

  jmse-10-00224




jmse-10-00224







J. Mar. Sci. Eng. 2022, 10(2), 224; doi:10.3390/jmse10020224




Article



Site Selection of Offshore Solar Farm Deployment in the Aegean Sea, Greece



Dimitra G. Vagiona 1[image: Orcid], George Tzekakis 2, Eva Loukogeorgaki 2,* and Nikolaos Karanikolas 1





1



Department of Spatial Planning and Development, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece






2



Department of Civil Engineering, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece









*



Correspondence: eloukog@civil.auth.gr; Tel.: +30-2310-995951







Academic Editor: Liliana Rusu



Received: 14 January 2022 / Accepted: 5 February 2022 / Published: 8 February 2022



Abstract

:

Offshore solar energy presents a new opportunity for low-carbon energy transition. In this research, we identify and rank suitable Offshore Solar Farm (OSF) sites in the Aegean Sea, Greece, considering various constraints and assessment criteria. The methodology includes two distinct phases. In the first phase, Geographic Information Systems (GIS) are used to spatially depict both incompatible and compatible marine areas for OSF deployment, while in the second phase, two models based on different combinations of multi-criteria decision-making methods are deployed to hierarchically rank the eligible areas for OSF deployment. The first model (Objective Model—OM) attributes weights to assessment criteria using an entropy-based weight method, while the second model (Subjective Model—SM) utilizes the pairwise comparison of the Analytical Hierarchy Process (AHP) method. Both models use TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution) to prioritize the suitable OSF sites. The results indicate the existence of nine suitable OSF marine areas in the Greek marine environment (total surface area of 17.25 km2) and a different ranking of these sites depending upon the deployed model (OM or SM). The present approach provides useful guidelines for OSF site selection in Greece as well as in other countries.
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1. Introduction


The scarcity of habitable land, combined with rising energy consumption and the environmental consequences of fossil fuels, is forcing the development of offshore renewable energy projects [1]. Offshore wind, wave, and tidal energy are the main forms of renewable energy in the marine environment, and intensive research is being conducted to develop technologies in these fields [2]. However, a renewable energy form that has received little attention in the marine environment so far is solar energy [3]. Floating photovoltaic systems are required to exploit and harvest this resource in the oceans and seas. Although the use of this technology in the marine environment is relatively new, several applications of floating photovoltaic farms have emerged in lakes and reservoirs around the world [4].



Photovoltaic technology converts solar radiation into electricity without emitting pollutants or negatively impacting the environment. Furthermore, offshore solar power plants offer two major technical advantages: (i) sun-tracking around a vertical axis, which simplifies concentrator system requirements and avoids shading between collector rows, and (ii) unlimited cooling water availability, which can improve thermodynamic cycle efficiency [5]. In addition, this type of renewable energy solution is characterized by the limited need for (land) space and cost (efficient use of space) [6], as well as by the feasibility of large-scale implementations that face less public opposition compared to analogous land-based projects [7].



Although many studies investigating offshore wind farm siting can be found in the recent literature [8,9,10,11,12,13,14], the Offshore Solar Farm (OSF) siting applications are missing. This research gap is addressed in the present paper which aims to investigate the suitability of the Aegean Sea in Greece to deploy OSF projects and to identify and prioritize the most appropriate sites, considering various constraints and several assessment criteria. More specifically, this study addresses two research questions: (i) which criteria should be used to assess OSF siting deployment and (ii) how ranking results may change due to different criteria weighting methods.



Geographic Information Systems (GIS) in combination with Multi-Criteria Decision-Making (MCDM) methods have been adopted in the literature to comprehensively address renewable energy siting problems. The identification of suitable locations for solar farm deployment is a difficult task involving several criteria that can influence decision making [15,16,17]. The use of MCDM methods is suggested in the solution of these problems [17,18,19]. MCDM methods can be used either in the criteria weighting and/or in the evaluation of available alternatives. Considering the MCDM methods that have been widely applied, Ilbahar et al. [20] noted that there is a distinct upward trend in the utilization of the Analytical Hierarchy Process (AHP) for renewable energy exploitation, followed by ELimination Et Choice Translating REality (ELECTRE), Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) and other MCDM methods such as VIKOR (VIseKriterijumska Optimizacija I Kompromisno Resenje), PROMETHEE (Preference Ranking Organization METHod for Enrichment of Evaluations), data envelopment analysis, conjoint analysis, etc. Most recent publications of the two frequently used MCDM methods on onshore solar farm siting problems include AHP (e.g., [21,22,23,24,25,26]) and TOPSIS (e.g., [27,28]).



This study proposes a framework for OSF deployment that is divided into two phases. GIS is used in the first phase (Phase I) to spatially depict both incompatible and compatible marine areas for OSF deployment, while in the second phase (Phase II), two models are used to hierarchically rank the suitable sites for OSF deployment, based on different combinations of MCDM methods. The first model (Objective Model—OM) assigns weights to assessment criteria using an Entropy-based Weight Method (EWM), whereas the second model (Subjective Model—SM) uses the pairwise comparison process of AHP. To prioritize the suitable marine areas, both models employ TOPSIS. The correlations between the two models are examined, using the Kendall rank correlation coefficient.



To the authors’ knowledge, this is the first study that investigates OSF siting. Both exclusion and assessment criteria are selected and applied for the first time in solving OSF siting problems. Moreover, a significant advantage of the present work is that it uses both objective and subjective weighting methods to provide the appropriate weight for each assessment criterion. The use of EWM avoids the interference of human factors in the weighting of assessment criteria and thereby could improve the objectivity of the assessment results. In addition, the use of both objective and subjective weighting methods in the criteria weighting and the comparison of their results, in a way, address the rank reversal phenomenon that AHP has been widely criticized for and is at the core of many debates in MCDM methods. However, a limitation of the present study could be considered the selection of exclusion criteria, as on the one hand, there is no relevant national legislation concerning OSF deployment and, on the other, marine spatial planning is yet missing in Greece.



The remainder of this paper is organized as follows. Section 2 describes the exclusion and assessment criteria as well as the MCDM methods used in this study. In Section 3, the results are presented and discussed, while, in Section 4, the main conclusions are drawn.




2. Materials and Methods


In order to identify and prioritize the most appropriate marine areas for the deployment of OSF projects in the Aegean Sea, Greece, the methodological approach of Figure 1 is developed and applied. The approach consists of two phases and considers various constraints and several assessment criteria.



In Phase I, suitable marine areas for OSF deployment in the study area are identified. This is accomplished by creating thematic maps of exclusion criteria in a GIS environment. Following that, in Phase II, two multi-criteria decision models are used to evaluate these marine areas/alternatives. The first model (OM) includes EWM combined with the TOPSIS method to prioritize the potential marine areas, while the second model (SM) uses a combination of the AHP and the TOPSIS method.



2.1. Exclusion Criteria


GIS aids in the implementation of Phase I of the proposed methodological approach (Figure 1). Thematic layers that represent and define the study area, as well as sets of exclusion criteria and relevant restriction zones, where OSF implementation is not possible, are produced. The aforementioned criteria along with their imposed limitations are shown in Table 1. The values are derived either from the Greek Specific Framework for Spatial Planning and Sustainable Development for Renewable Energy Sources (SFSPSD/RES) [29] or scientific publications on siting issues of various renewable energy sources (e.g., offshore wind and wave, onshore solar).




2.2. Assessment Criteria


The assessment criteria are defined, as in the case of the exclusion criteria, through literature review (e.g., [11,34,37,38,39]) on various renewable energy sources (e.g., offshore wind and wave, onshore solar). Water depth (AC1), distance from shore (AC2), main voltage at a maximum distance of 100 km from the site area (AC3), distance from ports (AC4), serving population (AC5), solar radiation (AC6), and installation site area (AC7) are considered among the most important assessment criteria, which have been used in this study, and are described in the following paragraphs.



Water depth (AC1): Floating photovoltaic applications are currently limited to inland water bodies such as lakes or hydroelectric dam reservoirs and there is no commercially available technology yet available that can be employed in open seas [40]. Like other offshore renewable energy technologies (wind and wave), the construction costs increase with water depth due to mooring, anchoring, and cabling costs [33]. The areas with shallower water depth are considered preferable as they provide technical solutions with reduced construction and maintenance costs.



Distance from shore (AC2): This criterion is selected for technical and aesthetic reasons. On the one hand, the proximity to the shore is an important criterion for the reduction in the costs associated with the installation’s connection, while on the other hand, siting solar energy installations in proximity to the shoreline can cause visual and landscape impacts to tourist activities. Visibility from the shore is frequently a planning constraint, so a minimum distance should be defined as representative of the planning preferences. For that reason, the distance from the shore is also used as an exclusion criterion in this study (Table 1). The five categories for this AC2 in decreasing preference order are: 11–25, 26–50, 51–100, 101–150, and 151–200 km.



Main voltage at a maximum distance of 100 km from the site area (AC3): To export the electricity generated, a grid connection point close to the proposed project location with sufficient capacity is required. The proximity of an eligible marine area for OSF deployment to a local electrical grid with high voltage capacity improves its suitability. Three classes of grid capacity (400, 150, and 66 kV) are selected based on the available capacity of the Greek local grid and the existing conditions in the study area.



Distance from ports (AC4): The areas with the shortest distances from ports are preferred as they result in lower installation costs [30]. The four categories for this criterion in decreasing preference order are: ≤50, 51–70, 71–90, and >90 km.



Serving population (AC5): The population that could be served in terms of coverage of energy needs is crucial both for the economic sustainability of the project and its social acceptance. The study area is grouped into four zones (North Aegean, Cyclades, Eastern Aegean, and South Aegean) and the permanent populations of the islands in these zones are aggregated. The assessment of this criterion is performed based on the position of each eligible marine area in the aforementioned zones. The most preferable zones are those that include the highest number of permanent residents.



Solar radiation (AC6): In many studies related to onshore solar farm siting, the total solar radiation incident on a horizontal surface (i.e., global horizontal irradiance) is regarded as an extremely important assessment criterion, e.g., [16,41]. The intensity of a solar PV system’s radiation determines the size of its electrical output. Areas with high solar potential contribute significantly to the project’s efficiency and economic feasibility. Therefore, the evaluation of the potential OSF sites in the Aegean Sea is based on the following three categories, in increasing preference order: 1601–1700, 1701–1800, and 1801–1900 kWh/m2.



Installation site area (AC7): Larger sites allow for greater flexibility in terms of the exact installation point based on the conditions, the size of the project, and the number of systems to be installed [42]. The size and scale of floating solar projects are expected to grow further as technologies become more mature. Marine sites with a large area are considered preferable for OSF deployment.



It is noted that all the necessary data describing the above assessment criteria, as well as the exclusion criteria of Table 1, are obtained from specific sources as follows: (i) areas to be licensed for exploration and exploitation of hydrocarbons from [43], (ii) military exercise areas and water depth from [44], (iii) ports and shipping routes from [45,46], (iv) aquaculture zones from [47], (v) distance from shore, protected areas, and distance from ports from [45], (vi) areas where offshore renewable energy projects have been already installed or planned to be installed from [48], (vii) existing high-voltage electricity grid from [49], (viii) serving population from [50], and (ix) solar radiation from [51].




2.3. Multi-Criteria Decision Making Methods


2.3.1. Entropy Weighted Method (EWM)


Entropy was originally a concept in thermodynamics, and it was used to calculate the disorder of a system, namely, the degree of its confusion [52]. EWM is an important information weight model that eliminates the influence of human factors on the weight of indicators, thereby improving the objectivity of the overall evaluation results [53]. EWM consists of four steps.



In Step 1, the initial assessment matrix is defined, including the numerical value    x  i j     of each  i -th,   i = 1 , … , n  , alternative for each assessment criterion AC j ,   j = 1 , … , m  . From this initial assessment matrix, and as the assessment criteria are expressed in different units, a new normalized decision matrix is calculated in Step 2 to retrieve the values on a common basis. The normalized rating    r  i j      is calculated using Equation (1) below:


   r  i j   =    x  i j      ∑  i = 1  n   x  i j      



(1)




where  n  is the total number of alternatives.



Successively, in Step 3, the entropy value    E j   ,   j = 1 , … , m  , for each  j -th assessment criterion is calculated by deploying Equation (2), as defined in [54].


   E j  = −    ∑  i = 1  n   r  i j   l n  (   r  i j    )    l n  ( n )     



(2)







Finally, in Step 4, the entropy weight    w j   ,   j = 1 , … , m  , for each  j -th assessment criterion is calculated as follows [53,55]:


   w j  =   ( 1 −  E j  )    ∑  j = 1  m  ( 1 −  E j  )          



(3)




where  m  is the number of assessment criteria.



For a given  j -th criterion, the lower the entropy value,    E j   , is, the greater the degree of diversity among alternative values within this criterion. As a result, the corresponding criterion provides more useful decision information for the decision-making problem at hand, and the criterion would have a higher importance weight within the decision procedure.




2.3.2. Analytic Hierarchy Process (AHP)


AHP was initiated by Professor Thomas L. Saaty back in the 1970s [56]. Its process entails decomposing a problem into a hierarchy with a goal at the top, criteria at the second level of the hierarchy, and alternatives at the bottom of the hierarchy. In AHP, each factor is compared as a binary value at each level of the hierarchy using pairwise comparisons, and the relative values are assessed in accordance with the level of importance among themselves to each other based on Saaty’s fundamental scale (Table 2).



In this study, we use the AHP method to derive the relative weights of AC j ,   j = 1 , … , m  . The judgement matrix   A   with elements denoting the decision maker’s preference of one criterion over another based on Saaty’s scale is formed as follows:


   A  =  [          1.0    ⋯     a  1 j                    ⋯     a  1 m            ⋯           a  j 1      ⋯    1.0                  ⋯     a  j m            ⋯           a  m 1      ⋯     a  m j                    ⋯    1.0          ]   



(4)







The relative weights of the compared criteria AC j ,   j = 1 , … , m   are calculated by normalizing matrix   A   into a new matrix, where the elements of each column are divided by the sum of the elements of the same column. The row average of the new normalized matrix is then used to compute the relative weights of the criteria.



The degree of inconsistency of comparison matrices is expressed by the Consistency Index (  C I  ) and the Consistency Ratio (  C R  ), which are given by Equations (5) and (6), respectively:


  C I =    λ  m a x   − m   m − 1            



(5)






  C R =   C I   R I          



(6)




In Equation (5),    λ  m a x     is the maximum eigenvalue of the   m   x   m   comparison matrix and  m  is the size of this matrix. If   C R    < 0.10, the degree of consistency is considered satisfactory and acceptable [56].




2.3.3. TOPSIS


TOPSIS is a straightforward and computationally efficient MCDM technique for selecting the best solution from a set of alternatives. It follows a series of steps outlined in [58], with references to [59]. The method’s central idea is that the chosen solution should be as close as possible to the positive ideal solution while remaining as far away as possible from the negative ideal solution [60]. Alternative priority order can be achieved based on the comparison of the relative distance. The steps of the TOPSIS method are described below.



In Step 1, Equation (7) is employed to normalize the decision matrix, where    R  i j     is the TOPSIS normalized rating.


   R  i j   =    x  i j        ∑  i = 1  n   x  i j  2       



(7)







Then, in Step 2, the weighted normalized value    v  i j    ,   i = 1 , … , n  ,   j = 1 , … , m  , is calculated as follows:


   v  i j   =  w j  *  R  i j          



(8)




where    w j    is the weight of the  j -th assessment criterion and     ∑  j = 1  m   w j  = 1  .



Successively, in Step 3, we determine the ideal    A +    and the negative ideal solution     A −    using Equations (9) and (10), respectively [61].


   A +  =  {   v 1 +  , … ,      v m +   }  =  {  ( m a x    v  i j    |  j ∈    J ′  ) ,   (   m i n  v  i j    |  j ∈  J ″  )    }         



(9)






   A −  =  {   v 1 −  , … ,      v m −   }  =  {  ( m i n    v  i j    |  j ∈    J ′  ) ,   (   m a x  v  i j    |  j ∈  J ″  )    }           



(10)




where    J ′    is associated with benefit criteria and    J ″    is associated with non-benefit (cost) criteria.



In Step 4, we calculate the Euclidean distance of each alternative from the optimal ideal   (  S i +   ) and the negative ideal choice   (  S i −   ) by deploying Equations (11) and (12), respectively.


     S i +  =     ∑   j = 1  m     (   v  i j   −  v j +   )   2                 



(11)






   S i −  =     ∑   j = 1  m     (   v  i j   −  v j −   )   2             



(12)







The closeness coefficient    C i +    of each  i -th alternative to the optimal ideal and the negative ideal solution is next calculated in Step 5 as follows:


   C i +  =    S i −     S i +  +  S i −           



(13)







Finally, in Step 6, the ranking order of the alternatives based on the relative closeness coefficient    C i +    are determined.






3. Results and Discussion


3.1. Determination of Eilgible Marine Areas for OSF Deployment


Using the exclusion criteria and the restriction zones of Table 1, several thematic maps have been created in GIS. Figure 2 shows indicatively the thematic maps of the exclusion criteria related to Protected Areas (PA), Aquaculture Zones (AZ), and Distance from Shore (DS).



By superimposing the thematic maps of all exclusion criteria, marine areas unsuitable for OSF siting are determined and, accordingly, marine sites eligible for the deployment of OSFs in the study area are identified (Phase I). Specifically, the corresponding results have indicated nine (9) eligible Marine Areas (MAs) in the Aegean Sea, Greece, which are shown in Figure 3 and are considered for further assessment and evaluation (Phase II). Six MAs (MA4–MA9) are located in the North Aegean, one (MA2) in the central Aegean, while the remaining two are located East of Crete (MA1) and offshore (East) of Euboea (MA3). The size of these areas is cited in Table 3.




3.2. Assessment and Ranking of Eligible Marine Areas


3.2.1. Weights of Assessment Criteria


The weights of the assessment criteria defined in Section 2.2 are calculated through EWM (Objective Model—OM) and AHP (Subjective Model—SM). EWM is the weighting method used herein to measure value dispersion in the examined decision-making problem, while the AHP method uses the pairwise comparison of the assessment criteria to quantify their relative weights. There is no predefined procedure or rules to perform pairwise comparisons and assign weights to the assessment criteria. Thus, AHP is a subjective process that, in most cases, depends on either the researchers’ decision or the expertise of relevant stakeholders and policymakers. In the current study, pairwise comparisons are performed based on the authors’ expertise [11,30,62] and their understanding of the study area’s local conditions and constraints.



Table 3 provides the initial assessment matrix used in OM, including the numerical values    x  i j     of each eligible MA i ,   i = 1 , … , 9  , for each AC j ,   j = 1 , … , 7  , while Table 4 presents the pairwise comparison matrix of the seven assessment criteria used in SM. From Table 3, it is obvious that AC3, AC7, and AC5 show the highest degree of discrimination and grade discrimination, while the opposite holds true for AC4 and AC2. Accordingly, the entropy values of AC3, AC7, and AC5 (calculated equal to 0.881, 0.911, and 0.916, respectively) are smaller compared to those of AC4 and AC2 (equal to 0.996 and 0.998, respectively). Regarding Table 4, it is noted that the consistency ratio of the pairwise comparison matrix is   C R    = 0.02, meaning that the results are consistent and acceptable.



The relative weights of the assessment criteria are quantified through EWM and AHP in OM and SM, respectively, and the corresponding results are presented in Figure 4. Starting with OM, it can be seen that AC3, AC7, and AC5 have the largest importance weights (32.46, 24.13, and 22.86%, respectively). This, in turn, indicates that the main voltage at a maximum distance of 100 km from the site area, the installation site area, and the serving population are, respectively, the three most important assessment criteria for determining the preference order of the OSF siting in the Aegean Sea, Greece, when OM is deployed. On the other hand, the distance from ports (AC4) and from the shore (AC2) have the smallest weights (1.07 and 0.49%, respectively) and, therefore, contribute slightly to the relevant decision-making process. All the above are in absolute accordance with the discussion made above regarding the entropy values and the degree/grade of discrimination of AC j ,   j = 2 , … , 5  , and  7 .



In the case of SM, the relative weight of AC6 has the greatest value (37.97%) indicating that the solar radiation is the most important criterion for ranking MAs in the Aegean Sea, Greece. This result is in line with several studies on onshore solar farm siting that have highlighted that the total solar radiation is the assessment criterion with the greatest weighting factor [16,18,41]. The main voltage at a maximum distance of 100 km from the site area (AC3) and the distance from ports (AC4) are the next two most important criteria, having the same relative weight (17.84%). It should be noted that the total weight of the above three assessment criteria equals 73.65%. Consequently, the decision upon the sustainability of MAs for OSF deployment in the case of SM strongly depends on the availability of solar energy sources as well as on technical/economic factors. The priority weights of the remaining four assessment criteria in decreasing order are as follows: AC1 (11.55%), AC5 (7.70%), AC7 (3.55%), AC2 (3.55%).




3.2.2. Ranking of Eligible Marine Areas


For both models (OM and SM), eligible MAs for OSF deployment are prioritized using TOPSIS. The distance of every feasible solution (MA1–MA9) from the ideal solution (Equation (11)) and the negative ideal solution (Equation (12)) is obtained, and each MA is ranked by the relative degree of approximation (Equation (13)). The corresponding results are presented in Table 5 and Table 6 for OM and SM, respectively, while comparison of the ranks between the two different methods is graphically presented in the radar chart of Figure 5.



The ranking results are different between the two models. In the case of OM (Table 5), the first three most preferable sites for the OSF deployment in the Aegean Sea, Greece, are MA9, MA8, and MA1 located, respectively, near Thasos, Samothrace (North Aegean), and Crete (Figure 3). Regarding the first two top choices, the existence of the highest (400 kV) capacity grid within a maximum distance of 100 km (AC3) from MA9–MA8, as well as the benefit of these two sites to serve a large population (AC5) and provide large installation area (AC7) contribute mainly to this ranking. MA1 corresponds to the third top choice due to the potential of this site to serve a large population (AC5). As for SM (Table 6), the first three top choices correspond to MA1, MA2, and MA4 offshore of Crete, Ios (Central Aegean), and Psara (North Aegean, near Chios), respectively (Figure 3). The large solar radiation values (AC6) in those three MAs contribute mainly to this ranking. For both models, the two least preferable sites correspond to MA6 and MA7 near Mytilene and Limnos, respectively (Figure 3). This is mainly attributed to the small values of AC3 (main voltage at a maximum distance of 100 km from the site area) and AC6 (solar radiation) for both these MAs.



The correlations in rankings between OM and SM are further examined, using Kendall rank correlation coefficient (Kendall’s  τ  coefficient) and the correlation value (  0.39 )   reveals a low agreement between rankings.






4. Conclusions


Given the world’s growing interest in sustainable energy development and the vast and clean source of energy available for long-term exploitation, the current paper develops and presents a methodological framework for identifying the most appropriate marine areas in the Aegean Sea, Greece, for OSF siting.



Through the application of certain exclusion criteria and the use of GIS, nine (9) eligible MAs for the siting of OSFs in the study area are identified. Two different multi-criteria models (OM and SM), based on different weighting methods (EWM and AHP, respectively), are deployed to evaluate seven selected assessment criteria. The nine MAs are evaluated using TOPSIS according to the value of the relative degree of approximation. The main conclusions of the current research are summarized as follows:




	
Seven (7) assessment criteria are selected based on selected renewable energy resources literature (e.g., onshore solar and offshore wind and wave).



	
OM and SM give different relative weights to the assessment criteria and consequently different ranking of eligible MAs.



	
The solar radiation assessment criterion obtained the largest relative weight (37.97%) in the case of SM. This result is in line with several studies that consider solar radiation as the assessment criterion with the greatest weighting factor [16,18,41].



	
The offshore area (MA9) located near Thasos in North Aegean (size equal to 3.628 km2) presents the most suitable site for OSF deployment based on OM. This is attributed to the proximity of MA9 with the grid of the highest capacity as well as to the potential of the specific site to serve a large population and provide an extended installation area.



	
The offshore area (MA1) located near Crete (size equal to 0.973 km2) presents the most suitable site for OSF deployment based on SM. This is mainly attributed to the large value of solar radiation in this area.



	
AHP is one of the most suitable, easily applicable, and flexible MCDM methods for solving energy sector problems [63,64]. This method is recommended when experts in the field can perform the pairwise comparisons. Therefore, in this study, the results obtained by SM could be considered precise and reliable.



	
Entropy method is used when a decision maker is non-existent and relatively subjective weights cannot be obtained. Although the results of EWM are considered reliable and effective according to the traditional literature, the engineering practice supports that the EWM’s weighted result does not always accurately reflect the index’s information amount and importance [53]. This conclusion is also confirmed by the results of our study.



	
As the offshore solar industry develops, the technical characteristics and spatial requirements might change, which, in turn, might make other sites more feasible. However, the methodological framework proposed in this study provides a starting point for investigating where OSFs could be installed.








Offshore solar energy could be a viable option for making many coastal communities, islands, and isolated locations more sustainable. This investigation provides a logical scientific methodological approach that could be used to rank the site suitability of OSF technology and can be used efficiently in various renewable energy projects. In addition, this paper contributes to the fulfillment of one of the main goals of the European Green Deal related to the decarbonization of the EU’s energy system for reaching climate objectives. One of the key principles includes the deployment of a power sector based largely on renewable energy resources [65] and the presented methodology contributes to this direction.



The present investigation could be extended in order to include additional physical parameters as assessment siting criteria, as for example: (i) wind and wave conditions, which are critical for ensuring the structural reliability of OSF systems [66], and (ii) the water temperature, which contributes to increased efficiency (up to 10%) due to the water-cooling effect [67]. On the other hand, the assessment of the electricity production of OSF systems for different solar technologies might provide useful insights in future considerations. Finally, the subject of co-locating different marine renewable energy systems and, more specifically, the combination of offshore solar technologies with offshore wind turbines could be investigated as future work, as it can yield to sustainable solutions and contribute to launching the commercial feasibility of OSFs.
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Figure 1. Methodological approach for site selection of OSFs in the Aegean Sea, Greece. 
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Figure 2. Thematic maps of exclusion criteria related to: (a) Protected Areas (PA), (b) Aquaculture Zones (AZ), (c) Distance from Shore (DS). 
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Figure 3. Eligible areas for OSF siting in the Aegean Sea, Greece. 






Figure 3. Eligible areas for OSF siting in the Aegean Sea, Greece.



[image: Jmse 10 00224 g003]







[image: Jmse 10 00224 g004 550] 





Figure 4. Relative weights of assessment criteria (AC1~AC7) in OM and SM. 
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Figure 5. Radar chart for MAs ranking in terms of OM and SM. 
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Table 1. Exclusion criteria and restriction zones.






Table 1. Exclusion criteria and restriction zones.





	Exclusion Criteria
	Unsuitable Areas





	Areas to be licensed for Exploration and Exploitation of Hydrocarbons (AEEH)
	Occupied areas [30]



	Military Exercise Areas (MEA)
	Occupied areas (e.g., [31,32])



	Ports and Shipping Routes (PSR)
	<1 km buffer from sea route [32], >100 km from deep water ports, and >50 km from small piers [33]



	Protected Areas (PA)
	<1 km (e.g., [11,34])



	Aquaculture Zones (AZ)
	Occupied areas (e.g., [31,35])



	Distance from Shore (DS)
	<10 km [29]



	Areas where Offshore Renewable Energy Projects (AOREP) have been already installed or planned to be installed
	Occupied areas [30]



	Water Depth (WD)
	>100 m based on [36]



	Site Area Limitations (SAL)
	<0.3 and >7 km2
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Table 2. Saaty’s fundamental scale [57].






Table 2. Saaty’s fundamental scale [57].





	Intensity of Importance on an Absolute Scale
	Definition
	Reasoning





	1
	Equal importance
	Two activities contribute equally to the goal



	3
	Moderate importance of one over another
	One activity is preferred over another based on experience and judgment



	5
	Essential or strong importance
	One activity is clearly superior to another based on experience and judgment



	7
	Very strong importance
	An activity is strongly preferred, and its dominance is evident in practice



	9
	Extreme importance
	The evidence favoring one activity over another is of the highest possible order of affirmation



	2, 4, 6, 8
	Intermediate values
	When a compromise is required
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Table 3. Initial assessment matrix for OM.
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	AC1

(m)
	AC2 (km)
	AC3 (kV)
	AC4

(km)
	AC5

(Population)
	AC6 (kWh/m2)
	AC7

(km2)





	MA1
	100
	11–25
	150
	≤50
	686,969
	1801–1900
	0.973



	MA2
	100
	11–25
	150
	≤50
	119,887
	1801–1900
	1.071



	MA3
	100
	11–25
	150
	≤50
	176,264
	1701–1800
	1.112



	MA4
	100
	11–25
	66
	51–70
	176,264
	1801–1900
	1.322



	MA5
	100
	26–50
	66
	≤50
	176,264
	1701–1800
	4.885



	MA6
	100
	26–50
	66
	51–70
	176,264
	1601–1700
	1.669



	MA7
	50
	11–25
	66
	51–70
	176,264
	1601–1700
	0.974



	MA8
	50
	11–25
	400
	≤50
	176,264
	1601–1700
	1.615



	MA9
	50
	11–25
	400
	≤50
	176,264
	1601–1700
	3.628
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Table 4. Pairwise comparison matrix of assessment criteria for SM.
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	AC1
	AC2
	AC3
	AC4
	AC5
	AC6
	AC7





	AC1
	1
	4
	1/2
	1/2
	2
	1/4
	4



	AC2
	1/4
	1
	1/5
	1/5
	1/3
	1/7
	1



	AC3
	2
	5
	1
	1
	3
	1/3
	5



	AC4
	2
	5
	1
	1
	3
	1/3
	5



	AC5
	1/2
	3
	1/3
	1/3
	1
	1/5
	3



	AC6
	4
	7
	3
	3
	5
	1
	7



	AC7
	1/4
	1
	1/5
	1/5
	1/3
	1/7
	1










[image: Table] 





Table 5. Distance of each MA from the ideal and the negative ideal solution and final ranking in OM.
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	     S i +     
	     S i −     
	     C i +     
	Ranking





	MA1
	0.1865
	0.1661
	0.4712
	3



	MA2
	0.2403
	0.0611
	0.2027
	5



	MA3
	0.2309
	0.0507
	0.1799
	6



	MA4
	0.2525
	0.0476
	0.1586
	7



	MA5
	0.2213
	0.1382
	0.3844
	4



	MA6
	0.2506
	0.0286
	0.1025
	8



	MA7
	0.2620
	0.0186
	0.0663
	9



	MA8
	0.1847
	0.1728
	0.4834
	2



	MA9
	0.1521
	0.1945
	0.5611
	1
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Table 6. Distance of each MA from the ideal and the negative ideal solution and final ranking in SM.
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	     S i +     
	     S i −     
	     C i +     
	Ranking





	MA1
	0.0779
	0.1344
	0.6330
	1



	MA2
	0.0936
	0.1239
	0.5696
	2



	MA3
	0.1093
	0.0654
	0.3745
	6



	MA4
	0.1086
	0.1228
	0.5307
	3



	MA5
	0.1242
	0.0642
	0.3410
	7



	MA6
	0.1628
	0.0174
	0.0967
	9



	MA7
	0.1617
	0.0279
	0.1472
	8



	MA8
	0.1324
	0.0964
	0.4214
	5



	MA9
	0.1315
	0.0973
	0.4253
	4
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