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Abstract

:

This paper aims to investigate the development of a floating artificial sustainable energy island at a conceptual design level that would enhance the energy independence of islands focusing on a case study on the island of Crete. This paper provides a baseline assessment showing the immense potential of wind and solar energy in and around Crete integrating the third significant renewable energy source (RES) of ocean waves into the energy island. The selection of the best location for the floating offshore platforms that compose the energy island is addressed through exploiting the great potential of the above-mentioned RES, taking into consideration criteria with regard to several significant human activities. To this end, the concept of an innovative floating modular energy island (FMEI) that integrates different renewable energy resources is proposed; in addition, a case study that focuses on the energy independency of a big island illustrates the concept referring to the substitution of the local thermal power plants that are currently in operation in Crete with sustainable energy power. Although focused on the renewable energy resources around Crete, the work of this paper provides a basis for a systematic offshore renewable energy assessment as it proposes a new methodology that could be used anywhere around the globe.
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1. Introduction


Ambitious targets for 2030, set by the European Union [1] towards greenhouse gas emissions, is a strong motivation for the development and deployment of robust offshore renewable energy infrastructure. With increasing energy demand, and challenges surrounding the acquisition and development of onshore real estate for renewable energy infrastructure, there is an increasing interest in combined offshore energy converters. This is particularly true in the case of remote settlements that are located far from the electricity grid infrastructure of the nearby mainland [2]. Islands such as Crete, the fifth largest island in the Mediterranean Sea, are examples of regions where low-carbon substitutes for existing onshore thermal power plants need to be developed to meet the increasing energy demands. Combined energy harvesting devices installed offshore, with the possibility to share common and costly infrastructure such as foundations or grid installations, can be ideal solutions in such cases.



Artificial floating islands have been proposed for various purposes such as floating airplane runways, fuel storage bases, aquaculture, wastewater treatment and even as floating cities [3,4,5,6]. Although the concept of prefabricated, modular floating islands is not new [7,8], an energy island dedicated to renewable energy, with near-zero onshore land acquisition makes it an extraordinarily suitable solution to the energy demands. Focusing on the idea of an energy island as a portable modular floating structure combining wind, wave and solar energy harvesters and energy storage systems, the Floating Modular Energy Island (FMEI) concept is proposed. Strengths include enhanced renewable energy potential in offshore locations and capital gains through shared floating, mooring, storage and energy transport infrastructure. The idea of using the floating energy island not only as an additional power plant, but also as a hub for electricity production in the case of other prospective wind farms, increases the importance of the energy island. The energy island as a hub for major power distribution has also been initiated for the North Sea [9].



The Mediterranean Sea around the island of Crete is characterised by deep waters, making it difficult to construct fixed-bottom offshore energy farms. The island of Crete, which is presently served by three thermal power plants generating about 800 MW of electricity [10], is an ideal location to study the possibility of combined offshore energy converters harvesting the wind, wave and solar sources. This study presents the scenarios in which offshore wind energy has the potential to become a new base for renewable energy resources in Crete, with wave energy as a substitute. The concept of an FMEI agrees very well with the sustainable development goals put forward by the international bodies [11,12].



This paper presents the novel design of a conceptual floating modular energy island for the island of Crete. A detailed description of wind, wave and solar energy potentials in the geographical region is presented. A suitable site for the FMEI is then identified, optimizing the energy potential and taking into account proximity to land and shipping lanes. The bathymetric, climatic and geographical characteristics of the site are evaluated, and the potential for renewable energy sources (RES) are assessed for the chosen location. Energy converters available on the current market are considered. Finally, we present a conceptual design of the region and the demand-specific FMEI.




2. Assessment of Renewable Energy Resources for Potential Location


The first step in designing an energy island is to identify the most suitable location for the use of wind, solar and wave energies in the vicinity of the Cretan islands. The concept of FMEI is to consider the synergy between the three RES. The regions around the island of Crete with the highest solar, wind and wave energy potential were identified. The identification is carried out using open-source historical data of wind speed, solar irradiation and the sea waves reanalysis. The assessment of resources is carried out in parallel with the consideration of protected areas, exclusion zones and grid connectivity. The potential locations are curated taking into account available resources, sea depth and distance from the coast with visibility impact. In the second step, having chosen the proposed potential location, the performance data of the different types of energy were calculated and converted into the same unit of power. Once the best location was identified, the concept of an FMEI was designed and a conversion system for each type of energy was selected. In this study, monthly assessment of energy is pursued to address the summer, winter and peak energy demand months.



2.1. Wind Energy Assessment


Data from the New European Wind Atlas (NEWA) 1.0 [13] were used to identify the most promising offshore wind speed. The initial observation of regions with potential wind energy was started by using the climate mean wind speed and power density. The climate data refers to simulated data from a mesoscale WRF model with 3 km grid spacing based on large-scale reanalysis wind climate data [14,15]. Figure 1a,b show the contour map of the climate mean wind speed and power density for Crete and the surrounding area. On the west, east and central south region of the island of Crete, a high climate mean wind speed is identified. The three regions are marked as potential regions and the mesoscale climate mean wind speed and power density are summarized in Table 1. The three selected regions of west, east and central south are evaluated by means of the obtained climate mean wind power density. Classification of the three regions into a wind power class results in wind class 6 [16].



In this assessment, historical or time-series wind speed from 1 January 2018 to 31 December 2018 were used to estimate the monthly average wind speed at 75 m, 100 m, 150 m and 200 m elevations, which is the range of hub heights of offshore wind turbines on the market. By the time the data from [13] were retrieved, the authors were unable to find more recent years than 2018. It must be noted that there is a mismatch of recorded time in the interface of the NEWA website and the time stored in the downloaded data. The authors have acknowledged this error but assumed the former to be true as the trend of mean wind speed throughout the year is more plausible than the latter. The estimation of wind speed along the heights can be determined with the obtained wind profile exponent using the data from the four elevations. The evaluation is carried out for the three potential regions and the mean wind speed is assessed for each month in the year. Figure 2 shows the trend of monthly mean wind speed at a 100 m elevation for the west, east and central south potential regions. The three potential regions become the basis options to select the potential location of the energy island, where further assessment of solar and wave energy, as well as the consideration of several human activities, are further elaborated in this paper.




2.2. Solar Energy Assessment


The Global Solar Atlas [17] was used to identify the most promising offshore solar sites with high normal solar irradiance. As offshore solar data are not available, this study uses data of the nearby onshore sites, where the southern coastal areas of Greece have the highest solar potential, including the entire island of Crete, where more than 1800 kWh/m2 can potentially be achieved (Figure 3). The solar irradiation is evaluated for its monthly mean hourly power production after considering the selected commercial solar panel. Using the online tool PVGIS, three possible locations were studied. This tool allows users to know the daily, monthly, and yearly solar radiation and photovoltaic (PV) system performance for any location onshore. Considering the potential wind energy harvested at those locations, the most beneficial for both energy resources (solar and wind) is the one located at 35.689 latitude and 23.740 longitude. The mean power production obtained for the said location is represented in Figure 4. Most areas of Greece are characterized by summers with high irradiation and winters with low irradiation, as can be seen in the figure above. For the selected location, the highest value obtained was 246.52 kWh in July and the lowest was 69.48 kWh in December. This gives an average value of 156.66 kWh/year.




2.3. Wave Energy Assessment


In comparison to wind and solar energy resources, wave energy is scarcely practiced, and its development is newer. At the same time, a large energy potential from sea waves of around 29,500 TWh in annual global production is estimated [18]. Wave energy potentials around Greece have been evaluated in previous works [19,20,21,22,23], showing that the potential of sea waves as RES is considerable despite the novelty of wave energy converters. Figure 5a,b show the distribution of sea surface wave significant heights on two winter dates, 30 November 2021 and 30 November 2022.



Significant wave height Hm0 of wave and the energy wave period    T   m  −  1 , 0        is used to estimate the average power potential (   P  wave    ), as described in Equation (1), where  ρ  is the water density (i.e., 1000 kg/m3) and  g  is the gravitational acceleration (i.e., 9.81 m/s2). In this conceptual study, the energy assessment of waves uses the Mediterranean Sea waves reanalysis data [24]. Spectral significant wave height, mean wave direction and spectral moments wave period are taken for the three potential regions (east, west and central south regions) for the year 2020. Significant wave height is averaged over an area for each region, selected as shown in Table 2 and Figure 6a–c. For synchronization of the three RES, the wave energy potential around Crete is also assessed by its monthly power potential. Figure 7a–c show, respectively, the monthly mean wave power in kW/m of 2018 for the west, central south and east regions, where west region in the respective year has highest power potential compared to the other regions. Figure 8 shows the seasonal trend of the west region. The highest potential throughout the year is expected in the winter season, considering higher sea wave height in winter months. This indicates the contribution and storage opportunity from sea wave energy can be allocated in the colder months. Highest monthly mean wave power is estimated at around 16.83 kW/m, which agrees with most assessments by previous studies. Lavidas and Venugopal [20] estimated around 5–6.5 kW/m of wave energy flux in the central lower region of the Aegean sea, and 8 kW/m energy flux of the south and east of Crete.


   P  wave    =       ρ g   2    π · 64    H   m 0   2  ·  T   m   − 1 , 0       



(1)









3. Potential Location and Considerations for Energy Islands


The consideration of choosing the location in potential regions (east, west and central south regions) of Crete is then compared with the exclusion criteria. Based on the Greek Specific Framework for the Spatial Planning and Sustainable Development for Renewable Energy Sources (SFSPSD-RES) [25] and previous studies [26,27] the following exclusion criteria were chosen: military exercise areas, areas with high shipping traffic density, main shipping routes and manoeuvring areas of ports (5 km buffer zone), areas close to telecommunication cables and areas belonging to the Natura2000 network. Military exercise areas are considered unsuitable for the FMEI site since they are used for training purposes or as firing fields. In the case of Crete, it is very important to avoid areas with high shipping traffic density and manoeuvring areas of ports which have a large role in the development of the local economy through trade and tourism. To ensure undisturbed shipping movement, a distance of 5 km from the shipping routes was selected in accordance with [28]. Areas close to telecommunication cables were excluded from the analysis in order to avoid possible damage of cables during the installation of FMEI. The Natura2000 network was used to identify protected areas with recognized ecological value in the Crete marine environment, where the deployment of FMEI is not feasible. A 2 km buffer zone from marine protected areas is considered, according to [29]. Figure 9 shows the unsuitable marine areas for FMEI.



Furthermore, sea depth imposes significant spatial constraints for the FMEI siting, as it affects the selection of the FMEI support structure and contributes to investment costs [34]. The sea depth was used to limit the area of interest and to evaluate the site. Fixed bottom structures have a limited range of sea depths while floating structures can be used in larger sea depths. The lower sea depth means lower construction and maintenance costs [35]. The bathymetry map around Crete was used to identify the suitable location for an FMEI (Figure 10). As can be seen, the sea depth around Crete can reach more than 1000 m. Considering the sea depth around Crete, a floating FMEI is a mandatory choice. In the analysis, the areas with a sea depth limit of 500 m are considered preferable, based on [25].



The southern parts of the Cretan coast were ranked as the lowest priority, as there is no existing or future interconnection, although these regions have high solar and wind energy potential. In addition, the south and east parts of the Cretan coast are not suitable regions for FMEI due to political tensions with Libya and Turkey over maritime border demarcation. The marine area north of Crete was excluded due to the military firing ranges in this region and the intense coastal activities (high shipping density and proximity to airports and ports) although this region has a shallower seabed and a good connection to the intercontinental and Cretan electricity grid, as well as future EuroAsia and EuroAfrica interconnections [37,38].



Considering the energy potential and the exclusion criteria, the offshore area on the west coast of Crete is the most suitable location for an FMEI. The exact location of the FMEI is then determined considering the sea depth, the distance from ports and the minimum visibility range. The distance from ports was included in the analysis in order to favour locations that are easier to access. The large distances between the EI and the shore ensure a minimum visibility range but at the same time significantly increase the installation and maintenance cost [39]. The upper limit for the distance from a port is set at 100 km. Therefore, to avoid visual and acoustic disturbances and to ensure the social acceptance of EI, an optimal distance range of 15–25 km was selected, based on [25].



Through the comparison of areas with high energy potential and exclusion areas, interconnection of the power grid, distance from the coast of Crete and borders of national territorial waters, a location (CL) within 35.61 latitude, 23.36 longitude was selected (Figure 11). The CL has a sea depth of approximately 250 m occupying 5000 m in length. This location is situated in the north-west of the Crete offshore area close to the largest part of the population in the Crete and close to the port of Kissamos, but at the same time at a sufficient distance from the coast to avoid visual impact. It is important to mention that the CL is located close to the local grids of interconnection with Peloponnese. The EI will collect high-voltage alternating current power from offshore renewables where short additional branching interconnection cable can be supplemented to end at Kissamos Bay, which is the same end point of the interconnection with Peloponnese. Thus, CL satisfies technical/economic factors while ensuring socio-political acceptance of the EI.



An uninhabited islet, Pontikonisi, exists in between the CL and the Balos Beach, which can function as a hiding agent for the chosen location to minimize the visibility of the FMEI. Assuming a square element of the location, up to 25 km2 area can be potentially utilized for the mooring of the FMEI. Assessment of the monthly wind is repeated for the CL. For waves, the energy assessment is repeated for the nearby location of 35.80 latitude, 24.00 longitude, where a solar energy assessment is repeated for the irradiation on the nearest coast to the CL. The energy potential can then be calculated in relation to the CL. The proposed methodology could be applied to other marine areas to support the site selection process of future EI projects worldwide.




4. Conceptual Design of the Energy Island


4.1. Floating Wind Turbine


The main factors considered in the design are the size and diameter of the wind turbine, the wind turbine series, and the distance between the wind turbines. Two commercial offshore wind turbine (OWT) models from Siemens Gamesa Renewable Energy were assessed as a case study, namely the SG 8-167 DD and the SG 14-222 DD. The wind turbines have a rated power of 8 MW and 14 MW, respectively. It is anticipated that more development of OWT models with higher nominal power will be available on the market by the time the proposed modular energy islands are constructed. Given this, the proposal to use the more powerful OWT of the SG 14-222 DD turbine is likely to make a more effective contribution to energy substitution.



Wind turbines produce a wake region immediately downstream which could lower the power production in a neighbouring turbine [41]. Several studied have reported an optimal spacing of 10-15D between turbines for minimal aerodynamic losses [42,43,44,45], where D is the rotor diameter of the turbine. For the proposed energy island, a spacing of 10D is adopted. Assuming the diameter of 222 m for the SG 14-222 DD turbine, the optimal spacing would be around 2220 m.



To support the massive OWT, a spar-buoy-type floating system supported by multiline catenary mooring systems is proposed. The spar buoy consists of a relatively deep cylindrical base with a heavier lower part offering more stability than other floating systems. The use of multiline anchors can be facilitated by thoughtful design of the wind farm layout. Mooring line tension loads were calculated to be over 1700 kN for a spar buoy floating platform supporting a 5 MW OWT [46]. The heavy mooring loads expected from the mooring system for the 14 MW OWT can be handled by suction-caisson-type subsea anchors. This type of anchor can also be used in multiline mooring systems. In this way, the same anchor can be connected to mooring lines from wind turbines, floating PV structures and wave generators. The geotechnical design of a suction anchor requires site-specific soil properties and is outside the scope of this article.




4.2. Floating Photovoltaic Structure


A commercial solar panel Sunmodule Plus SW 290-300 is considered to calculate the designated area for solar power production. For each month, the estimated power production is calculated for one panel’s power production, considering the monthly mean solar irradiation and the solar panel peak power output. Then the value is multiplied for the number of panels that can be placed on the estimated available floating area. As expected, the contribution from wind energy is higher in the winter and should be prioritized over solar energy production. In the summer months, the solar energy production reaches its peak, which exceeds the monthly power potential from one OWT. With the modularity of PV panels, the additional installation of panels can be performed if needed in the summer months, which is strongly suggested.



The biggest challenge in the structural design of a floating PV system is the extreme wind and wave loads, and fatigue-related microcracking and dealignment. The floating PV system that we propose consists of three components, namely the floats, PV modules, supporting structure, mooring system and electrical systems. Considering the various types of floating structures [47], cubic modular floats can be used that are assembled to create a large floating platform onto which the PV cells and electrical components can be installed independently. One example of such a design is from NRG Island [48]. This technology has been tested in the Dutch North Sea and has survived storms with wave heights of up to 10 m [47].



The mooring system proposed for the floating PV structure consists of catenary mooring anchored using suction anchors. Although suction anchors can be difficult to install at depths of over 250 m, considering the economy in using the same technology for all components of the FMEI, it is proposed. A multiline mooring system with a triangular layout with each anchor connected to three mooring lines was found to be optimal for the proposed design.




4.3. Wave Energy Converter


The power production from wave energy was estimated based on the chosen wave energy converter, WaveDragon (for more information the reader is referred to [49]). WaveDragon was chosen considering its application can be intended for deep sea and moored as a floating device. It must be noted that the choice of WaveDragon as a case study is conceptual and the actual development and availability of the converters are out of this paper’s scope. Lavidas et al. extensively estimates expected annual production for difference wave energy converters including WaveDragon, and the estimation includes Crete as the location [20]. In [20], WaveDragon provides the largest energy production compared to other wave energy converters.



In this paper, the power estimation for wave energy is per unit wave crest length, in kW/m. The power matrix of WaveDragon according to [50,51,52] was used to estimate the power production given the monthly mean significant wave height (Hm0) and wave period (Tm−1,0). Accordingly, mean power production was estimated. The power production is assumed to be generated from one device. In fact, Ref. [20] provides the power matrix specifically for WaveDragon based on Crete as the location for case studies; however, the matrix graphs are not quantified. Slight difference in power matrices when applied for different region should be noted. With respect to the design of WaveDragon, the device is formed as a slack-moored converter that consists of two wave reflectors which direct the waves towards a ramp. According to the designer [49], the dimensions of WaveDragon can be adjusted to the wave climate of the installation site. Assuming the 48 kW/m prototype design of WaveDragon having the largest width dimension of 390 m [49], the number of devices is then determined by considering the available space in the FMEI peripheral. The available space of the FMEI for wave energy converters depends on the distance between the wind turbines. It is intended that the wave energy converters are placed in the periphery of wind turbines placed in circle, acting as a wave breaker. It must be highlighted that the selected wave energy converter is taken as case study only for a realistic estimation of power production based the number of devices. The construction and mounting of the device should be modified based on the concept of the FMEI.




4.4. Energy Production


The conception of the FMEI energy capacity is based on the aim to replace the three currently operating thermal power plants (TPPs) which cover 2,376,490 MWh of the annual electrical consumption. The three TPPs produce roughly 800 MW total nominal power [10]. Referred to the same study [10], the annual peak power demand is 623 MW. The ratio between the total nominal power from the three TPPs and the annual peak power demand is γ = 1.28. The γ value is set to be the peak factor to calculate the targeted energy substitution from the FMEI, as follows:


   FMEI   energy   capacity = γ    ·  C   3 TPP    ,  



(2)




where C3TPP is the contribution of 3TPPs for the annual electrical consumption. The γ is the ratio between the total nominal power from the three TPPs to the annual peak power demand.



This gives the value of 3,041,907.2 MWh of targeted energy substitution which the FMEI has to offer. In the conception of FMEI, the design is focused on information about the high energy resources available in the chosen location, not only from wind energy but also from solar radiation. The novelty of wave power has to be taken into account. The initial estimation of resource utilization is 45% wind energy, 45% solar energy, and 10% wave energy. Iteration in conception is performed between choosing the number of OWTs and area of PV panels based on the energy production ratio. For example, with an initial estimation of 45% energy production for the FMEI from wind energy, one would obtain the initial number of needed wind turbines considering the available wind speed information. This gives information on how the FMEI shape and form should be designed.



Figure 12a–c show the estimation of monthly power production potentials for the three RESs. The estimated power production from wind was obtained by taking the SG-14 222 DD model into consideration and the monthly mean wind speed from January 2018 to December 2018 for elevation z = 150 m. Typical values of horizontal axis wind turbine efficiency are considered. Then, the clean wind power is estimated by considering the power coefficient and typical losses (e.g., wake, mechanical, electrical and transmission loss). The capacity factor for the wind and solar energy production is assumed, respectively, to be 40% and 20% [53], whereas a 16% capacity factor of wave energy production is assumed, that is taken from the capacity factor of the device [20]. The value of the capacity factor for wave energy production might be higher, around 20% taking referring to an analysis of conceptual wave power plant in Ucluelet using Pelamis Wave Converter [54].



The evaluation of the solar energy potential for each month showed that the highest energy potential is available in the summer months and the annual energy potential is 488.38 MW/year for an estimated area of 0.265 km2 with 138,000 panels. With a capacity factor of 20%, the annual energy is around 171,129 MWh, which takes into account the monthly variations between the winter and summer months. This means a ratio of around 44.8% total FMEI production is contributed from solar energy.



The contribution of wind energy is proposed after comparing between the goal or wind energy contribution ratio and the number of wind turbines needed. It is found through the conception process that nine wind turbines are sufficient to obtain around 46.2% of the total FMEI production, contributed by wind energy. The number of wind turbines is also determined considering the limited area and distance between turbines. Considering the chosen OWT series and type, nine wind turbines have an estimated installed annual production of 176,759 MWh, already considering a capacity factor of 40%. The evaluation of the annual energy production of the wave energy is available in the next section, which covers 9% of the total FMEI production.




4.5. Design of the Energy Island


The design philosophy of the FMEI was primarily aimed at optimizing the energy harvesting installation cost and seabed construction. The first consideration in the layout of the FMEI was the placement of the wind turbines and the PV system, an octagonal FMEI consisting of nine floating OWTs at the outer periphery, and in the centre of FMEI. The centre of FMEI has an octagonal floating deck, which houses the PV, transmission, and storage system. The octagonal platform has the advantage of providing sufficient distance between the eight wind turbines and the last wind turbine can be placed in the centre. The definite corners of the octagon shape can be also used as a marking for mooring lines. The octagon platform shall be oriented considering the primary wind direction at the location. This design enables the use of multiline mooring which reduces the cost for deep sea anchor installation. This multiline concept also reduces the cost of offshore geotechnical investigations [55]. Figure 13 shows the proposed layout of the energy island and the location of seafloor anchors. Figure 14 shows the illustration of the proposed energy island. The size of octagonal platform in the centre needs to be able to house 138,000 PV panels (0.265 km2) and the buffer area for the centre wind turbine. Taking the example of a floating platform from ITI Energy Barge with platform sides of 40 m [56], total available cleared area for the centre platform has to be as large as 0.0016 km2. A centre octagonal platform with 260 m sides would have a central area of 0.326 km2, providing sufficient remaining area for operational purposes, e.g., maintenance path and walkway.



The pontoon-supported PV panel blocks, being modular in design, can be detached and transported to a port or staging base. For example, in the summer months, to maximize the contribution of solar energy production, the modular blocks can be added, to harness the additional irradiant energy. The solar panel should be placed at a higher elevation than the sea level to avoid the wave height and the installation of a wave breaker at the outer periphery is expected to reduce the wave height. A customized floater as the pontoon is suggested. For example, the design of elevated framed PV module is raised with the PV feet. The PV feet are attached to the main floater for each panel. Each main floater is connected to support floaters for a walkway. Such design was used by [57], but with lower PV feet. Higher, customized PV feet with stiffer columns are strongly suggested for the needs of open-sea floating PVs. The removal and installation process of the PV floaters can be facilitated by using a mechanical connection for each of the floaters, such as a screw connection.



The design should take into account the danger posed by the height of the waves and the speed of the sea water. For coordinates of the CL, Figure 15a,b show the sea water velocity (SWV) and its vector obtained from [24]. To observe the trend of sea water velocity and its magnitude, the period from January 2021 to November 2022 is chosen and the daily mean horizontal SWV is plotted in Figure 16. The maximum mean SWV at sea level does not exceed 0.35 m/s for the CL. Compared to the observed space in the surroundings, where speeds higher than 0.6 m/s are detected, the location of CL is satisfactory and should present a lesser load on the anchor lines.



An idea of focusing the wave energy converter not only for energy production, but also as a wave breaker (breakwaters) is put forward. The wave energy converter, which acts as a breakwater, can be placed in the outer edge of the octagonal layout of the modular energy island and in the vicinity of the central pontoons (see blue lines in Figure 13). With roughly 2000 m of outer perimeter of each octagon side, in total, a 16,000 m length is available for wave energy converter placement. Considering the largest width of WaveDragon (B = 390 m), forty-one devices can be installed on the outer edge and eight devices can be installed in the vicinity to the central pontoon. Considering the capacity factor, 34,039.7 MWh is estimated to be annually produced from the wave energy in one island. Combining the contribution of 3 RES, one FMEI can produce around 381,928 MWh annually. Eight FMEIs are proposed to be placed in the chosen location, producing 3,055,422 MWh annually. The main objective of the power transmission is to transfer the energy production directly to the island of Crete through interconnecting cables to the port of Kissamos Bay. An energy surplus is expected based on the energy production estimate described in Section 4.4. The surplus energy will be stored using the Power-to-X concept, such as green fuel transport by ships (e.g., conversion to green hydrogen).



In addition to the elevated floaters, barriers and geometric stabilisers can be installed around the perimeter of the floating PV area to avoid potential damage from wave heights during extreme weather conditions. Wind load analyses on the PV panels are required in the further design phase, taking into account the extreme/basic mean wind speed for the chosen site.



Some potential environmental issues associated with the FMEI relate to the marine and underwater environment. For example, the anchoring of the mooring lines must be carefully designed. A technical innovation of the mooring system must be introduced to ensure that there is little movement in the lower part of the mooring lines, thus avoiding disturbance to the seabed. Large floating areas for the photovoltaic panels can be a problem for underwater solar irradiation. However, considering the depth of the seawater around 250 m or more of the chosen site, the seabed is in the dysphotic zone, where the light is already insufficient to sustain photosynthesis at this depth. Therefore, the impact of the floating PVs on the underwater plants is expected to be less significant.



In this paper, the rough lifetime prediction refers to the lifetime of the offshore wind turbine. The lifetime of the floaters is not considered as a representative lifetime, as damaged floaters for photovoltaic (PV) panels are replaced and considered as maintenance. The same assumption is made for the PV panels. The lifetime of the wave energy converter is only considered as additional information, as the contribution of wave energy to the total energy production is small. The lifetime of a modern offshore wind turbine is assumed to be between 20 and 25 years, which is used as a first rule of thumb for the lifetime of the FMEI. However, it should be noted that repowering and maintenance can be carried out during the FMEI life, which can increase the number of years of operation. Repowering and life extension of offshore wind farms should be further investigated [58] and adapted for the OWTs installed in the FMEI. Another approach can be introduced by the regular maintenance of floating and mooring system, increasing the lifespan of supporting structure, to support more than one generation of offshore wind.



Further discussion should cover the cost–benefit analysis, potential challenges on legal, management and ownership issues of the FMEI and socio-economic impacts from different sectors. Optimizing the benefits over costs can be aided by comparing the cost of the interconnector cable and the cost of the power-to-x system for energy transfer. An initial levelized cost estimate for one full-scale FMEI lifetime is determined by summing the LCOE for one year of electricity production of the three RESs. Adapting the levelized cost of energy (LCOE) estimate of EUR 147/MWh for a floating photovoltaic plant in the sea [59], taking into account the estimated annual electricity production of 171,129 MWh for 138,000 panels in one FMEI, the estimated cost for a floating photovoltaic plant is 147 × 171,129 = EUR 25.15 million. It should be noted that the value quoted for a floating PV system is based on a site with a shallower sea depth and closer to the shore. For wind energy, the LCOE of a floating offshore wind farm according to the analysis of [60] is used with nine offshore wind turbines (OWT). The authors of [60] estimated the LCOE for three different sites around the island of Pantelleria, varying in water depth and distance from the coast. Site C is chosen as the reference site for LCOE estimation, considering the similarity of the distance to the coast with the CL in this paper. The value of EUR 127/MWh is chosen based on the estimation of LCOE in [60], depending on the deployment of nine wind turbines. Difference in nominal power of wind turbine taken as reference should be considered but assumed as representative value. Considering the 176,759 annual production of wind energy for one FMEI, the cost of implementing wind energy is around 176,759 × 127 = EUR 22.44 million. For wave energy, the average LCOE in 2020 is estimated to be around USD 570 (around EUR 512) per MWh [61]. This gives about 34,039 × 512 = EUR 17.42 million for annual energy production from wave energy. In total, more than EUR 65 million are needed for one FMEI lifetime.



In order to increase the acceptance of the FMEI, the involvement of the government in the ownership of the FMEI can be proposed. The accurate analysis of the invisibility of the FMEI from the coast of Crete needs to be disseminated and presented to the local people, and solutions to maintain undisturbed tourism activities need to be addressed. In order to raise awareness of energy solutions for the further development of Crete’s island activities, the management of the FMEI’s power production can be focused on local activities and tourism. An end-user engagement survey can be conducted in the initial design phase by interviewing a significant number of households in the west coast of Crete. The survey can be used to assess the interest of local people in the following aspects: the relevance of the FMEI to community identity, and the financial and environmental potential of the FMEI, and the expected social impact of the FMEI. Examples of such surveys are carried out by [62] when analysing renewable energy utilization for self-sustainable island grids.





5. Conclusions


In this paper, a conceptual design of a Floating Modular Energy Island (FMEI) is formulated to increase the energy independence of Crete by focusing on renewable energy resources (RES). The three currently operating thermal power plants (TPPs) are taken as a benchmark for the FMEI design to be able to replace their production. The selection of the best location for the floating energy island is addressed by assessing the great potential of wind, solar radiation and waves as renewable energy resources, taking into account criteria related to human activities. A form and number of FMEIs are proposed after considering the energy production and target contribution ratio of each RES. The proposed strategy with eight FMEIs can replace the three TPPS with an annual production of 3,055,422 MWh. For each of the three RES, the energy production estimation was carried out in detail. In addition, initial suggestions for FMEI construction and tools, power transmission, and consideration of environmental and social impacts are presented. An estimate of the levelized cost of electricity (LCOE) for an FMEI is made taking into account the LCOE of each energy source from related studies. The paper suggests important aspects to focus on in the next design phase: intelligent energy management, storage and transmission, including the idea of power-to-x and integration with the interconnection cable to the Kissamos bay. Besides the concept of making FMEIs a substitute for meeting energy demand, including strategic storage management and the potential of an energy hub should also be considered as a future perspective.
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Figure 1. Contour map of Crete and surroundings for (a) climate mean wind speed and (b) climate mean power density [13]. 
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Figure 2. Monthly mean wind speed from January 2018 to December 2018 for each potential region. Data from [13]. 
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Figure 3. Map of direct normal irradiation from Greece [17]. 
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Figure 4. Monthly mean hourly power production given the selected panel system and solar irradiation. Data from [17]. 
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Figure 5. Contour map of sea surface wave significant height on (a) 30 November 2021 and (b) 30 November 2022 [24]. 
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Figure 6. Selected area for sea wave reanalysis data of the (a) west, (b) central south and (c) east regions [24]. 
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Figure 7. Monthly mean wave power for the (a) west, (b) central south and (c) east region in 2018. Data used from [24]. 
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Figure 8. Seasonal trend of mean wave power in the west region in 2018. Data from [24]. 
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Figure 9. Exclusion zones considering: (a) Military exercise areas [30]. (b) Shipping density, ports and maritime boundaries [31]. (c) Telecommunication cables [32]. (d) Sites belonging to the Natura 2000 network [33]. 
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Figure 10. Bathymetry map around Crete [36]. 
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Figure 11. Chosen location (CL) for FMEI [40]. 
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Figure 12. Monthly potential mean power generation considering commercial energy converters: (a) Energy from wind for one OWT (in MW). (b) Energy from solar considering selected PV and area (in MW). (c) Energy from wave for one device of WaveDragon. 
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Figure 13. (a) Layout of the energy island with wave energy converters located in the blue lines. (b) Layout of anchor locations and multiline mooring system. 
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Figure 14. An illustration of the proposed energy island (not to scale). 
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Figure 15. (a) Sea water velocity and (b) its vector around Crete [24]. 
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Figure 16. Daily mean of horizontal sea water velocity. Data from [24]. 
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Table 1. Mesoscale climate mean wind speed and power density for each of the potential regions [13].
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	Region
	Latitude,

Longitude

[°]
	Climate Mean Wind Speed [m/s]
	Climate Mean Power Density [W/m2]
	Wind Power Class





	West
	35.59, 23.35
	8.8
	719
	6



	Central south
	34.85, 25.33
	9.2
	973
	6



	East
	35.11, 26.47
	9.7
	937
	6
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Table 2. Grid of three potential regions to obtain the data for wave energy assessment [24].
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	Region
	Latitude Range
	Longitude Range





	West
	35.50–35.60
	23.30–23.40



	Central south
	34.80–34.90
	25.30–25.40



	East
	35.10–35.20
	26.40–26.50
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