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Ocean Energy is now emerging as a viable long-term form of renewable energy, which might contribute around 10% of EU power demand by 2050, if sufficient support is guaranteed along its road to full commercialization, allowing to further demonstrate the reliability, robustness and overall economic competitiveness of technologies. Although wave energy is still less developed than other marine renewables, its high density, great potential and minimal environmental impact have renewed the interest of developers, investors and governments globally, also in view of the increasing awareness of climate change and of the necessity to reduce carbon emissions. In parallel with technological development, the reliable characterization of wave climate and of the associated energy resource is crucial to the design of efficient Wave Energy Converters and to an effective site-technology matching, especially in low-energy seas. The preliminary scrutiny of suitable technologies and the identification of promising sites for their deployment often rely on wave climatological atlases, yet a more detailed characterization of the local resource is needed to account for high-frequency spatial and temporal variability that significantly impact power generation and the economic viability of WEC farms. We present a high-resolution assessment of the wave energy resource at specific locations in the Mediterranean Sea, based on a 7-years dataset derived from the operative wave forecast system that has been developed at ENEA and has been running since 2013. The selected areas correspond to the target regions of the Blue Deal project, where energy resource estimates were combined with technical and environmental considerations, so as to identify optimal sites for Blue Energy exploitation, from a Maritime Spatial Planning perspective. The available resource at selected sites is analysed together with site theoretical productivity for three state-of-the art WECs, showing interesting potential for future deployment.
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1 INTRODUCTION
Except for the years of the pandemic, global energy demand has been steadily increasing in the last decades, still mainly relying on fossil fuels, which are currently responsible for around three-quarters of the global greenhouse gas emissions, while renewables appear to only meet around half the increase through 2022 (IEA 2021a). On the other hand, the political consensus has been growing on the necessity to reduce global carbon dioxide emissions to net zero by 2050, consistently with the Paris Agreement resolution to limit the long-term increase in average global temperatures below 2°C, and to pursue efforts to limit it to 1.5°C. Nevertheless, although pledges to achieve such goal have been made by countries that are responsible for around 70% of global emissions, such commitments are not yet accompanied by the necessary near-term policies and measures, and fail to envisage a radical and effective transformation of how we produce, transport and consume energy (IEA 2021b). As a matter of fact, production from renewable sources is indeed projected to meet most of the increase in global electricity demand in the near future (up to 2024), yet such positive trend would only result in a plateauing of emissions (IEA 2022).
In June 2021, the EU adopted a European Climate Law, establishing the aim of reaching net zero greenhouse gas emissions in the EU by 2050, thus committing itself to achieve the goal set out in the European Green Deal (EU Commission, 2019) for Europe’s economy and society to become climate-neutral to that date. Intermediate targets are set, namely that of reducing net greenhouse gas emissions by at least 55% by 2030, compared to 1990 levels (EU Regulation, 2021). In this context, the Renewables Directive 2018/2001/EU (EU Directive, 2018) established a binding renewable energy target for the EU of at least 32% of renewable energy sources in the overall energy mix, to be reached by 2030. Such limit is currently being revised to at least 40% by 2030, which means doubling the current renewables share in just a decade, with the aim to also boost an economic sector with remarkable potential to create jobs, growth and trade (EU Proposal, 2021). In November 2020, the EU issued its Strategy to harness the potential of offshore renewable energy (EU Commission, 2020), recognizing the maturity that offshore wind technologies have reached since the first installation of an offshore wind farm off the southern coast of Denmark in 1991, as well as the ongoing rapid development of a range of promising energy converters, such as wave or tidal, floating photovoltaic installations and the use of algae to produce biofuels. The European Commission has committed to support the value chain of this now fully emerged sector, supporting the creation of industrial opportunities and green jobs across the continent, as the marine renewables industry is required to scale up 5 times by 2030 and 25 times by 2050 to support the Green Deal’s objectives, at the same time meeting its environmental constraints.
Among marine renewables, ocean waves are recognized as one of the most promising sources of clean, reliable, and renewable energy, with an estimated potential that is theoretically equivalent to more than double the world’s current electricity demand (IRENA 2020). Nevertheless, the full exploitation of Wave Energy Converters (WECs) is still hindered by deficiencies in wave resource assessments, often overlooking relevant non-linear processes that affect the reliability of theoretical estimates (Hong et al., 2021; Tran et al., 2021), as well as by the need to better characterize their performance in complex multi-device configurations and to develop efficient control systems (Gallutia et al., 2022). In general, WECs have yet to reach the level of commercial viability that would guarantee their competitiveness with alternative energy sources, especially in the absence of synergetic technologies with the potential for hybridization and/or co-location (Foteinis and Tsoutsos, 2017; Clemente et al., 2021; Petracca et al., 2022). Moreover, despite the considerable efforts in research and development, technological convergence (i.e., a shift towards a common “optimal” design on which to concentrate future research) is yet to be achieved (Hannon et al., 2017; Guo and Ringwood, 2021). One of the reasons for such diversity of WEC concepts is the significant temporal variability of wave energy, ranging from seconds to decades, and making it difficult to focus on a limited range of sea states for WEC optimization, in terms of PTO (Power Take Off), control, survivability, and power prediction and management (Guo and Ringwood, 2021). The current variety of technological options has in fact contributed to delaying the operative exploitation of WECs, through the resulting (i) lack of an adaptable taxonomy that is both analytical and capable of accommodating future technologies, (ii) absence of an agreed coherent and flexible cross-scale method to select optimal locations, from the initial large scale studies for generic feasibility assessments to the effective identification and quantification of costs and trade-offs across the installation, operativity and dismissal phases of a WEC farm, and (iii) difficulty to define a systematic site-technology matching procedure that allows the identification of the best devices to be deployed in a specific location (Bertram et al., 2020).
It should be underlined that filling each such gap represents a step towards the realistic implementation of wave energy farms, and should be considered to all effects as part of the value chain, from the initial concept all the way through its delivery to the market, and to the constant upgrade of technological solutions. In particular, alongside the development of device-scaling roadmaps and energy-maximizing control systems, enhancing optimal site-technology matching would considerably help shifting the paradigm for wave energy exploitation from the current focus on higher density areas (>25 kW/m) to the due consideration of the so far undervalued milder environments (Lavidas and Blok, 2021).
Despite its mild climate, the Mediterranean Sea in fact offers substantial opportunities for wave energy production, provided the technologies are effectively downscaled to meet the local comparatively low-energy wave conditions (Dialyna and Tsoutsos, 2021). The latter also allow the affordable testing of scale devices designed for harsher environments, and stimulate solutions to increase device efficiency for optimal energy harvesting. (Pisacane et al., 2018). The accentuated vulnerability of the Mediterranean environment indeed demands that the effort be undertaken to pursue the transition towards higher shares of renewable energy, by implementing multi-purpose solutions that simultaneously address greenhouse-gas-emission reduction and climate adaptation. Here, marine energy solutions can in fact prove effective to both generate utility scale grid electricity and increase the value of climate-adaptive infrastructures, such as breakwaters, where WECs can be incorporated with the advantage of combining a limited increase in construction costs with ease of maintenance and coastal protection (Silva et al., 2018; Vicinanza et al., 2019). Besides its cost-effectiveness and low environmental impact, the combination of WECs with other technologies and across different economic sectors would also allow to reduce anthropic pressures on a heavily exploited marine space, for example, through the implementation of multi-functional offshore farms (Wan et al., 2016; Leira, 2017; Foteinis, 2022) that harmonize the needs of the tourism industry and of maritime transport, the exploitation of fisheries and aquaculture (Menicou and Vassiliou, 2010), and the emerging opportunities offered by marine renewables.
This work has been carried out within the Blue Deal Project (https://blue-deal.interreg-med.eu), which addressed many of the highlighted criticalities of WEC deployment in the environmentally sensitive Mediterranean region, by connecting experts from the different fields of engineering and environmental sciences, administrative bodies and citizen organizations, with the aim to both design viable pathways for marine energy exploitation and increase social awareness as to the opportunities offered by the sector. Specifically, the project designed a methodology to coherently address site-technology matching through (i) technology classification and assessment and (ii) preliminary site selection based on energy resource availability, also accounting for the issues posed by environmental protection and by the necessary governance of inter-sectorial competition (Pulselli et al., 2022). Together with the ongoing developmental assessment of devices, these constitute the complementary building blocks of the successful evaluation, selection and implementation of WEC systems, as schematically represented in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the recommended systematic approach to the deployment of WECs in marine areas. Developmental stages are defined according to functional readiness, as established by the International Structured Development Plan of the International Energy Agency–Ocean Energy Systems (IEA–OES) group (Holmes and Nielsen, 2010). The complementary Technical Performance Levels (TPLs - Weber, 2012) are included in the list, despite their limited applicability, due to the difficulty of generally assessing supplementary cost drivers which are better evaluated in the context of site-specific implementation and are, in fact, usually covered within the site selection and site-technology matching components (e.g., environmental, social and legal acceptability, efficiency, survivability, capital expenditure and lifecycle operational costs). An alternative classification of WEC TRLs can be found in Fitzgerald and Bolund (2012), who also recommend accounting for lifecycle readiness. Classification schemes are based on the categories defined by Lehmann et al. (2017). The three bands in the Blue Deal logo colours encompass the components that have been addressed during the project lifetime, following the indications of the Blue Deal Methodology (Pulselli et al., 2022). The local resource assessment activities that are the object of this paper fall into the site-technology matching component, and are highlighted in red. They rely on results obtained in parallel project tasks (in green). Preliminary WEC screening made in its turn use of the device classification that was carried out during the project, allowing to narrow the number of promising technologies to those that can be effectively deployed in the Mediterranean environment.
In Pulselli et al. (2022), the preliminary selection of the promising sites has mainly relied on monthly wave climatology maps, which were then confronted with the specific requirements of different technologies suitable for the Mediterranean conditions, and overlapped with the spatial distribution of protected areas and critical ecosystems (e.g., Posidonia Oceanica meadows), as well as of the areas reserved for marine traffic. Historical hindcast data are often used to quantify the wave energy resource. Nevertheless, while offering longer time coverage with respect to observations, they are often affected by biases in the estimation of climatological means, and fail to capture the high natural inter-annual variability that characterizes wave climate, as well as climate-change induced variations, due to both insufficient resolution and to the inadequate representation of relevant processes (Mackay et al., 2010a; Mackay et al., 2010b). However, for the Mediterranean Sea, sufficiently long reanalysis hourly time series of wave parameters are now available at a spatial resolution of 1/24° (Korres et al., 2021), which would further allow to characterize wave statistics, so as to better evaluate the projected omnidirectional wave power (Pw) and the expected productivity of a farm, via the performance metrics generally used to compare and rank the prospective operative devices (e.g., average power output, PE, Capture Width Ratio, CWR, and capacity factor, Cf), ultimately allowing the assessment of their economic performance via the Levelised Cost of Energy (LCoE) (Astariz and Iglesias, 2015). Yet historical data, are not sufficient to support the operativity of offshore devices that need real-time calibration, such as the ISWEC (Inertial Sea Wave Energy Converter), a WEC developed at the Politecnico di Torino (Italy), which underwent full-scale testing offshore Pantelleria Island (Sicily, Italy) (Cagninei et al., 2015). Indeed, the conversion from wave energy to electricity can be affected by variations in the wave spectrum at the sub-daily to daily scales, affecting the efficiency of the power management system, which necessitates accurate high-resolution sea-state predictions up to a few days ahead (Widén et al., 2015). Wave forecasts are in fact crucial across all stages of WEC development, from the design and planning of the wave farm, to its commissioning, operation, maintenance and decommissioning (Mérigaud et al., 2017), and should be considered a permanent element of the industrial process. In addition, by being forced by atmospheric forecasts starting from a data-constrained initial condition, on the long run short-term operative wave forecasts also constitute an ever-expanding dataset, capable of capturing the long-term trends of wave climate that impact WEC optimization and commercial development (Atan et al., 2016; Ulazia et al., 2020). Similarly to historical hindcasts and reanalyses, long time series of operative forecasts can in fact allow the back-testing of climate variability and near-future extrapolations, yet with the competitive advantages of early availability and higher-resolution atmospheric forcing [for example, the Korres et al. (2021) reanalysis is forced by 0.25° horizontal-resolution ERA5 data, while ECMWF atmospheric forecasts are released at 0.1°]. On the other hand, mid- to long-term future variations in wave fields characteristics under climate change should be ideally projected via future climate scenario simulations (Reeve et al., 2011), which, however, still retain too large uncertainties from a variety of sources (Wolf et al., 2020) and entail high computational costs, as multiple realizations are needed to adequately sample the phase space of the climate system (Morim et al., 2019). Nevertheless, although this surely represents a critical issue for the sustainability of the energetic transition towards greater shares of marine renewables (Harrison and Wallace, 2005), its treatment is beyond the scope of this work, which only focuses on the present opportunities for WEC deployment in the Mediterranean Sea.
The wave forecast system developed at ENEA has been operatively running since 2014, and it has been extensively employed to provide the ISWEC developers with the necessary forecast for the device calibration (Mattiazzo, 2019). It is used here as a source of wave data over the period 2014–2020, to illustrate the added value of high spatial (1/32°) and time (hourly) resolution for the purpose of site-technology matching. To this end, detailed wave-energy spectra were constructed at selected locations, providing valuable information on the available resource and, after combination with illustrative device power matrices, allow the preliminary assessment of potential site productivity.
Following the description of the data and methods used (Section 2), the results obtained for test sites in Malta, Crete and Cyprus are presented in Section 3, covering mean wave climate indicators, wave roses, and wave spectra. Section 4 summarizes the integral parameters that characterize wave energy availability at the test sites, as well as standard productivity indices for three state-of-the-art wave converters, allowing direct island inter-comparison; a preliminary analysis of the impact of seasonality on the wave energy resource is also presented. In Section 5, conclusions are drawn and future perspectives outlined.
2 MATERIALS AND METHODS
The presented results generally cover the two bottom sectors of Figure 1, from the preliminary large-scale characterization of the test case area, based on the climatological average of local wave height and period, to the interaction with local authorities aimed at narrowing site selection, to the joint analysis of wave parameters at specific sites and WEC requirements.
The reference framework for the analysis is the ongoing normative process for the wave energy sector synthesized in the International Electrotechnical Commission (IEC) Technical Specifications (TS) for marine energy, namely part IEC-62600-101, that has been specifically dedicated to the wave energy resource across three classes of assessment: reconnaissance (Class 1), feasibility (Class 2), and design (Class 3) (IEC 2015). IEC-62600-101 has been verified to constitute a robust and coherent methodology, providing a set of recommendations and rules that allow accurate wave resource characterization (Ramos and Ringwood, 2016). Nevertheless, the minimum requirements needed for the validation of classes 2 and 3 might prove excessively demanding and, therefore, could be subject to future change (Ramos and Ringwood 2016). The present study mainly focuses on Class 1 assessments for the deployment of offshore wave energy, by exploiting 7 years of projections from the operative wave forecast system for the Mediterranean Sea developed at ENEA (MED-ENEA - https://giotto.casaccia.enea.it/waves/), which has been continuously running since June 2013. The system is based on the WAM model, a third-generation wave model that numerically integrates the basic transport equation for the evolution of a 2D ocean wave spectrum, without resorting to any specific assumption as to the spectral shape (WAMDI-group, 1988). The Cycle 4.5.3 configuration (C4.5.3) was implemented, which improved that of WAM cycle 4 (Günther et al., 1992), by including a new semi-implicit integration scheme for the source function (Herbach and Janssen, 1996), the revised wave dissipation presented in (Bidlot et al., 2007), the wind generation function and dissipation terms described in (Janssen, 1982; Janssen, 1989; Janssen, 1991), and the evaluation of nonlinear interaction source functions through a discrete interaction approximation (Janssen, 2008). The detailed characteristics of WAM C4.5.3 are summarized in Günther and Behrens (2011), who also conducted a thorough validation exercise.
The model configuration meets almost all the TS101 requirements as to the physical processes that need to be explicitly accounted for in Class 1 assessments1, while it also includes wave breaking and bottom friction (only recommended for Class 2 and 3), and it is even more stringent as to numerical specifications. However, the two neglected components, namely diffraction and wave-current interaction, appear to be especially important near-shore and in shallow waters, or when the interaction between the waves and the devices (possibly aligned in large farms) is to be modelled (Folley, 2017), and they are not critical for the present analysis. Indeed, in such cases the spatial scale of the assessment would need to be much more refined, of the order of tens, or at least hundreds, of meters, and the choice of devices to have already been restricted to a limited number of specific candidates. On the other hand, the temporal, directional and spectral characterization offered by MED-ENEA data is expected to be appropriate for offshore application (Folley, 2017). With respect to low- or intermediate-resolution climatologies based on historical data, the use of high-resolution operative forecasts offers an improved spatial and temporal characterization of wave fields for the preliminary screening of promising sites, and allows the real-time calibration and operability optimization of devices that are being tested at sea, providing effective support for the assessment of their productivity and, ultimately, of their economic sustainability.
The MED-ENEA operative system covers the whole Mediterranean Sea at a spatial resolution of 1/32° (approximately 3.5 km). Starting every day at 00 h from the +24 h sea state forecast from the previous run, hourly time series of wave parameters are predicted for the following 5 days. The system is forced with the wind fields predicted by the atmospheric circulation model SKIRON over the forecast time interval [00 h ÷ 00 h + 120 h], at a resolution of 0.05° × 0.05°, i.e. close to that of the wave model and considerably higher than that of standard reanalyses. SKIRON has been developed by the Atmospheric Modelling and Weather Forecasting Group of the National University of Athens, where it has been operatively running for over 20 years (Kallos, 1997; Papadopoulos et al., 2001).
Over its operating life, MED_ENEA has been validated against in situ-measurements (buoy data), satellite data and reanalyses products, with good results (Carillo et al., 2015a; Carillo et al., 2015b; Memè et al., 2020). The dataset used for this study is constituted by the +24 h forecast from each 5-days simulation, and covers the period 2014–2020. It includes significant wave height, [image: image], mean wave power, [image: image], energy period Te,, and wave direction, [image: image].
3 RESULTS
Basin-wide, climatological wave energy resource maps have been presented in Pulselli et al. (2022), who also describe the overall methodology of the Blue Deal systematic approach to marine energy exploitation in the Mediterranean. Here we will focus on the high-resolution results at locations where the feasibility of WEC deployment has emerged, for which the stakeholders manifested interest in exploring realistic viability during the Blue Deal Labs. These are Malta, Crete and Cyprus, which are all located in the least sheltered area of the Mediterranean Sea and are therefore exposed to both the waves generated by the local prevailing winds and to the longer period swell generated by distant weather systems. The following analyses will make use of the minimum Hs threshold for devices to efficiently operate (0.5 m), as indicated by the preliminary device screening exercise. The specific candidate sites have been identified through the multi-criteria analysis for site selection that has been applied to all potentially interesting marine renewable technologies, by jointly considering device requirements in terms of resource availability and depth installation range, environmental constraints, and exclusion zones (e.g., areas reserved for navigation routes). It should be noted that a major constraint for the deployment of marine renewables in the Mediterranean is its steep bathymetry, which causes the costs of WEC mooring systems to increase and forces wind energy technologies to also resort to costly floating structures, as the competing interests of landscape preservation and alternative sea-space use push prospective farms further offshore (Pisacane et al., 2018; Ghigo et al., 2020; Petracca et al., 2022). Together with wind data, accurate wave characterization is therefore also crucial in the design phase of floating platforms for offshore wind deployment at specific locations, also in combination with WECs, in order to optimize the stability of the platform and guarantee low inclination angles in any weather, without excessively inflating the costs (Fenu et al., 2020; Ghigo et al., 2020).
The impact of time-resolution on wave characterization was preliminarily tested, by computing the Probability Density Functions of Hs for different data aggregations (hourly, daily, monthly) over the analyzed period, and verifying that indeed the shape of the distributions significantly changes, in particular as to tail population, while using monthly data also affects the estimate of the mean expected values.
For the three selected islands, the following quantities have been analyzed, using hourly data:
1) Hs mean, standard deviation, and maximum over the entire analyzed period, as indicators of the mean expected productivity of a site (independent of seasonal fluctuations), of its variability, of the expected intermittent productivity peaks and of the possible occurrence of events when the operability threshold of the WEC is exceeded (i.e., when the device must be set in survivability mode, a configuration in which no power can be extracted), or when Operation & Maintenance activities might be impaired;
2) the percentage of time over which Hs exceeds the critical 0.5 m threshold, as an indicator of the overall time the device can be expected productive;
3) the distribution of wave direction [image: image] at the candidate sites, as an indicator of the local variability of meteorological conditions;
4) omnidirectional wave power [image: image] at the candidate sites, as a function of [image: image] and [image: image], whose bivariate distribution (scatterplot) is indicative of how the annually available energy resource is distributed among the typical local sea states.
3.1 Malta
Figure 2 shows the maps of significant-height time average (panel A), standard deviation (panel B) and maximum value achieved over the simulation period (panel C). It is worth noting that panel C is in fact a composite map, as maxima are not contemporarily attained at different locations. Due to its position in the middle of the Sicily Channel, Malta is subject to the channeling of the synoptic-scale Mediterranean winds—i.e., the Mistral and Tramontane from the north, the Sirocco from the south and the Bora from the northeast (Burlando, 2009; Omrani et al., 2016)—and it is exposed to waves propagating in either direction along a north-west/south-east axis. As a consequence, mean wave height is everywhere above the levels required for WEC exploitation, and characterized by significant variability, peaking up to [image: image] on the eastern coast during extreme events. Consistently with the results of Omrani et al. (2016), [image: image] mean and standard deviation patterns indicate a predominant propagation from the northwest, with the exposed coast experiencing waves that are on average higher and more variable than in the rest of the island, and the southeastern coast in the lee of the island. Nevertheless, the analysis of geomorphological data carried out by Mottershead et al. (2020) has documented the significant impacts of the less frequent yet higher wind-waves from the southeast, associated with Sirocco winds, whose statistical relevance has been confirmed by the present analysis of wave intensity and direction at selected sites (Figures 3–4). In the research of absolute maxima over the specified period (Figure 2C), the spatial covariance of the two different [image: image] regimes is preserved west and east of the island, as local extremes are associated either with one or with the other, giving rise to coherent patterns, where the respective signatures coexist. Panel D maps the percentage of time spent above the minimum wave-height threshold for WEC deployment, as an indicator of the stability of wave energy resource. Operative conditions are met for more than 60% of the examined period in offshore areas, while nearer-to-shore and more sheltered locations anyway guarantee sufficient wave motion for more than 50% of the time.
[image: Figure 2]FIGURE 2 | Malta Island—Hs average (A), Hs SD (B), and max of Hs over the period 2014–2020 (C); all values are expressed in meters. Panel (D): percentage of time spent over the threshold Hs = 0.5 m.
[image: Figure 3]FIGURE 3 | Wave model bathymetry for the area around Malta. Locations used for the specific analysis are also shown.
[image: Figure 4]FIGURE 4 | Rose plots of significant wave height distribution over wave incoming direction, for sites ML-1 (A), ML-2 (B), ML-3 (C), ML-4 (D) of Figure 3.
Figure 3 shows the candidate locations (ML-n) for this island and the surrounding bathymetry. A preliminary selection of sites was performed through the application of a GIS-based procedure, which allowed (i) to jointly assess the availability of promising wave energy resource (from climatology) and the fulfillment of basic WEC requirements (e.g., maximum installation depth, minimum wave height, wind-speed range if the combined exploitation of waves and offshore wind is foreseen), (ii) to account for environmentally sensitive, protected and/or restricted marine and coastal areas (e.g., for the presence of vulnerable ecosystems, valuable landscapes and cultural heritage, or maritime traffic hubs), and (iii) to map coastal infrastructures and human settlements and activities that can support the installation of devices, compete for the use of maritime space, and/or benefit from the energy produced.
In the case of Malta, the selection criteria for offshore WEC deployment limited site location to within 12 marine miles from the coastline (for operational affordability), and depth range to within the intervals [image: image] and [image: image] (depending on the device). Areas hosting Posidonia meadows, natural reserves and Natura 2000 sites were excluded, as well as ship maneuvering areas in the proximity of ports and main navigation routes. A 500 m buffer was prescribed around both sensitive and otherwise exploited areas. In addition, local stakeholders manifested a specific interest in combining wave and offshore wind energy exploitation. Therefore, the distance-from-coast, depth and wind-velocity ([image: image]) prescriptions for offshore wind farms ([image: image], [image: image] and [image: image], respectively) were also considered, so as to identify prospective locations for multi-functional installations. Possible synergies with aquaculture farms were also examined. The candidate locations ML-n lie in proximity of the preliminarily selected offshore sites, with characteristics that are close to the above requirements, within the limits of the average cell bathymetry of the wave model used (Table 1). For the present Class 1 assessment, this limitation is not crucial, as the analysis is only intended to provide preliminary support to policy makers when the opportunity to resort to wave exploitation needs to be early evaluated, before engaging in detailed and costly feasibility studies.
TABLE 1 | Synthesis of the relevant parameters that characterize the locations considered in this study.
[image: Table 1]The characterization of wave height across the different incoming directions is illustrated in Figure 4, for the differently exposed locations. Results are consistent with the overall dominance of northwesterly winds and with the wider spread of easterly winds, which are more evenly distributed among the two right-hand quadrants (Omrani et al., 2016).
The sheltering effect of topography is apparent, and was found to condition the sampling adequacy of the energy distribution shown in Figure 5, where the four scatter plots represent the distribution of the annual mean omnidirectional wave energy as a function of [image: image] and [image: image], in correspondence of the four sites. For each hourly sea-state output, the energy flux per meter of wave-crest, [image: image], was computed, lumped into discrete elements [image: image] of area [image: image] - corresponding to the pixels in the figure - and integrated in time to yield [image: image]), i.e. the contribution from each sea-state (pixel) to the annual mean available wave energy, [image: image]. The latter results from integration over all possible sea states.
[image: Figure 5]FIGURE 5 | Distribution of average annual wave energy as a function of significant wave period and significant wave height, for sites ML-1 (A), ML-2 (B), ML-3 (C), ML-4 (D) of Figure 3. Dotted lines mark reference power levels.
Contributions to wave power are obtained from the energy-flux formula for deep water
[image: image]
where [image: image] is expressed in [image: image], [image: image] is the sea water density, and [image: image] is the gravity acceleration. Under the assumption of linear super-position, [image: image], can be estimated through the formula:
[image: image]
where [image: image] is the spectral variance density as a function of wave frequency ([image: image]) and direction ([image: image]). In its turn, [image: image] is derived from the relationt
[image: image]
(Folley, 2017). [image: image] and [image: image] are direct output parameters of the WAM model.
Reference curves of constant energy flux [image: image] are also shown in the figure.
At ML-1 (A) and ML-3 (C), the right-leaning elongated core of the energy distribution (roughly corresponding to energy values exceeding [image: image]) is centered around periods of [image: image] and wave heights of [image: image], with [image: image] generally confined within the interval [image: image] and [image: image] ranging from [image: image] for ML-1, and from [image: image] for ML-3, with energy approximately comprised between [image: image] and [image: image] for ML-1, and between [image: image] and [image: image] for ML-3. The more energetic sea-states corresponding to higher ([image: image]) couples are sparsely populated, especially at ML-1, due to the lower occurrence rate of extreme weather in these less exposed locations, and would need longer time series to be adequately sampled. In particular, at ML-1 the patchy pattern in the statistical representation of high-energy extreme events is liable to be associated with the inadequate sampling of waves propagating from the northeast and characterized by high [image: image] and intermediate-to-long [image: image], consistently with the results shown in Figures 4A, 2C. Gaps in the reconstruction at ML-3 seem to be less critical, as the length of the simulated period is sufficient to represent the spectrum of sea conditions in this location, which is mainly exposed to the prevailing northwesterlies, while it is comparatively sheltered from the less frequent waves travelling from other directions (Figure 4C), with local topography determining the damping and the slight counter-clockwise rotation with respect to the upstream location ML-4, and completely obstructing easterly propagation. By being fully exposed to the dominant northwesterly waves, ML-4 (D) in fact exhibits a better sampled and more outstretched energy distribution (note the different scale used for energy with respect to the other panels), with the core roughly located within the intervals [image: image] and [image: image], and the energy peaking up to [image: image], for [image: image] and [image: image]. ML-2 is also characterized by a topography-induced counter-clockwise rotation of northwesterly waves, which have been significantly dumped along their track with respect to ML-4 (Figure 4), and it is unsheltered from the waves incoming from the two eastern quadrants, except for the higher [image: image] northeasterlies that fully impact ML-1. The under-sampling of these latter waves only mildly affects the local energy distribution (Figure 5B), which appears to combine the features of those observed at ML-1 and ML-4.
3.2 Crete
Figure 6 shows the maps of Hs time averages (A), SD (B) and maximum value (C) in the area surrounding Crete, which extends from 23.21°E to 26.6°E in longitude and from 34.6°N to 36°N in latitude. Hs mean values range from 0.5 to 1.0 m, and are characterized by comparable variability. The most intense events range from 3 to 8 m. All patterns are consistent with the documented prevalence of the north-northwesterly Etesian winds in the southern Aegean Sea, across all seasons except winter (Zecchetto and De Biasio, 2007). In particular, panel A and B retain the signature of the intensification and increased variability of the Etesian flow over the west and east edges of Crete, as a result of the interaction between the flow and the topography, which also determines the wind deceleration upstream of the island (Koletsis et al., 2009). The Southern coast of the island is thus generally shielded, although an alternation of cyclones and anticyclones is produced in the lee of the island by the wind funneling through the mountain gaps and through the strait between Crete and Karpathos. The strong anti-cyclonic circulation south of the strait extends and intensifies in summer and autumn, following the seasonal cycle of Etesian winds, while the effects on the coast appear to be more moderate and fairly stable throughout the year (Zecchetto and De Biasio, 2007). Overall, the westernmost zone appears to be the most productive, as it is exposed to both the waves propagating from the Ionian Sea and to those locally generated by the prevailing northwesterly winds, but offshore location are above the minimum threshold for WEC deployment all around the island. The percentage of above-threshold time (Figure 6D) indicates that the most productive regions are also quite stable, peaking up to 70%–80% at the western edge, and exceeding 50% at the northeastern tip, while wave energy exploitation might be critical in other coastal regions.
[image: Figure 6]FIGURE 6 | Crete Island – Hs average (A), Hs SD (B), and max of Hs over the period 2014–2020 (C); all values are expressed in meters. Panel (D): percentage of time spent over the threshold Hs = 0.5 m.
Candidate sites (CR-n) are shown in Figure 7, together with the bathymetry of the area. Site selection followed the same procedure described for the Malta test-case, and identified CR-2 as a potentially suitable area for the installation of seabed-based and/or oscillating buoy technologies, while CR-3 and CR-4 offered good opportunities for the deployment of wave converters in association with offshore wind farms. According to the parameters reported in Table 1 and from the inspection of Figure 8, CR-1 is situated in a potentially more energetic open-sea region where blue energy exploitation is however impaired by excessive depth, and it only serves as a term of comparison for CR-3 and CR-4, to illustrate the trade-offs between the magnitude of high-energy events and their frequency and/or duration.
[image: Figure 7]FIGURE 7 | Wave model bathymetry for the area around Crete. Locations used for the specific analysis are also shown.
[image: Figure 8]FIGURE 8 | Rose plots of significant wave height distribution over wave incoming direction, for sites CR-1 (A), CR-2 (B), CR-3 (C), CR-4 (D) of Figure 7.
For each site, Figure 8 shows the significant wave height distribution over wave incoming direction. The predominance of northwesterly winds is apparent at all sites except CR-2, which is located on the southern coast of the island and therefore characterized by lower wave heights, mainly propagating from the west-southwest.
Figure 9 shows the scatter plots of average annual wave energy at the different locations, as a function of wave period and significant wave height. The average characteristics of each site can be found in Table 1. The distribution of energy differs across sites. The shallower, more sheltered and less energetic CR-2 (note the different energy scale used) attains its maximum values at wave heights lower than 1 [image: image], while the well sampled extremes are anyway characterized by limited [image: image] and are too rare to rely on.
[image: Figure 9]FIGURE 9 | Distribution of average annual wave energy as a function of significant wave period and significant wave height, for sites CR-1 (A), CR-2 (B), CR-3 (C), CR-4 (D) of Figure 7. Dotted lines mark reference power levels.
In terms of theoretical mean power, CR-1 is apparently the most energetic site (mean energy above [image: image]), as a result of the local wider spread of sea states (i.e. energy appears to be more uniformly distributed over [image: image] values between [image: image] and [image: image] and [image: image] values between [image: image] and [image: image]), which is only comparable to that of the not-too-distant yet slightly less energetic CR-4 (Table 1). Nevertheless, the greater (yet under-sampled) occurrence of higher-energy sea states at CR-1 does not immediately translate into a greater abundance of exploitable resource over time, CR-4 appearing to be more promising due to the substantial relative prevalence of intermediate energy-content sea states - with [image: image] and [image: image] respectively in the [image: image] and in the [image: image] range - accompanied by a high-end tail shape that is qualitatively less outstretched than at CR-1. In fact, higher energy concentrations over a limited cluster of sea conditions can in principle allow more effective design and calibration of devices, increasing their efficiency and guaranteeing better resource deployment. Similarly, at CR-3 the available energy is more concentrated in specific ([image: image]) intermediate classes, in the [image: image] and [image: image] ranges, over which to concentrate device optimization, whereas higher-energy sea states appear to be less frequent.
3.3 Cyprus
If compared to other areas of the Mediterranean basin, wave potential in the Levantine Sea appears to be lower, yet it still deserves attention as local wave height is quite stably above the critical 0.5 m threshold all year round. For Cyprus in particular, maps of the mean (A), the standard deviation (B) and the maximum (C) of Hs, computed over the period 2014–2020, are shown in Figure 10. Consistently with the steady influence of Etesian winds over the eastern Mediterranean, which in this region rotate further counter-clockwise with respect to the southern Aegean, to generally blow from the west (Zecchetto and De Biasio, 2007), the west and south coast are the most energetic, with average Hs equal to 0.8 m, its standard deviation close to 0.6 m, and a maximum of 7 m. The percentage of time spent above the critical threshold of 0.5 m (D) is above 50% for the southwestern shores of the island, locally reaching 70% close to the Limassol region.
[image: Figure 10]FIGURE 10 | Cyprus Island—Hs average (A), Hs SD (B), and max of Hs over the period 2014–2020 (C); all values are expressed in meters. Panel (D): percentage of time spent over the threshold Hs = 0.5 m.
The BE planning activities carried out in collaboration with local stakeholders highlighted several possible pilot areas for the deployment of WECs in Cyprus. Figure 11 shows the most promising ones, resulting from the selection procedure already described and guided by a primary interest from the stakeholders for the deployment of oscillating and/or seabed-based buoys (at CY-1 and CY-2) and of onshore floaters (at CY-3 and CY-4).
[image: Figure 11]FIGURE 11 | Wave model bathymetry for the area around Cyprus. Locations used for the specific analysis are also shown.
As might be expected, candidate sites (CY-n) are all exposed to westerly waves, which rotate southward at CY-4 due to the shielding effect of the island (Figure 12).
[image: Figure 12]FIGURE 12 | Rose plots of significant wave height distribution over wave incoming direction, for sites CY-1 (A), CY-2 (B), CY-3 (C), CY-4 (D), of Figure 11.
The corresponding wave-energy scatterplots are shown in Figure 13, indicating moderate yet interesting potential for WEC deployment, mainly concentrated in persistent low-energy sea states. The high-end tail of the distribution appears to be generally well sampled, although coverage might still be improved.
[image: Figure 13]FIGURE 13 | Distribution of average annual wave energy as a function of significant wave period and significant wave height, for sites CY-1 (A), CY-2 (B), CY-3 (C), CY-4 (D), of Figure 11. Dotted lines mark reference power levels.
3.4 Summary of site characteristic and theoretical productivity
For each site (column 1), Table 1 summarizes the values of the relevant geographic parameters (columns [image: image]) and of two integral indicators of the available wave resource, [image: image] (annual mean available wave power—column 5) and [image: image] (mean wave energy per meter of wave crest, derived from [image: image]—column 6), condensing the results presented above and allowing direct island inter-comparison. In addition, the theoretical productivity was also computed for three state-of-the-art devices based on different functioning principles, whose nominal power matrices could be found in the literature (columns [image: image]) (Castro-Santos et al., 2018). The device capacity factor was also calculated (columns [image: image]), according to the relation
[image: image]
where [image: image] is the electric power produced by the WEC at a specific location, and [image: image] is its maximum rated power (nominal power) according to the developers.
The three devices selected for the present analysis are the AquaBuOY, the Pelamis and the Wave Dragon. The AquaBuOY is classified as a point absorber, and consist of a floating structure that converts the kinetic energy of the vertical motion of waves into electricity. The cylindrical buoy acts as the displacer, while the large water mass enclosed in the long vertical tube underneath the buoy is the reactor. It has a non-fixed bottom end (i.e., it is moored to the seabed), and it is characterized by small dimensions with respect to the longer wavelengths in which it can operate. A 250 kW buoy has a diameter of 6 m and a draught of 30 m. It has been designed to maximize power output under sustained moderate wave conditions rather than during less frequent extreme events. Its modularity allows deployment in arrays, so as to meet a potentially growing power demand with power plants that are scalable from hundreds of kilowatts to hundreds of megawatts, at the same time guaranteeing a consistent flow of power during maintenance cycles (Poullikkas, 2014).
The Pelamis converter is a floating device classified as an attenuator. It consists of three cylindrical hollow steel segments (diameter of 3.5 m), connected to each other by two degree-of-freedom hinged joints, with the central unit of each joint containing the complete power conversion system. Four hydraulic cylinders resist the wave-induced motion of these joints, both horizontal and vertical, acting as pumps which drive fluid through a hydraulic motor, in its turn driving an electrical generator. Each Pelamis is 120 m long, it is designed to operate in water depths of ∼50 m and each of its three modules is rated at 250 kW power. It is allowed to orient itself to the predominant wave direction by its loose mooring system, while its length contributes to its survivability in harsh sea conditions, by automatically “detuning” from the longer-wavelength high-power waves. Pelamis P-750 machines can produce a total power of 2.25 MW (Drew et al., 2009).
Finally, the Wave Dragon is a floating, offshore Wave Energy Converter (WEC) based on the overtopping mechanism. A doubly-curved ramp conveys oncoming waves, which flow over the top into a reservoir placed above the mean water level, and are then released back to the sea through a set of low-head hydro-turbines. The size and rated energy production of a Wave Dragon unit depend on the wave climate (Soerensen et al., 2003; Parmeggiani et al., 2013).
For each device, theoretical productivity was computed via the formula
[image: image]
where [image: image] is the power matrix of each specific WEC (Castro-Santos et al., 2018) and [image: image] is the normalized frequency (probability) of occurrence of each discrete sea state. When necessary, the discretization of sea states was re-computed, and [image: image] substituted with the Peak Period ([image: image]), in order to match the specifications of the power matrix.
Overall, the Mediterranean locations considered for this study appear to offer appreciable wave energy resource for the exploitation of currently available devices, whose productivity is still a sizeable fraction of that rated at more energetic Atlantic sites (Rusu, 2014). In particular, the expected electric power ranges between ∼13 and ∼27 kW for the AquaBuOY, between ∼22 and ∼95 kW for the Pelamis, and between ∼418 and ∼635 kW for the Wave Dragon, whereas the corresponding values for North Spain, the Portuguese continental shore, the Canary Islands, and Madeira Archipelago, respectively, are:
• AquaBuOY: [n.a.], [30÷36] kW, [24÷32 kW] and [40÷50 kW];
• Pelamis: [114÷127] kW, [90÷102] kW, [65÷90 kW] and [100÷135 kW];
• Wave Dragon: [2027÷2197] kW, [767÷956] kW, [n.a] and [1147÷1644] kW.
Values are computed for average annual sea states, except for Madeira, where estimates refer to winter conditions (October to March) (Rusu, 2014).
Both Malta and Crete host at least one location (ML-4 and CR-4) that is particularly suitable for wave energy exploitation, due to the comparatively high abundance of the resource, especially if deployment in combination with other marine renewables is envisaged. Nevertheless, also sites where average wave energy is lower are found to offer comparable electric power when the distribution of sea states is combined with device specifications.
The reference nominal power indicated by the manufacturer for the three devices is 0.25 MW (AquaBuOY), 0.75 MW (Pelamis), and 4 MW (Wave Dragon). The Wave dragon appears to be the most effective device, although such result should be weighted in the light of its dimensions, high cost and limited scalability for deployment in low energy sea (Previsic et al., 2004). As a matter of fact, the capacity factor of WECs generally increases with wave power, and their scaling-down is necessary to improve their performance (Guo and Ringwood, 2021; Foteinis, 2022).
In its turn, the relatively small, scalable and manageable AquaBuOY is expected to give a near-optimal economic value of electricity for [image: image], a condition that is hardly met in the Mediterranean, and that is still far from the value of around 12% provided by the manufacturer for more energetic seas ([image: image]) (Previsic et al., 2004).
As to the Pelamis, its scalability for low energy conditions is still to be fully assessed, despite its high tuneability to wave climate and conversion efficiency. Tests at sea have shown power output to scale to the power of 3.5 of the linear dimension, resulting in a power output at 1:7 scale of roughly 0.1% of the full-scale device (Previsic et al., 2004).
If appropriately scaled-down to between 1/4 and 1/3 of the full WEC size, the two latter devices have been theoretically estimated to reach capacity factors higher than 0.2 along 40% of the Mediterranean coastline, and higher than 0.3 at 8% of the scrutinized locations, including the Sicily Channel, Crete and Cyprus, with rated power ranging between 10 and 30 kW (Bozzi et al., 2018). Capacity factors higher than 0.2 should be regarded as encouraging, in consideration of the relative weight of the other factors that determine WEC viability (i.e. resource variability and device survivability), as well as of the smaller size, which is expected to potentially lower CapEx (Lavidas, 2020). The question remains open as to the opportunity of sub-optimal deployment of devices in the Mediterranean, in view of its extreme vulnerability and of the hidden costs of environmental hazards.
Theoretical productivity is anyway affected by a non-negligible degree of uncertainty, arising from deficiencies in the characterization of the wave climate and/or in the modeling of wave-device interactions, from the misrepresentation of possible external perturbations or from the involuntary omission of relevant dynamics (Guo and Ringwood, 2021). In particular, beside possible model deficiencies, the characterization of the resource only in terms of climatological annual averages cannot account for the inter- and intra-annual variability of wave climate, which has been found to affect the performance of devices, although the generated power appears to be less intermittent than the available wave energy flux, due to the filtering action of device power matrices (Folley, 2017; Guillou and Chapalain, 2018). Variability can indeed result in significantly different power generation across locations for the same annual average incident wave power, and in higher power generation in winter than in summer, ending up with being a strong cost driver in both capital and operational expenditures (Ringwood and Brandle, 2015). After first selecting prospective deployment sites based on their annual average characteristics, further analysis is therefore needed to assess the stability of the resource over time, possibly offsetting adverse short- to mid-term variations through technological improvement, i.e., by enhancing real-time control and power management systems (Guo and Ringwood, 2021).
As a first step in this direction, the most promising locations—one for each island—are compared in Figure 14, as to the overall annual amount of resource and its seasonality. Cyprus lags behind, while the two sites in Crete and Malta, although indeed similar as to average wave power, differ as to its seasonal distribution, with Crete exhibiting higher variability and larger differences between winter and spring with respect to Malta, where the resource is more consistent over the year. As might be expected, summer is the least energetic season in all three islands, as opposed to the increase in energy demand potentially induced by tourism fluxes.
[image: Figure 14]FIGURE 14 | Comparison between average annual and seasonal wave power for three of the selected sites.
4 CONCLUSION AND OUTLOOK
In the context of the Blue Deal Project, this work represents a first step towards a systematic site-WEC technology matching in the Mediterranean Sea, where, notwithstanding the comparatively limited resource abundance with respect to the world oceans, wave energy deployment can effectively sustain the ongoing transition towards higher shares of renewables, at the same time reconciling the competing interests in the use of marine space and the necessary environmental protection.
For the specific sites selected during the Blue Deal Labs organized in Malta, Crete and Cyprus, the general characterization of the local wave climate via standard average parameters has been significantly improved by the use of the full time-series from high-resolution wave forecasts. Local wave characteristics have been described in terms of spatial and temporal averages and variability, and theoretical power generation has been estimated, highlighting the so far not fully explored potentialities of the Mediterranean region.
In particular, for each island:
• the local prevailing wave regimes have been analyzed;
• the rationale for preliminary site selection has been presented, based on multi-criteria analyses;
• at the selected sites, the distribution of the annual mean omnidirectional wave energy was described, as a function of [image: image] and [image: image];
• the theoretical productivity of three WECs, the AquaBuOY, the Pelamis and the Wave Dragon, has been computed, as representative of the developmental stage of state-of-the-art technologies;
• opportunities for WEC deployment have been demonstrated.
Future developments critically depend on the definition of effective procedures to scale-down devices that have been designed for harsher sea conditions, as well as on the development of control strategies capable of maximizing power output in moderate-energy seas. Among these, the Mediterranean can indeed offer competitive advantages in terms of lower CapEx and OpEx, mainly due to local resource persistence and to the expected higher survivability of devices. Nevertheless, in order to assess the medium- to long-term economic performance of a wave energy project, the uncertainties in future resource availability should be reduced, inter- and intra-annual variability should be further characterized, and crucial external factors, such as the investment environment, market data and national incentives, should be soundly evaluated.
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CapEx, capital expenditure; Cf, capacity factor; CR-n, nth candidate site at Crete island; CY-n, nth candidate site at Cyprus island; CWR, capture width ratio; Ea, mean available wave energy; Hs, significant wave height; IEC, international electrotechnical commission; IRENA, international renewable energy agency; ISWEC, inertial sea wave converter; J, energy flux per meter of wave crest; LCOE, levelized cost of energy; ML-n, nth candidate site at Malta island; OpEx, operating expenditure; P, power matrix of WEC device; PTO, power take off; PE, average power output; Pn, nominal power; Pw, omnidirectional mean wave power; Te, energy period; Tp, peak period; TS, technical specifications; WAM, wave model; WEC, wave energy converter.
FOOTNOTES
1Namely: a) wind-wave growth; b) whitecapping; c) quadruplet interactions; d) triad interactions; e) diffraction; f) refraction; g) wave reflections; h) wave-current interactions.
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