustainability 08 01342 g011 550] 





Figure 11. Measured over predicted force, by means of Sainflou formulation [42] for vertical walls, as a function of relative wave height H* = Hm0,i/h. The effect of relative submergence of the front wall a/h is also shown: (a) tests with orifice relative section A0/Ac = 0.71%; (b) tests with A0/Ac = 1.96%. 
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Figure 12. Annual energy converted by the WEC as a function of the energetic period Te and of the significant wave height Hm0,i. 
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Figure 13. Type transverse section for breakwater with embedded OWC device, at Giardini Naxos harbor. 
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Table 1. Irregular wave conditions, with mean JONSWAP spectrum, tested for the physical model of OWC.
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Name

	
Hm0,i (m)

	
Tp (s)

	
Lp (m)

	
S = Hm0,i/Lp






	
H20T07

	
0.020

	
0.700

	
1.263

	
0.026




	
H20T09

	
0.020

	
0.900

	
2.246

	
0.016




	
H20T15

	
0.020

	
1.500

	
3.509

	
0.006




	
H30T07

	
0.030

	
0.700

	
0.764

	
0.039




	
H30T09

	
0.030

	
0.900

	
0.764

	
0.024




	
H30T12

	
0.030

	
1.200

	
1.263

	
0.013




	
H40T09

	
0.040

	
0.900

	
1.263

	
0.032




	
H50T12

	
0.050

	
1.200

	
2.246

	
0.022




	
H60T14

	
0.060

	
1.400

	
3.057

	
0.020
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Table 2. Costs estimation of the OWC breakwater construction.
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OWC Breakwater Components

	
Cost (€)

	
Spread (% of Whole Port)






	
structural change

	
325,000

	
2.9




	
noise reduction panels

	
12,000

	
0.1




	
turbines

	
59,000

	
0.5




	
generator

	
21,000

	
0.2




	
connection to electric distribution

	
19,000

	
0.2




	
Total (CWEC)

	
436,000

	
3.9










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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