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Abstract

:

Wind is the most used renewable energy source (RES) in the European Union and Poland. Due to the legal changes in the scope of RES in Poland, there are plans to develop offshore wind farms at the expense of onshore ones. On the other hand, the success of an offshore wind farm is primarily determined by its location. Therefore, the aim of this study is to select offshore wind farm locations in Poland, based on sustainability assessment, which is an inherent aspect of RES decision-making issues. To accomplish the objectives of this research, PROSA (PROMETHEE for Sustainability Assessment) method, a new multi-criteria method is proposed. Like PROMETHEE (Preference Ranking Organization METHod for Enrichment Evaluation), PROSA is transparent for decision makers and is easy to use; moreover, it provides the analytical tools available in PROMETHEE, i.e., the sensitivity and GAIA (Geometrical Analysis for Interactive Assistance) analyses. However, PROSA is characterized by a lower degree of criteria compensation than PROMETHEE. Thus, it adheres in a higher degree to the strong sustainability paradigm. The study also compared the solutions of the decision problem obtained with the use of PROSA and PROMETHEE methods. The compared methods demonstrated a high concurrence of the recommended decision-making variant of location selection, from methodological and practical points of view. At the same time, the conducted research allowed to confirm that the PROSA method recommends more sustainable decision-making variants, and that the ranking it builds is less sensitive to changes in criteria weights. Therefore, it is more stable than the PROMETHEE-based ranking.
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1. Introduction


The renewable energy sources (RES) are one of the key elements of a low carbon economy [1]. Their ever-increasing share of the total production and consumption of energy is being observed in both the European Union [2] and Poland [3]. Among the RES technologies, wind turbines show the largest installed capacity. In 2015, the installed capacity of onshore wind power plants in Poland reached 5.1 GW [4] and over 143 GW in EU [2]. This represents 70% and 40% of the installed capacity of all RES [2,4], respectively. At the end of 2015, the installed capacity of wind power plants around the world was equal to 432 GW [5], and, in 2016, it was already 456 GW [6].



The most important issue determining the success of an offshore wind farm project is the choice of power plant location [7]. This choice determines the efficiency of the wind farm, as well as its effects on the environment, benefits and costs [8]. For the development of wind energy in Poland, this problem is of particular importance in the context of the 2016 introduction of the act on the investments in wind power plants [9]. This act introduced, in particular, restrictions on the potential locations of onshore wind turbines. The minimum distance of newly built wind turbines from the nearest buildings was defined. This distance must be at least ten times the height of the wind farms including the rotor and blades [9]. This requirement, combined with other relevant parameters (e.g., wind conditions and connection to the grid), makes it difficult to find a location for a newly designed onshore wind farm. However, these restrictions create opportunities for the development of wind farms in the Polish maritime area. In addition, the offshore location of wind farms is supported by the following arguments:




	
the energy potential (wind power) offshore is greater than onshore [10,11],



	
the wind farm size may be greater offshore than onshore [11],



	
lower environmental impact of offshore wind farms compared to the onshore ones [11],



	
offshore farms raise less social opposition, because the noise and visual impact are less onerous for the local communities [10].








On the other hand, the disadvantages of the offshore locations, compared to the onshore ones, include:




	
more difficult assessment of the wind characteristics,



	
higher investment costs,



	
higher operating and maintenance costs [11].








One of the main aspects for implementing RES projects is their sustainability [12]. The sustainable development is designed to meet the current energy needs without compromising the energy needs of future generations [13]. In turn, the sustainability assessment means taking into account a whole set of criteria, including social, economic and environmental factors [13,14,15], in the decision-making problem. In the context of sustainable development and sustainability assessment, the paradigms of weak and strong sustainability exist. Weak sustainability means that the economic, social and natural capitals are interchangeable, and can replace one another. On the other hand, strong sustainability means that they are complementary, but not interchangeable [16]. In practice, sustainability assessment appears in many RES-related publications [12,17], including those regarding wind energy.



RES decision problems, in which sustainability assessment is taken into account, require to consider multiple points of view and, therefore, are often considered to be multi-criteria decision-making problems [18]. For this reason, multi-criteria decision analysis (MCDA) methods [19] are used to solve them, and, most often, the methods based on value/utility theory [20] are used. Such methods are not fully suitable for use in RES and sustainability assessment problems, since, because of the criteria compensation effect, they cannot be used for the strong sustainability problems [21,22,23]. The outranking methods [21] are more suitable for such applications, because of their low degree of compensation.



The methodological contribution of this paper is to propose and verify a new MCDA method supporting strong sustainability, called PROSA (PROMETHEE for Sustainability Assessment), which is based on outranking relation. Formally, PROSA is based on similar mathematical foundations to the PROMETHEE (Preference Ranking Organization METHod for Enrichment Evaluation). However, it was observed that our approach significantly limits the undesirable effect of linear compensation of criteria, thus, fulfilling the postulate of strong sustainability. In practical terms, we verify the proposed method in a decision-making problem to select an offshore wind farm location in Poland. Four actual locations situated in the Polish economic zone in the Baltic Sea were considered. The selection was based on a sustainability assessment of the individual variants, with the use of PROSA. The obtained results were compared with the results of the PROMETHEE II calculations.



The rest of the paper is organized as follows. Section 2 contains a literature review of the MCDA methods usage in RES domain decision problems and, in particular, the decision-making problems concerning the location selection for offshore wind farms. The PROSA method, along with its PROMETHEE foundations, are presented in Section 3. Section 4 contains the results of the empirical study, followed by the discussion and sensitivity and GAIA analyses of the obtained results in Section 5. The conclusions and future directions are outlined in Section 6.




2. Literature Review


The issue of the MCDA methods’ usage to solve RES domain decision problems has been widely discussed in the literature [12,19,24,25]. The issues related strictly to wind energy, including offshore wind farms, are being resolved with the use of MCDA methods. The topic of offshore wind farm location selection has been addressed in many studies, also focused on: compensation problems [7], RES decision support systems and their reuse [8,26], integration issues [27,28], social and economic issues [29,30], construction issues [31] or GIS (Geographic Information System) technologies [29,32,33,34].



Although the main practical aim is common for all the aforementioned research, the problem is addressed with different approaches. The methodological approach is different in each of these studies, thus, using different sets of criteria or structuring them in different groups and clusters. Furthermore, the methodological foundations are drawn from various methods, such as AHP, PROMETHEE, COMET, DEMATEL, to name just a few. In [7], a fuzzy version of the ELECTRE III method was used to select the location for an offshore wind farm in Shandong Province in China. The location selection was based on a decision model with six criteria and 22 sub-criteria. In [8,26], based on three criteria and on a total of ten sub-criteria, a location was selected for an offshore wind farm in the Polish economic zone in the Baltic Sea. The AHP with PROMETHEE II, and the COMET methods were used for this purpose in [8,26] respectively. In [27], a similar decision problem, related to the Persian Gulf, was handled with the use of six criteria and 31 sub-criteria, using the fuzzy variants of the DEMATEL, ANP and ELECTRE methods. In turn, [29] evaluated the various locations of the wind farm in the Lake Erie area in the USA. Eight aggregated criteria were used there, with the usage of the Borda method. In [28,32], a two-step decision-making procedure was used to evaluate the locations for offshore wind farms, where, at first, the worst locations were rejected using the Conjunctive method and the remaining sites were then evaluated with the AHP method. In [32], the locations in the east part of the Mediterranean Sea (Greece) were evaluated with three (Conjunctive method) and then 5 (AHP) criteria, while in [28], three criteria were used in the Conjunctive method, and then three criteria and six sub-criteria were used in the AHP method to evaluate the locations in the east part of the Baltic Sea (Baltic States economic zones). The eastern part of the Baltic Sea, specifically the Lithuanian Exclusive Economic Zone, was also the area of interest of [30,31]. In [31], the problem of location selection for an offshore wind farm was solved with AHP and Permutation methods with the use of eight criteria. On the other hand, in [30], the AHP and WASPAS methods and five criteria were used to evaluate both the locations, as well as the turbines, for an offshore wind farm. In the last two works cited, i.e., [33,34], the locations for hybrid offshore wind and wave energy systems were assessed using two-step procedures, where at first the inappropriate locations were excluded with the use of the Conjunctive method, and then the remaining locations were evaluated with other MCDA methods. In [33], locations in the eastern part of the Mediterranean Sea (Greece) were assessed with the use of eight criteria for the Conjunctive method and, afterwards, with eight criteria for the AHP method. It should be noted that in each case, seven criteria were related to the wind energy and a single criterion was related to the wave energy. In turn, [34] addressed locations in the European waters (North Sea, Bay of Biscay, Mediterranean Sea, Norwegian Sea and East part of the Atlantic). In this case, four criteria were used for the Conjunctive method, with three related to wind energy and one related to wave energy. The evaluation was then expanded with four further criteria.



Table 1 presents the case studies of the MCDA approaches to the decision problems related to the selection and evaluation of offshore wind/hybrid farm locations.



All of the MCDA methods’ applications presented in Table 1 cover the issue of sustainability assessment. This is due to the fact that offshore wind/hybrid farm location selection decision problems presented in Table 1 are mainly based on environmental, economic and social criteria. In some publications, spatial criteria are also pointed out, however, they are usually grouped with the economic criteria, since they have a significant impact on the cost of the project. Likewise, the technical criteria, in particular the wind potential at the location, might also be distinguished. It is easy to demonstrate, however, that these criteria are also of an economic nature. For example, the amount of energy produced depends on the speed of the wind, which translates into the income of the power plant. Under the general criteria, or their groups, usually sub-criteria are highlighted as well. Table 2 shows the detailed criteria/sub-criteria most commonly used in the decision-making issues related to the choice of location for the offshore wind/hybrid farms including the sustainability assessment. Undoubtedly, these are not all the criteria/sub-criteria used in these types of problems, as the following criteria are also sporadically used: area of the territory covered by the wind farms [31], nominal power of the wind turbine [30], operation and maintenance costs [7], etc.



Based on the analysis of the literature [12,19,20,24,25], it is important to note that the MCDA methods most commonly used in the sustainability assessment of energy problems are based on the value/utility theory (single synthesizing criterion), and particularly, the AHP method. The analysis of Table 1 confirms that the AHP method is also used most commonly in the problem of location selection for offshore wind/hybrid farms with sustainability assessment. However, these methods are not fully suitable for use in sustainability assessment, because they are characterized by a high degree of compensation criteria [22,23]. The effect of criteria compensation is itself strongly linked to sustainability assessment [21,22]. The degree of compensation determines whether a good rating of one criterion can offset the low evaluation of another criterion [35]. The higher the degree of compensation in a given MCDA method, the weaker the sustainability. On the other hand, strong sustainability is provided only by the MCDA methods with a low level of criteria compensation [21,22]. When the low compensation methods (partial compensation/non compensation) are considered, one can include the outranking methods [21], particularly the ELECTRE and PROMETHEE methods [36]. Therefore, these methods seem appropriate for use in the problem of location selection for offshore wind farms, taking into account the sustainability assessment.



The methods from the ELECTRE family, however, have a complicated calculation procedure. Consequently, they can be treated by the decision makers as a ‘black box’, which might lead to their lack of trust in the recommendations obtained from the MCDA methods from this group [37]. The PROMETHEE methods use a more transparent calculation procedure and are easier to use, not only compared to the ELECTRE and AHP methods [22,37,38]. Moreover, it is important to note that the PROMETHEE methods are more stable than ELECTRE [38], and are more versatile and flexible in terms of the choice of the preference function used for each criterion. The PROMETHEE methods offer greater analytical capabilities than ELECTRE through the use of GAIA analysis (Geometrical Analysis for Interactive Assistance) and enable the hierarchizing of decision problems using criteria, their groups and clusters, for example using the Visual PROMETHEE software [39]. In addition, it should be noted that the PROMETHEE II method, like AHP, produces the total order of the variants, in contrast to the ELECTRE methods that allow to obtain only a partial order [35]. This is important in a situation when the decision maker wants to sort out all the variants in the ranking. Due to the above, it seems that the PROMETHEE II method can be characterized as being utmostly applicable in the sustainability assessment decision problems. On the other hand, although the degree of criteria compensation in the PROMETHEE methods is lower than in AHP [40], the PROMETHEE methods have a higher degree of criteria compensation than the ELECTRE [23] methods, thus offering a weaker sustainability compared to ELECTRE. Therefore, it is justified to modify the foundations of the PROMETHEE II method in order to reduce the degree of criteria compensation and to achieve stronger sustainability in this method.




3. Materials and Methods


3.1. PROMETHEE II Method Foundations


The PROMETHEE methods can be utilized to determine synthetic rankings of variants/options. Depending on the form of the preference information, they can operate either on true criteria or on pseudo-criteria [41]. The decision-maker may choose from six preference functions to apply: simple criterion, quasi-criterion, criterion with preference level, criterion with linear preference, criterion with linear preference and indifference area and Gaussian criterion [42].



A preference index of two options, a  and   b  , is calculated according to the formulas (1) and (2):


   π  (  a , b  )  =   ∑   j = 1  n   P j   (  a , b  )   w j    



(1)






   π  (  b , a  )  =   ∑   j = 1  n   P j   (  b , a  )   w j    



(2)




where     P j   (  a , b  )     means a concordance factor for a pair of options compared with regard to a   j  -th criterion in accordance with the assumed preference function,      n    is a number of criteria and     w j       is a weight assigned to the   j  -th criterion.



Output,     Φ +    , and input,     Φ −    , dominance flows are determined with the use of the formulas (3) and (4):


    Φ +   ( a )  =  1  m − 1     ∑   i = 1  m  π  (  a ,  b i   )    



(3)






    Φ −   ( a )  =  1  m − 1     ∑   i = 1  m  π  (   b i  , a  )    



(4)




where m is the number of options. The output dominance flow,     Φ +   ( a )    , describes how much option a outranks the other options, whereas the input dominance flow,     Φ −   ( a )    , informs how much option a is dominated by the other options.



One by one, the decision-maker may establish the complete ranking of options. In the PROMETHEE II method, to establish a complete ranking of options, it is necessary to compute the net dominance flow according to formula (5) [43]:


    Φ  n e t    ( a )  =  Φ +   ( a )  −  Φ −   ( a )    



(5)







In this method, the following two binary preference relations can be distinguished:




	
preference (P): option   a   outranks option   b       (  a   P   b  )    , when    Φ  ( a )  > Φ  ( b )    ,



	
indifference (I): option   a   is equivalent to option   b       (  a   I   b  )    ,    Φ  ( a )  =   Φ  ( b )     [44].








The PROMETHEE II method also allows to perform a broad analysis of the results, including a sensitivity analysis [45], as well as it provides a GAIA analytical tool [46].




3.2. PROSA–PROmethee for Sustainability Assessment Method


The PROSA method is an extension of the PROMETHEE II method for a more sustainable assessment of variants. The manner to achieve this effect is to obtain a lower degree of criteria compensation than in the PROMETHEE II method, resulting in stronger sustainability. In practice, the problem is illustrated in Figure 1.



By analysing Figure 1, one can observe the economic (Ec), social (So) and environmental (En) scores Φ of the two decision options (A1, A2). There is also a global assessment of variants (Φnet), based on the assumption that the weights of economic, social and environmental criteria are equal. As can be observed in Figure 1, the global assessment scores of variants Φnet (A1) and Φnet (A2) are equal. The analysis of Figure 1, however, also indicates that the alternative A2 is more balanced in terms of the Ec, So, En criteria. Consequently, the assessments of the Ec, So and En criteria in the A2 variant are less compensated than in the A1 variant. Therefore, taking sustainability into account, it is clear that the A2 variant should have higher overall rating than the A1 variant. It is in this direction that the PROMETHEE II method was enhanced when developing PROSA.



By analysing formulas (1) and (2), allowing to obtain the global preference index in the PROMETHEE method, it is easy to observe that the values π (a, b) and π (b, a) are actually weighted averages calculated after all the criteria. Consequently, the π (a, b) and π (b, a) values can be broken down into components corresponding to the economic (Ec), social (So) and environmental (En) criteria. For the component corresponding to the economic criteria, the preference index is described by formula (6), and the formulas for the social and environmental criteria are analogous.


    π  E c    (  a , b  )  =   ∑   j = 1    n  E c      P j   (  a , b  )   w j     π  E c    (  b , a  )  =   ∑   j = 1    n  E c      P j   (  b , a  )   w j    



(6)




where     P j   (  a , b  )     means a concordance factor for a pair of options compared with regard to a j-th criterion in accordance with the assumed preference function,     n  E c      is a number of economic criteria and wj is a weight assigned to the j-th criterion.



As a result, for each variant, the basic Φnet value and three additional Φnet values are obtained, one for each of the economic, social and environmental components:     Φ  n e t   E c     ,     Φ  n e t   S o     ,     Φ  n e t   E n     . It should also be noted that, at the same time, the Equation (7) is true:


    Φ  n e t    ( a )  =    Φ  n e t   E c    ( a )  *  w  E c   +  Φ  n e t   S o    ( a )  *  w  S o   +  Φ  n e t   E n    ( a )  *  w  E n      w  E c   +  w  S o   +  w  E n       



(7)




where wEc stands for the sum of the weights of all the economic criteria, and the meaning of wSo and wEn is analogous. Therefore, it is easy to examine whether all components of a given variant are close to each other, i.e., whether the variant is sustainable in terms of economic, social and environmental criteria. In the PROSA method, we propose to use the measure of mean absolute deviation (MAD) [47] extended by the weights of the individual components. The basic measure of MAD is described by the formula (8):


   MAD =     ∑   i = 1  g   |   x ¯  −  x i   |   g    



(8)




where    x ¯    is the mean (in this case, Φnet), xi is the value of the sample from the population (in this case,     Φ  n e t   E c     ,     Φ  n e t   S o      or     Φ  n e t   E n     ),   g   is the number of samples. The PROSA method uses a weighted MAD value, that addresses the economic, social and environmental factors, in accordance with the formula (9):


        MAD  w   ( a )      =    |   Φ  n e t    ( a )  −  Φ  n e t   E c    ( a )   |  *  w  E c   +  |   Φ  n e t    ( a )  −  Φ  n e t   S o    ( a )   |  *  w  S o   +  |   Φ  n e t    ( a )  −  Φ  n e t   E n    ( a )   |  *  w  E n      w  E c   +  w  S o   +  w  E n          



(9)







As a result of the weighted MAD measure, the global assessment of variants in the PROSA method is based on the formula (10):


   Value  ( a )  =  Φ  n e t    ( a )  −   MAD  w   ( a )    



(10)







The global evaluations of the variants using the PROSA method are different than in the PROMETHEE method case. This is shown on the chart in Figure 2.



The analysis of Figure 2 shows that, in comparison to PROMETHEE, the PROSA method prefers more sustainable variants. The degree of compensation of the criteria is lower than in the case of the classic PROMETHEE method, which means that a high score of certain criteria does not compensate for the poor evaluation of the other criteria in such considerable degree as in the PROMETHEE II method. Consequently, the PROSA method fulfils the strong sustainability paradigm more than the PROMETHEE II method. Nevertheless, PROSA retains the versatility of the PROMETHEE method in the use of six different preference functions, while, at the same time, offering the broad analytical capabilities available in PROMETHEE, such as the sensitivity and GAIA analyses. This enables PROSA to be an appropriate tool for solving decision problems related to the sustainability assessment.





4. Results


The proposed PROSA method was used to solve the decision-making problem of choosing the location for an offshore wind farm in Poland. By using PROSA, the choice was made based on the sustainability assessment, which is very important in RES problems. The problem covered four decision variants, including the locations of wind farms in the Polish economic zone in the Baltic Sea, along with the projects assigned to these sites. The considered variants are the most advanced ones among the concession areas in the Polish economic zone in the Baltic Sea, in terms of permits, contracts signed and reports prepared [48]. Information about the decision variants was taken from: offshore wind farm topic websites, individual investment websites and environmental reports [49,50,51,52,53,54]. Basic information about each variant is provided in Table 3. In the case of the A1 location, information about the project capacity is available e.g., in [49,50], however, we observed the lack of data on the number and capacity of turbines. For the purposes of further calculations, 149 turbines with 10 MW capacity and one turbine with 8 MW capacity were used for the variant A1.



Figure 3 shows the considered decision variants against the background of the remaining areas for which permits for the construction and use of artificial islands, structures and facilities for offshore wind farms have been issued [55]. Additionally, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 present the decision variants in the context of the quality of the seabed (Figure 4) [56], fishing areas (Figure 5) [57], fishing routes (Figure 6) [57], shipping density (Figure 7) [58] and protected areas (Figure 8) [57].



The four alternatives were evaluated in terms of 12 criteria, five of which concerned economic aspects, four were related to social issues and three encompassed environmental issues. The evaluation used the criteria for which reliable information on the variants was available. These were criteria from other publications addressing the problem of location selection for offshore wind farms (see Table 2). The criteria used, along with their weights, preference directions, units and preference functions for the PROMETHEE/PROSA methods are presented in Table 4.



For most of the criteria taken into account, the preference threshold, p, was defined as a two-fold value of the standard deviation determined from the values of the variants. Only for the criteria C2, C5, C7, C8 and C10, these thresholds were set manually, due to the use of point scales or minor differences between the variants (criterion C2). In the decision-making problem, equal weighting of all the criteria groups was adopted in order to ensure that the evaluation was sustainable in terms of the economic, social and environmental dimensions. On the other hand, within the groups, each criterion had a different weight assigned. The weights of the criteria were determined on the basis of expert judgement, using a point scale. The values obtained by each variant regarding individual criteria are presented in Table 5. The investment cost (C1) was estimated on the basis of the project capacity, assuming that the capital expenditures amounted to 13.6 million PLN/MW [59]. The payback period (C2) was calculated as the ratio of the investment cost to the assumed annual profit from the production of energy, with operating costs estimated at 128 PLN/MWh [59], whilst the value of PLN 470 was assumed as the price of 1 MWh [60]. The values of the criteria C5, C7, C8 and C10 were determined from Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 and based on information on individual variants available in [49,50,51,52,53,54]. The information on the values of the criteria C3, C4, C9, C11 and C12 was also taken from the publications [49,50,51,52,53,54]. Employment (C6) was calculated on the basis of the project capacity, assuming that 1 MW of capacity generates approximately three jobs in the sector.



Based on the variant values presented in Table 5, a multi-criteria evaluation was conducted using PROSA. The results of this evaluation are presented in Table 6. The table contains the global assessments of the variants (Value) identified by the PROSA method and, for comparative purposes, the global evaluations (Φnet) based on the PROMETHEE II method. Additionally, the evaluation values of the variants for the economic (    Φ  n e t   E c     ), social (    Φ  n e t   S o     ) and environmental (    Φ  n e t   E n     ) dimensions, as well as the MAD values are included.



The analysis of Table 6 indicates that the best offshore wind farm location is A2, which ranks first in both the PROSA and PROMETHEE II rankings. Its lowest MAD value among all alternatives shows that this option is also the most sustainable in terms of economic, social and environmental criteria. On the other hand, when analysing the position of the A1 variant in both rankings, one can easily notice the difference in PROSA and PROMETHEE. In the PROMETHEE ranking, the A1 variant ranked second, due to the value of Φnet. It is clear, however, that this variant is the least sustainable, as indicated by its MAD value. The PROSA method imposes penalties for non-sustainability, resulting in a lower global assessment of such variants. For variant A1, this penalty (corresponding to the MAD value) is higher than for the other alternatives, resulting in A1 obtaining the last position in the PROSA ranking.




5. Discussion


Due to the fact that the PROSA method is based on PROMETHEE, it enables the GAIA analysis. With this analysis, one can consider the decision problem and its solution from a descriptive perspective. Figure 9 shows the GAIA plane with regard to the individual decision criteria. It should be noted that the vectors of criteria C6 and C11 are very similar to the vector of the C12 criterion and are obscured by it.



The analysis of Figure 9a allows to observe that the global rating of variants (Φnet) is most impacted by the C1, C3, C4 (economic), C6, C9 (social) and C10–C12 (environmental) criteria. In contrast, the C2 and C5 criteria have the least effect. The A2 variant, best in the PROMETHEE and PROSA rankings, is supported by the C2, C3, C6, C7, C8, C10–C12 criteria, while the C2, C3, C7 and C10 criteria also support A4, and the C6, C8, C11 and C12 criteria also support the A1 variant. On the other hand, the C1, C4 and C9 criteria are the ones that weaken the A2 variant rank the most. It should also be noted that the criteria C2, C3, C7 and C10 are in conflict with the C9 criterion. Moreover, the C1 and C4 criteria are in conflict with the C6, C8, C11 and C12 criteria.



Figure 9b contains a GAIA plane that takes into account the economic, social and environmental dimensions. The analysis of Figure 9b shows that the economic criteria are in conflict with social criteria, while the economic and environmental criteria are most influential in ranking the variants. The environmental and social criteria are most strongly supported by the A1 and A2 variants and the economic criteria support the A3 and A4 variants. The A2 alternative is the most sustainable, as none of the criteria is in a considerable conflict with it (to a certain extent, A2 is in conflict with the economic criteria). In contrast, the A1 variant is in conflict with the economic criteria, the A3 variant is in a mediocre conflict with the social and environmental criteria, whereas the A4 variant is in a strong conflict with the social criteria and in a slight conflict with the environmental criteria. The analysis of Table 5 and Table 6 confirms that the conclusions drawn from the GAIA analysis are valid. This means that the GAIA plane correctly describes the decision problem in question and its solution.



The last step in the study was to conduct a sensitivity analysis of the PROSA ranking to changes in the criteria weights. For comparison purposes, a sensitivity analysis was also performed for the PROMETHEE ranking. Table 7 shows the stability ranges for the criteria and their groups, i.e., the range of weights for each criterion/group, allowing to maintain the same sequence of variants in the ranking obtained in solving the decision problem (see Table 6). Additionally, Table 7 provides the ranking sensitivity for each criterion. The sensitivity describes how a change in the weight of a given criterion/group causes a change in the order of variants in the ranking. The analysis of Table 7 indicates that the PROSA solution is most sensitive to the change in the weights of the C9 criterion and the economic criteria group. Increasing the weight of the C9 criterion by more than 1.2 or reducing the weight by more than 1.7 would change the order of the variants in the ranking. Likewise, reducing the weight of the economic criteria group by 1.4 would also change the order of variants. The solution obtained by the PROSA method is also sensitive to minor changes in C1 (by −1.4), C3 (−1.3), C6 (1.73), C11 (1.77) and C12 (1.77) weights. It should be noted, however, that the PROSA ranking is much more resistant to changes of the weights of the criteria/groups than the ranking obtained using the PROMETHEE II method. In case of the PROMETHEE ranking, a very small change of weight of one of the criteria is enough: C1 (by 0.2), C3 (0.3), C4 (0.23), C6 (−0.17), C7 (0.73), C8 (−0.4), C9 (−0.3), C10 (0.73), C11 (−0.23), C12 (−0.23). The PROMETHEE ranking is also very sensitive to changes in the weights of particular groups of criteria. Changing the weight of one of the groups of criteria: economic, social or environmental, by 0.2, −0.4 and −0.5 respectively, would change the order of the variants in the PROMETHEE ranking.



Table 8 outlines the ranges of stability and sensitivity of the rankings, but taking into account only the changes in the first position in the rankings. By analysing Table 8, it is easy to observe that also in this case, the PROSA ranking is much more stable than the PROMETHEE ranking. The PROSA ranking is more sensitive than the PROMETHEE ranking only for the change in weight of the C5 criterion, yet for the remaining criteria it exhibits a higher stability of the first position in the ranking of the variants.



Figure 10 contains plots of sensitivity of the PROSA (Figure 10a–c) and PROMETHEE (Figure 10d–f) methods to changes in the weights of the groups of criteria. The comparison of the plots for both methods shows a relatively significant similarity. Nevertheless, the plots for the PROSA method have fewer intersections for the lines representing the global assessment of the variants (see Figure 10b,e). As a result, broader stability ranges are achieved for the PROSA method, as previously noted in the analysis of Table 7 and Table 8. This difference is primarily due to the fact that in the PROSA method, the sensitivity charts in most cases are not linear. What is more, they are not monotonous, so that the suprema or infima of the plots for each variant do not have to be at the beginning or end of the x-axis representing the weight of the given criterion/group.




6. Conclusions


This paper addressed the problem of location selection for offshore wind farms in Poland. Four decision variants, which are the most advanced in terms of meeting the formal and legal requirements related to the construction of offshore wind farms in the Polish Exclusive Economic Zone in the Baltic Sea, were considered. The choice of location was based on 12 decision criteria describing individual variants from the economic, social and environmental perspectives. The solution of this multi-criteria decision-making problem, like other RES decision-making problems, requires the use of the appropriate MCDA method and should be based on sustainability assessment.



The methodological contribution of the paper was to develop a new MCDA method based on the strong sustainability postulate. For this purpose, the foundations of the proposed PROSA method were presented, and it was used for selection of an offshore wind farm location. Additionally, the PROMETHEE II method was used for comparison purposes. Both methods recommended the same decision-making option, which was the location of the designed offshore wind farm ‘Baltica 3’, located at the height of Łeba at the distance of 33 km from the shore. This variant is the most sustainable in terms of the perspectives in question, so it can be stated that it is justified for economic, social and environmental reasons. It is very likely that the construction of an offshore wind farm in the chosen location will not cause large social conflicts, nor harm the environment and, at the same time, it is economically justified.



When analysing the PROSA method applied to the sustainability assessment, it is important to note that, due to its PROMETHEE formal background, it provides an analytical tool related to PROMETHEE, i.e., the GAIA and sensitivity analyses, and it is relatively simple and transparent for the decision maker. Compared to PROMETHEE II, however, the PROSA method offers a lower degree of criteria compensation, which causes the recommended decision variants to be more sustainable, fulfilling the strong sustainability paradigm. Moreover, sensitivity analysis demonstrated that the solution of the decision problem obtained with PROSA was more stable and less sensitive to changes in the criteria weights than the solution obtained using the PROMETHEE II method.



While summarizing the research carried out, it should be noted that the methodological and practical contributions presented above included the following highlights:




	
development of an MCDA method called PROSA, which enables sustainability assessment and meeting largely the strong sustainability paradigm,



	
confirmation of the obtained solution by comparing it with a solution based on the PROMETHEE method,



	
consideration of different locations in the Baltic Sea in the context of the construction of an offshore wind farm,



	
sensitivity analysis of the solutions obtained with the PROSA and PROMETHEE methods, in order to evaluate the quality of these solutions,



	
examination of the problem from a descriptive perspective using the GAIA analysis and confirmation of the PROSA and PROMETHEE calculations with it.








During the research, some possible areas of improvements of the proposed approach and future work directions were identified. When analyzing the formal basis of the PROSA method, it would be interesting to take into account the natural imprecision of the model’s input data, for example by using their fuzzy representation. Another potential direction of the development of the proposed method is to extend it to the case of a larger number of main criteria, e.g., political, technical or spatial (currently there are three: economic, social and environmental), while taking into account the strong sustainability paradigm. It would be also interesting to conduct comparative studies of PROSA results, with the use of MCDA methods, with significant criteria compensation (including the widely used AHP method), as well as those MCDA methods where the compensatory effect is strongly limited (methods from the ELECTRE family).
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Nomenclature/Acronyms




	MCDA
	Multi-Criteria Decision Analysis



	AHP
	Analytic Hierarchy Process



	ANP
	Analytic Network Process



	BM
	Borda Method



	CM
	Conjunctive Method



	COMET
	Characteristic Objects METhod



	DEMATEL
	DEcision MAking Trial and Evaluation Laboratory



	ELECTRE
	ELimination Et Choix Traduisant la REalité



	PM
	Permutation Method



	PROMETHEE
	Preference Ranking Organization METHod for Enrichment Evaluation



	WASPAS
	Weighted Aggregates Sum Product ASsessment



	CD
	criteria dependencies defining



	CW
	criteria weighting



	PA
	preference aggregation



	RC
	restrictive criteria



	PLN
	Polish złoty, currency of Poland



	Points
	discrete evaluation scale from 1 (the best) to 4 or 5 (the worst)
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Figure 1. Evaluation of two examples of variants in terms of economic, social and environmental criteria, and their global assessment. 
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Figure 2. Evaluation of two sample variants in terms of economic, social and environmental criteria, and their global evaluation using the PROSA method. 
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Figure 3. Decision variants and other areas for the construction of offshore wind farms in the Polish economic zone in the Baltic Sea. 
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Figure 4. The decision variants in the context of the seabed quality for engineering structures. 
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Figure 5. The decision variants against the background of the fishing areas. 
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Figure 6. The decision variants on the background of fishing routes. 
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Figure 7. The decision variants in the context of shipping routes. 
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Figure 8. The decision variants against the background of Natura 2000 protected areas. 
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Figure 9. The GAIA plane with (a) the criteria; (b) the groups of criteria. 
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Figure 10. Plots of the solution sensitivity to the changes of weights of groups of criteria: (a) economic—PROSA; (b) social—PROSA; (c) environmental—PROSA; (d) economic—PROMETHEE; (e) social—PROMETHEE; (f) environmental—PROMETHEE. 
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Table 1. Application of the MCDA (Multi-Criteria Decision Analysis) methods in the selection and evaluation of locations for offshore wind/hybrid farms.






Table 1. Application of the MCDA (Multi-Criteria Decision Analysis) methods in the selection and evaluation of locations for offshore wind/hybrid farms.





	Application
	No. of Criteria
	No. of Sub-Criteria
	MCDA Approach
	Reference





	Shandong, China
	6
	22
	Fuzzy ELECTRE III
	[7]



	Baltic Sea, Poland
	3
	10
	AHP (CW); PROMETHEE II (PA)
	[8]



	Baltic Sea, Poland
	3
	10
	COMET
	[26]



	Persian Gulf, Iran
	6
	31
	Fuzzy DEMATEL (CD); Fuzzy ANP (CW); Fuzzy ELECTRE (PA)
	[27]



	Lake Erie, Ohio, USA
	8
	-
	BM
	[29]



	East part of Baltic Sea, Baltic States (Lithuania, Latvia, Estonia)
	3 (RC); 3 *; (6 **)
	6
	CM (RC); AHP
	[28]



	east part of the Mediterranean Sea, Greece
	3 (RC); 5 *; (6 **)
	-
	CM (RC); AHP
	[32]



	Baltic Sea, Lithuanian Exclusive Economic Zone
	8
	-
	AHP (CW); PM (PA)
	[31]



	Baltic Sea, Lithuania
	5
	-
	AHP (CW); WASPAS (PA)
	[30]



	east part of the Mediterranean Sea, Greece
	7 (RC); 7 *;

(11 **)—wind
	-
	CM (RC); AHP
	[33]



	Europe (North Sea, Bay of Biscay, Mediterranean Sea, Norwegian Sea, East part of the Atlantic)
	3 (RC); 4 *;

(7 **)—wind
	-
	CM (RC); Not defined
	[34]







* Not restrictive criteria used in MCDA method; ** non-repetitive, restrictive and not restrictive criteria.
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Table 2. Criteria and sub-criteria most commonly used in the problem of location selection for offshore wind/hybrid farms including sustainability assessment.
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	Criterion/Sub-Criterion
	Group of Criteria
	Reference





	Wind velocity
	Wind resources/Technical/Economic
	[7,27,31,32,33,34]



	Max power
	Technical/Economic
	[30,31]



	Electrical transmission and distribution system
	Technical/Economic
	[7,33]



	Distance from ports
	Spatial/Economic
	[27,33,34]



	Distance from power stations
	Spatial/Economic
	[7,8,26,27,28,29,32,34]



	Undersea geological condition
	Spatial/Economic
	[7,8,26]



	Sea water depth
	Spatial/Economic
	[7,8,26,28,31,32,33,34]



	Amount of energy per year
	Economic
	[8,26,28,30,31]



	Investment cost
	Economic
	[7,8,26,28,30,31]



	Payback period
	Economic
	[7,8,26]



	Distance from shore
	Spatial/Social
	[7,8,26,27,29,31,32,33,34]



	Employment
	Social
	[7,27]



	Conflict with fisheries
	Social
	[8,26,29]



	Density of shipping traffic
	Social
	[8,26,27,29,32,33,34]



	Environmental impact
	Environmental
	[7,27]



	Influence on/distance to protected areas
	Environmental
	[8,26,27,29,32,33,34]



	Pollutant emission/CO2 reduction
	Environmental
	[30,31]
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Table 3. Basic information about the considered locations for offshore wind farms in the Polish economic zone in the Baltic Sea.
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	Information
	A1
	A2
	A3
	A4





	Name
	Baltica 2
	Baltica 3
	Bałtyk Środkowy II
	Bałtyk Środkowy III



	Developer
	PGE Energia Odnawialna S.A.
	PGE Energia Odnawialna S.A.
	Polenergia SA
	Polenergia SA



	Center latitude
	55.068
	55.056
	55.083
	54.994



	Center longitude
	17.098
	17.448
	16.883
	17.355



	Number of turbines
	Not defined
	105–131
	60–75
	60–75



	Turbine capacity
	Not defined
	8–10 MW
	8–10 MW
	6–8 MW



	Annual mean wind speed (calculated for hub height of 100 m, January 2000–December 2009)
	8.97 m/s
	9.02 m/s
	8.97 m/s
	8.99 m/s



	Project capacity
	1202 MW
	1045.5 MW
	600 MW
	600 MW










[image: Table] 





Table 4. The preference model used in the problem of location selection for an offshore wind farm in Poland.
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Group of Criteria

	
Criterion

	
Unit of Measurement

	
Weight of Group

	
Weight of Criterion

	
Preference Direction

	
Preference Function

	
Preference Threshold (p)






	
Economic

	
C1—Investment cost

	
mln PLN

	
33.33

	
20

	
min

	
V-shape

	
7280




	
C2—Payback period

	
years

	
5

	
min

	
4




	
C3—Distance from power stations

	
km

	
5

	
min

	
13.4




	
C4—Mean sea water depth

	
m

	
1.67

	
min

	
7.4




	
C5—Undersea geological condition

	
points [1,2,3,4]

	
1.67

	
min

	
3




	
Social

	
C6—Employment

	
number

	
33.33

	
11.67

	
max

	
1662




	
C7—Conflict with fisheries

	
points [1,2,3,4,5]

	
11.67

	
min

	
3




	
C8—Density of shipping traffic

	
points [1,2,3,4,5]

	
5

	
min

	
3




	
C9—Distance from shore

	
km

	
5

	
max

	
13.8




	
Environmental

	
C10—Influence on protected areas

	
points [1,2,3,4,5]

	
33.33

	
16.67

	
min

	
3




	
C11—CO2 reduction

	
tones

	
8.33

	
max

	
766,240




	
C12—SO2 reduction

	
tones

	
8.33

	
max

	
17,820
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Table 5. Values of the variants with respect to individual criteria.
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	Criterion
	Unit
	A1
	A2
	A3
	A4





	C1—Investment cost
	mln PLN
	16,347
	14,219
	8160
	8160



	C2—Payback period
	years
	9
	8.5
	9
	8.5



	C3—Distance from power stations
	km
	73.8
	55
	64.8
	62.5



	C4—Mean sea water depth
	m
	36.7
	36
	28.5
	29.5



	C5—Undersea geological condition
	points [1,2,3,4]
	1.5
	2
	2
	1.5



	C6—Employment
	number
	3730
	3240
	1860
	1860



	C7—Conflict with fisheries
	points [1,2,3,4,5]
	2
	1
	2
	1



	C8—Density of shipping traffic
	points [1,2,3,4,5]
	1
	1
	2
	3



	C9—Distance from shore
	km
	38.8
	33.1
	45.8
	27.3



	C10—Influence on protected areas
	points [1,2,3,4,5]
	4
	2
	4
	3



	C11—CO2 reduction
	tones
	1,720,524
	1,496,512
	858,830
	858,830



	C12—SO2 reduction
	tones
	40,012
	34,803
	19,973
	19,973










[image: Table] 





Table 6. The results of the multi-criteria evaluation.






Table 6. The results of the multi-criteria evaluation.













	MCDA Method
	
	A1
	A2
	A3
	A4





	PROSA
	Value
	−0.4319
	−0.0590
	−0.4073
	−0.3715



	
	Rank
	4
	1
	3
	2



	PROMETHEE II
	Φnet
	−0.0444
	0.1884
	−0.0954
	−0.0486



	
	Rank
	2
	1
	4
	3



	-
	ΦnetEc
	−0.6256
	−0.1827
	0.3724
	0.4359



	
	ΦnetSo
	0.2769
	0.2415
	−0.1866
	−0.3318



	
	ΦnetEn
	0.2154
	0.5065
	−0.4720
	−0.2498



	
	MAD
	0.3874
	0.2474
	0.3119
	0.3230
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Table 7. Stability intervals of full rankings (all variants) for values of criteria and groups.
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Criterion/Group

	
PROSA

	
PROMETHEE II

	
Nominal Weight




	
Stability Interval

	
Sensitivity of Ranking

	
Stability Interval

	
Sensitivity of Ranking




	
Min

	
Max

	
Min-Nominal

	
Max-Nominal

	
Min

	
Max

	
Min-Nominal

	
Max-Nominal






	
C1

	
18.6

	
38.2

	
−1.4

	
18.2

	
0

	
20.2

	
-

	
0.2

	
20




	
C2

	
0

	
99.9

	
-

	
94.9

	
0

	
7.2

	
-

	
2.2

	
5




	
C3

	
3.7

	
100

	
−1.3

	
-

	
0

	
5.3

	
-

	
0.3

	
5




	
C4

	
0

	
20.2

	
-

	
18.53

	
0

	
1.9

	
-

	
0.23

	
1.67




	
C5

	
0

	
7.3

	
-

	
5.63

	
0

	
51.9

	
-

	
50.23

	
1.67




	
C6

	
0

	
13.4

	
-

	
1.73

	
11.5

	
49.5

	
−0.17

	
37.83

	
11.67




	
C7

	
7.1

	
22.3

	
−4.57

	
10.63

	
1.3

	
12.4

	
−10.37

	
0.73

	
11.67




	
C8

	
0

	
9.2

	
-

	
4.2

	
4.6

	
14.0

	
−0.4

	
9

	
5




	
C9

	
3.3

	
6.2

	
−1.7

	
1.2

	
4.7

	
7.7

	
−0.3

	
2.7

	
5




	
C10

	
12.4

	
22.5

	
−4.27

	
5.83

	
6.9

	
17.4

	
−9.77

	
0.73

	
16.67




	
C11

	
0

	
10.1

	
-

	
1.77

	
8.1

	
47.8

	
−0.23

	
39.47

	
8.33




	
C12

	
0

	
10.1

	
-

	
1.77

	
8.1

	
47.8

	
−0.23

	
39.47

	
8.33




	
Ec

	
31.9

	
58.2

	
−1.4

	
24.9

	
0

	
33.5

	
-

	
0.2

	
33.3




	
So

	
0

	
38.0

	
-

	
4.7

	
32.9

	
49.5

	
−0.4

	
16.2

	
33.3




	
En

	
25.9

	
35.4

	
−7.4

	
2.1

	
32.8

	
100

	
−0.5

	
-

	
33.3
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Table 8. Stability intervals of best variants in rankings for values of criteria and groups.
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Criterion/Group

	
PROSA

	
PROMETHEE II

	
Nominal Importance




	
Stability Interval

	
Sensitivity of Ranking

	
Stability Interval

	
Sensitivity of Ranking




	
Min

	
Max

	
Min-Nominal

	
Max-Nominal

	
Min

	
Max

	
Min-Nominal

	
Max-Nominal






	
C1

	
0

	
38.2

	
-

	
18.2

	
0

	
34.5

	
-

	
14.5

	
20




	
C2

	
0

	
100

	
-

	
-

	
0

	
100

	
-

	
-

	
5




	
C3

	
0

	
100

	
-

	
-

	
0

	
100

	
-

	
-

	
5




	
C4

	
0

	
20.2

	
-

	
18.53

	
0

	
18.2

	
-

	
16.53

	
1.67




	
C5

	
0

	
39.5

	
-

	
37.83

	
0

	
51.9

	
-

	
50.23

	
1.67




	
C6

	
0

	
76.6

	
-

	
64.93

	
0

	
49.5

	
-

	
37.83

	
11.67




	
C7

	
0

	
100

	
-

	
-

	
0

	
100

	
-

	
-

	
11.67




	
C8

	
0

	
100

	
-

	
-

	
0

	
100

	
-

	
-

	
5




	
C9

	
0

	
29.8

	
-

	
24.8

	
0

	
24.2

	
-

	
19.2

	
5




	
C10

	
0

	
100

	
-

	
-

	
0

	
100

	
-

	
-

	
16.67




	
C11

	
0

	
71.8

	
-

	
63.47

	
0

	
47.8

	
-

	
39.47

	
8.33




	
C12

	
0

	
71.8

	
-

	
63.47

	
0

	
47.8

	
-

	
39.47

	
8.33




	
Ec

	
0

	
58.2

	
-

	
24.9

	
0

	
51.8

	
-

	
18.5

	
33.3




	
So

	
0

	
96

	
-

	
62.7

	
0

	
91.1

	
-

	
57.8

	
33.3




	
En

	
0

	
100

	
-

	
-

	
6.1

	
100

	
−27.2

	
-

	
33.3
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