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Abstract

:

The use of solar photovoltaic (PV) panels is one of the most promising ways to generate electricity. However, the complex technical parameters associated with them make the choice between different PV panels a complicated task. The aim of the article is the analysis and multi-criteria evaluation of PV panels available on the Polish market and to indicate the optimal solar PV panels according to the adopted technical criteria. The practical goal was achieved using a fuzzy approach, taking into account the uncertainty of operational parameters. Based on the applied approach and multi-criteria NEAT F-PROMETHEE method, a fuzzy decision model was built for the evaluation of PV panels. The results of this model were compared with the results of an analogous model that did not take into account the uncertainty of the data. As a result of the research, it was found that the results of the fuzzy model should be considered more reliable, because fuzzy numbers allow for capturing more data than real numbers, which translates into greater reliability of the results of the fuzzy model.
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1. Introduction


Energy is of great importance for the economic development of every country in the world. Its sources include both fossil fuels: coal, gas, and crude oil; and renewable energy: sun, wind, water, biomass, hydrogen, and geothermal energy [1,2]. Fossil fuel deposits are limited. They have a negative impact on the environment and climate change. All this makes it very necessary to increase the degree of use of renewable energy sources (RES) [3]. More than 75% of the source of greenhouse gases emitted in the European Union (EU) is the production and use of energy. Reducing or completely excluding CO2 production from the EU energy system is important for achieving the climate goals for 2030. To reduce greenhouse gas emissions by at least 55% by 2030, the share of renewable energy should be increased and energy efficiency improved. It is also extremely important in the longer term, as a stage on the path leading to climate neutrality by 2050 [4].



Existing technological innovations enable the replacement of fossil fuels with low-emission solutions. This leads to an energy balance characterized by an adequacy between the generation and use of energy. The operation of a sustainable energy system is within the limits of environmental tolerance, which means that it has little or no negative impact on the environment. Moreover, it enables conducting normal economic and social activity in the country [5].



The use of RESs is currently enjoying great interest. However, the complex issues involved make the choice between different proposals for the use of RESs a complicated task. There are institutional, legal, political, technical, socio-economic, and environmental barriers to be overcome [3]. One of the more promising ways of supplying and generating electricity is the use of solar energy [6].



Solar energy can be converted into heat or electricity. Depending on the type of energy obtained, solar panels and photovoltaic (PV) panels are distinguishable. Solar panels are primarily used to heat water [7,8,9]. On the other hand, PV panels directly transform the sun rays falling on their surface into electricity [10,11,12]. The electricity generated in this way can be used to power all electrical equipment, including, for example, a heat pump. In this respect, PV panels can be considered more universal, which is why in this article we focused primarily on PV panels. However, since in the literature PV panels are most often referred to as solar PV panels, in the further part of the article we also often use this name.



Currently, several types of solar PV panel manufacturing technologies are available. They differ in the elements that are used to produce the cells that make up the panel. The elements used determine the color, structure, and efficiency of the cell. The following basic types of cells are distinguished [6,10,13,14,15,16,17,18]:




	
Monocrystalline silicon—are made of melted silica sand with the addition of boron; cells produced on their basis are characterized by the highest efficiency, but also the highest price;



	
Polycrystalline silicon—they are made of ground silicon, which is melted and cast in the form of a block composed of non-homogenous crystals with a diameter of several millimeters to several centimeters; the distances between the crystals weaken the efficiency of the cell compared to monocrystalline cells;



	
Cadmium telluride—they are created in the process of applying a thin layer of cadmium telluride to glass or other substrate; the entire photovoltaic module is usually made of one cell;



	
Copper indium gallium selenide—they can absorb more solar radiation than other cells, which is why they work well in poorer insolation;



	
Amorphous silicon—they are created in the process of applying a thin layer of allotropic silicon to glass or another substrate; due to the small amount of semiconductor used and low energy consumption in the production process, their production is quick and cheap, but their efficiency is worse than other types of cells.








Monocrystalline and polycrystalline cells belong to the group of crystalline silicon cells, while amorphous silicon, cadmium telluride, and copper indium gallium selenide cells belong to the thin-film group, while amorphous cells are thin film Si, and the others belong to thin film non-Si. Thin-film cells have much worse efficiency than crystalline silicon cells. In terms of market share, there is a huge advantage for crystalline silicon cells, which have an approx. 98% share in the global market of PV panels [19].



One of the basic decision problems in the field of solar energy is the selection of the appropriate solar PV panel. In order to find the best solar PV panel, the properties of each panel should be examined, taking into account carefully selected criteria [18]. It should be noted that many of the criteria for evaluating solar PV panels are uncertain and imprecise. One of the main causes of uncertainty is the testing of PV panels under benchmark conditions. As a result of such tests, the technical characteristics of solar PV panels describe their performance in standard test conditions. Meanwhile, in the real working environment, solar PV panels obtain diametrically different values of the generated power and current–voltage characteristics. Unfortunately, articles on the selection of solar PV panels do not usually take into account the uncertainty and imprecision of PV panel operating parameters. Therefore, a research gap is visible, consisting of the need to include uncertain criteria describing the parameters of the operation of solar PV panels.



Consideration of a decision problem from the perspective of many uncertain and often contradictory criteria is possible with the use of fuzzy multi-criteria decision-making (MCDM) methods. They give the opportunity to take into account the multidimensionality of the problem under consideration and enable a comparative analysis of the assessed solar PV panels according to the considered criteria. The MCDM approach supports rational decision-making that takes into account the decision-maker’s priorities, resulting in a pareto-optimal solution combining all the decision-maker’s goals [20,21]. In other words, the MCDM methods are suitable for evaluating the available alternatives, taking into account many attributes and selecting the most advantageous of them. A relatively new method of this kind is new easy approach to fuzzy preference ranking organization method for enrichment evaluation (NEAT F-PROMETHEE). This method eliminates the basic disadvantages of other fuzzy variants of the PROMETHEE method [22], and its applicability in decision problems related to RES has been confirmed in previous studies [22,23,24,25,26].



The aim of the article and its practical contribution is to analyze and evaluate the PV panels available on the Polish market and to indicate the optimal solar PV panels according to the adopted technical criteria. In turn, the scientific contribution involves the use of a fuzzy approach that takes into account the uncertainty of operational parameters and the construction of a fuzzy decision model for the assessment of solar PV panels. Since some parameters of solar PV panels are precise, this model must combine uncertain and imprecise data with certain and precise data.



The rest of the article is prepared in the following order. Section 2 provides an overview of contemporary work on the application of MCDM methods to solar energy research. In Section 3, we discussed the research procedure and methodology. The results obtained using the developed methodology are presented in Section 4. Section 5 contains a discussion of the results, and in Section 6 we include a conclusion along with an indication of research limitations and further research directions.




2. Review of the Literature


In the contemporary literature, there are many studies on the use of renewable energy sources, including solar energy. MCDM methods have been used by the authors of scientific publications, among others, to assess PV technology as a potential alternative for future energy generation and consumption of fossil fuels [27,28,29]. In each of the cited studies, the authors used the analytic hierarchy process (AHP) method. The study by Garni et al. [28] presents a case study of Saudi Arabia. The obtained results show that PV panels are the most advantageous technologies. Next came the concentrated solar power. Ahmad and Tahar [29] set out to review the potential of various RESs for electricity generation in Malaysia. They characterized the power system as a social, technical, and institutional complex. They used an AHP method to rank renewable sources. The ranking was to serve the decision-makers in developing a strategy for the development of a sustainable electricity generation system. Also in this ranking, solar energy was indicated as the most promising RES. In turn, Seddiki and Bennadji [27] used the integrated Delphi–fuzzy AHP–fuzzy preference ranking organization method for enrichment evaluation (PROMETHEE) methodology. The authors studied the selection of the best available RES alternatives for generating electricity in a residential building. To this end, the researchers used the Delphi method, which was also used to define an initial set of criteria (environmental, social, economic, etc.). A questionnaire was used to examine the preferences of the building’s residents regarding the potential use of alternative renewable energy sources. The fuzzy AHP method was used to obtain the weights of the criteria, taking into account the uncertainty in the expert assessments. Finally, using the FPROMETHEE method, a ranking of alternative renewable energy solutions was developed, taking into account the uncertainties associated with the assessments of the alternatives. As in the previously cited studies, here various variants of PV technology also turned out to be dominant over other solutions.



The MCDM methods were also used in scientific research to indicate effective criteria for the location of solar power plants and their construction technology [30,31,32,33,34,35,36]. Chen et al. [34] examined the interdependence and influence of weights between the selection criteria for the location of solar PV farms. They used a hybrid MCDM model using decision-making trial and evaluation laboratory (DEMATEL) and DEMATEL-based analytic network process (DANP) methods based on a geographic information system (GIS). Watson and Hudson [33] used the GIS–MCDM approach in their work to assess the impact of wind and solar PV farms on the development of the region and compared the results with the existing degree of development in the study area. They used the AHP method to weigh the variables and validated them through consultation with experts who were professionals in the field of renewable energy localization. Kereush and Perovych [32] also used the AHP method in their work. They proposed a way of defining and classifying individual criteria taken into account when choosing the location of a solar PV farm. The credibility of the criteria helping decision-makers in planning new investments in solar PV power plants has been tested and proven in the pilot area (the Zastavna district within the Chernivtsi region). In turn, in the study by Vafaeipour et al. [36], a hybrid MCDM approach was applied and priorities were set for 25 dispersed cities across the country where future investments in solar PV power plants should be implemented. Stepwise weight assessment ratio analysis (SWARA) was performed to rank the identified criteria, and the weighted aggregates sum product assessment (WASPAS) method was then used for evaluation and prioritization. In the work of Sánchez-Lozano et al. [35], GIS and a combination of fuzzy AHP and fuzzy technique for order of preference by similarity to ideal solution (TOPSIS) methods were used. The fuzzy AHP method was used to weight the criteria, while the fuzzy TOPSIS method was used to rank alternative locations. In order to compare the results obtained with fuzzy TOPSIS, the elimination and choice translating reality (ELECTRE-TRI) method was additionally used. GIS was also used in the study by Kengpol et al. [30]. The aim of the study was to develop a decision support system that served for the optimal selection of a place for a solar power plant in Thailand. The study sought a location that would meet all the expectations of the decision-makers, i.e., avoiding the effects of flooding, reducing costs, time, and reducing environmental impact. Qualitative and quantitative variables based on the fuzzy AHP and TOPSIS models were integrated in the work. Fuzzy AHP was used to model linguistic ambiguity, vagueness, and incomplete knowledge. The TOPSIS method was used to rank locations based on overall performance. In a study by Mokarram et al. [31], an innovative solution was proposed to select locations for the construction of PV farms in the Fars province in Iran. In the first stage of the research, a fuzzy system was used to homogenize data from various inputs. Then, the fuzzy output data was fed into the AHP and Dempster–Shafer (DS) systems. Finally, maps were generated using fuzzy AHP (no confidence level) and fuzzy DS (at 95%, 99%, and 99.5% confidence levels), and the capabilities of both methods were compared and evaluated.



In an article by Ponce et al. [37], the problem of selection of optimal suppliers of solar PV panels for three production companies was considered, using the fuzzy TOPSIS method for this purpose. In articles by van de Kaa et al. [17], Balo and Şağbanşua [38], Kozlov and Sałabun [39], Mehr et al. [18], and Bączkiewicz et al. [40], the selection of the best PV technology or panel was considered. In each of these studies, after taking into account the adopted criteria, the most useful type of solar PV panel from a specific set of alternative solutions was indicated. In the aforementioned studies, the assessment was carried out using following MCDM methods: logarithmic fuzzy preference programming (LFPP) [17], AHP [17,38], COMET [39,40], TOPSIS [39], best–worst method (BWM) [18], MULTIMOOSRAL [18], and SPOTIS [40]. All cited studies are included in the overview presented in Table 1.



Among the discussed studies, the most important in the context of the purpose of this article are the works of Balo and Şağbanşua [38], Kozlov and Sałabun [39], Mehr et al. [18], and Bączkiewicz et al. [40], in which many criteria describing the technical parameters of PV panels are considered. Based on the analysis of these publications, the most important characteristics that act as criteria for the assessment of solar PV panels can be identified. These criteria are presented in Table 2.



It should be noted that the maximum power, open-circuit voltage, and short-circuit current values vary over time, as they are highly dependent on atmospheric conditions (ambient temperature, cell temperature, irradiance, etc.). In the case of maximum power, it should also be pointed out that modern solar PV panels have a positive power tolerance, so the maximum power value may actually be slightly higher than the results from the technical specification of the PV panel. The panel efficiency value also changes over time and is dependent on the age of the PV panel. In the case of each of the given criteria, there is uncertainty and imprecision regarding the numerical value of this criterion. Meanwhile, in each of the articles cited in Table 2, the assessment criteria had crisp, precise, and certain values. These criteria reflect the operating parameters of PV panels only in the standard test conditions. Moreover, in the article by Bączkiewicz et al. [40], the open-circuit voltage criterion was ill-defined because the direction of preference of this criterion was incorrectly indicated as the minimum. The indicated errors and research limitations mean that the assessment of solar PV panels in the given articles can be largely undermined. Therefore, in this study, a fuzzy approach was used to define uncertain and imprecise values of parameters describing solar PV panels. Thanks to this, the study did not use only the values obtained by PV panels in the standard test conditions, but a wider range of values of the basic characteristics of solar PV panels was captured, making their assessments more realistic.




3. Materials and Methods


3.1. Preliminaries


One of the most popular techniques for capturing the uncertainty and imprecision of data is the fuzzy set theory, developed by Zadeh [41]. Of particular importance in this context is the trapezoidal membership function     μ     a  ~      x   ∈   0,1    , defining trapezoidal fuzzy number (TFN)     a  ~  =     a   1   ,   a   2   ,   a   3   ,   a   4      . The trapezoidal membership function is described by the Formula (1) [42]:


       μ     a  ~      x   =         0      i f   x <   a   1         x −   a   1       a   2   −   a   1        i f     a   1   ≤ x <   a   2          1      i f     a   2   ≤ x ≤   a   3              a   4   − x     a   4   −   a   3        i f     a   3   < x ≤   a   4       0      i f   x >   a   4               w h e r e     a   1   ≤   a   2   ≤   a   3   ≤   a   4       



(1)







The trapezoidal membership function is a generalization of simpler membership functions: triangular, interval, or singleton. In the literature, it is recognized that the advantage of the trapezoidal membership function over more complex representations of fuzzy sets is the ease of interpretation and ease of use [43]. Moreover, it was found that trapezoidal membership functions are a reasonable compromise between the tendency to lose too much information and the tendency to introduce forms of approximation too sophisticated from the computational point of view [44]. Therefore, using the trapezoidal membership functions, a relatively high universality is obtained, in principle without increasing the difficulty of use and interpretation. The choice of TFNs still allows the use of simpler representations, i.e., triangular fuzzy numbers (TrFNs), interval numbers (INs) and real numbers—singletons (RNs) [23,42]. Fuzzy arithmetic defines the basic operations performed on TFNs, which are the addition, subtraction, multiplication, and division of two TFNs. These algebraic operations are described by Formulas (2)–(5):


    a  ~  ⊕   b  ~  =     a   1   ,   a   2   ,   a   3   ,   a   4     ⊕     b   1   ,   b   2   ,   b   3   ,   b   4     =     a   1   +   b   1   ,   a   2   +   b   2   ,   a   3   +   b   3   ,     a   4   + b   4      



(2)






    a  ~  ⊖   b  ~  =     a   1   ,   a   2   ,   a   3   ,   a   4     ⊖     b   1   ,   b   2   ,   b   3   ,   b   4     =     a   1   −   b   4   ,   a   2   −   b   3   ,   a   3   −   b   2   ,     a   4   − b   1      



(3)






    a  ~  ⊗   b  ~  =     a   1   ,   a   2   ,   a   3   ,   a   4     ⊗     b   1   ,   b   2   ,   b   3   ,   b   4     =     a   1   ×   b   1   ,   a   2   ×   b   2   ,   a   3   ×   b   3   ,     a   4   × b   4      



(4)






    a  ~  ⊘   b  ~  =     a   1   ,   a   2   ,   a   3   ,   a   4     ⊘     b   1   ,   b   2   ,   b   3   ,   b   4     =     a   1   /   b   4   ,   a   2   /   b   3   ,   a   3   /   b   2   ,     a   4   / b   1      



(5)







Operations on simpler fuzzy representations are carried out in the same way, assuming that for RN     a   1   =   a   2   =   a   3   =   a   4    , dla IN     a   1   =   a   2     and     a   3   =   a   4    , a dla TrFN     a   2   =   a   3    .



The NEAT F-PROMETHEE fuzzy method used in the study is based on TFNs, and, at the same time, allows the use of TrFNs, Ins, and RNs. Calculation details of the method are presented, among others, in Ziemba’s paper [22]. In the NEAT F-PROMETHEE method, a set     A  ~    of   m   fuzzy alternatives defined by   n   criteria belonging to the set   C   is considered. The most important steps of this method are deviation mapping of alternatives, calculation of preference indices, calculation of outranking flows, and ranking of alternatives. The mapping is performed using the selected preference function   f   (6):


    P   j   (    a  ~  ,   b  ~   ) = f     c   j   (    a  ~   ) ⊖   c   j   (    b  ~   )   ,   ∀   a  ~  ,   b  ~  ∈   A  ~  , ∀   c   j   ∈ C  



(6)







Preference indices are calculated based on the Formula (7):


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



(7)




where     w   j     is the weight of the j-th criterion. Positive, negative, and net outranking flows are determined using Formulas (8)–(10), respectively:


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



(8)






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



(9)






      ϕ   n e t    ~      a  ~    =     ϕ   +    ~  (   a  ~  ) ⊖     ϕ   −    ~  (   a  ~  )  



(10)







Then the outranking flows are defuzzified and RNs are obtained:     ϕ   +   ( a )  ,     ϕ   −   ( a )  , and     ϕ   n e t     a    . A partial order is constructed from the positive and negative outranking flow, and the net outranking flow is used to construct a total order of the alternatives.




3.2. Uncertain Criteria and a Fuzzy Model for Assessing PV Panels


At the beginning of the development of the decision model, information about the considered set of decision alternatives was collected. The study included popular models of PV panels with a power of approx. 400 W in Poland. Their parameters are presented in Table 3.



On the basis of the assessment criteria used in the literature presented in Table 2 and using the information on the technical parameters of PV panels given in Table 3, a fuzzy model for the assessment of solar PV panels was developed. The criteria presented in Table 4 were used in the model.



Criterion C1 was defined as TFN     a  ~  =     a   1   ,   a   2   ,   a   3   ,   a   4       based on the characteristics: power—NOCT (PNOCT), power—STC (Pmax), positive power tolerance (PT), and temperature coefficient of Pmax (TCP) according to Formula (11):


    c   1       a  ~    =     a   1   ,   a   2   ,   a   3   ,   a   4     = (   P   N O C T   ,     P   m a x   +   P   m a x   ∗ T C P ∗ 60 ,   P   m a x   ,     P   m a x   + P T )  



(11)







Criterion C2 took the form TrFN     a  ~  =     a   1   ,   a   2   ,   a   4       using the characteristics: module efficiency (ME), guaranteed power performance after 1 year (PP1), and guaranteed power performance after 25 years (PP25) (12):


    c   2       a  ~    =     a   1   ,   a   2   ,   a   4     = ( P P 25 ∗ M E ,   P P 1 ∗ M E , M E )  



(12)







Criteria C3 and C4 are also expressed as TrFN     a  ~  =     a   1   ,   a   2   ,   a   4       using the characteristics, respectively: open-circuit voltage—NOCT (VOCNOCT), open-circuit voltage—STC (VOCSTC), and temperature coefficient of VOCSTC (TCV) for C3 (13), and short-circuit current—NOCT (ISCNOCT), short-circuit current—STC (ISCSTC), and temperature coefficient of ISCSTC (TCI) for C4 (14):


    c   3       a  ~    =     a   1   ,   a   2   ,   a   4     = (   V O C   S T C   +   V O C   S T C   ∗ T C V ∗ 60 ,   V O   C   N O C T   , V O   C   S T C   )  



(13)






    c   4       a  ~    =     a   1   ,   a   2   ,   a   4     = (   I S C   N O C T   ,   I S C   S T C   ,   I S C   S T C   +   I S C   S T C   ∗ T C I ∗ 60 )  



(14)







In the case of criteria C1, C3, and C4, as one of the values of the trapezoidal membership function, the values of power, open-circuit voltage, and short- circuit current were used, respectively, determined for standard test conditions (STC), but with the cell temperature increased by 60 °C (from 25 °C to 85 °C). It should be noted that the cell temperature of 85 °C is the maximum allowable operating temperature for all tested PV panels, so this is how the operation of the cells in peak conditions (but with high irradiance of 1000 W/m2) was included.



Criteria C5—price per watt (PW) and C6—weight (We) were taken directly from Table 3, and their values were RNs:     c   5       a  ~    = P W  ,     c   6       a  ~    = W e  . Similarly, criterion C7 was expressed as RN, but its value was determined as the product of length (DL) and width (DW) dimensions and normalized to m2 (15):


    c   7       a  ~    = D L ∗ D W / 1000000  



(15)







The last criterion, C8, took the form of a IN     a  ~  =     a   1   ,   a   4      , built using the following values: product warranty (PrW) and performance warranty (PfW) (16):


    c   8       a  ~    =     a   1   ,   a   4     = ( P r W ,   P f W )  



(16)







Table 5 presents alternative values for the following criteria, prepared in accordance with the formulas given above. The fuzzy decision model was supplemented with a preference model defining the preference functions, thresholds, and criteria weights. The preference model is presented in Table 6. The preference model uses a V-shaped preference function whose value increases linearly in the range [0, 1]. A value of 0 means that the compared alternatives have the same numerical value of a given criterion (indifference relation), and 1 means that the first of the compared alternatives outranks the second by at least the value of the preference threshold (strict preference relation). Intermediate values in the range (0, 1) indicate a weak preference relation. The preference thresholds were determined as twice the sample standard deviation, and all values of a given criterion included in the TFN were taken into account when determining it. The criteria were assigned weights in the form of linguistic values used in the NEAT F-PROMETHEE method. The most important criteria were power and price per watt. Slightly less important are module efficiency, warranty, open-circuit voltage and short-circuit current. Area and weight were considered the least important criteria. The correctness of the assigned weights was confirmed by comparing the defined importance of the criteria with the importance ranks of the criteria in the article by Mehr et al. [18]. Although in the compared article the weights are expressed numerically, the ordering of the criteria by weights is very similar to this article.





4. Results


Preference models together with a fuzzy decision model allowed us to generate rankings of the tested PV panels. In accordance with the NEAT F-PROMETHEE calculation procedure, rankings based on positive and negative outranking flows are obtained, allowing for the construction of a partial order of alternatives, and a ranking based on net outranking flow, which is also a total order of alternatives. These rankings, together with fuzzy and defuzzified outranking flows, are presented in Table 7 and Figure 1. On the other hand, Figure 2 shows a partial order constructed on the basis of positive and negative outranking flows.



According to the ranking based on the value of     ϕ   n e t     (total order), the best PV panel among those considered is A3—Jinko Solar JKM430N-54HL4. However, taking into account the values of     ϕ   +    ,     ϕ   −    , and partial order created on their basis, the A3 panel is matched by A4—Kensol KS395M-SH. These two alternatives definitely outrank the next group of alternatives, which include A1—Astronergy CHSM54M-HC (182), A2—JA Solar JAM60S20 390/MR, A6—Phono Solar PS420M4-22/WH, A8—Risen RSM40-8-410M, A9—Selfa SV108M.3-410, and A10—Trina Solar TSM-DE09.08 405W. At the forefront of this group are the alternatives A10, A1, and A6, which, according to partial order, are second only to the A3 and A4 panels. However, in total order, the alternatives A1 and A6 are outranked by the alternative A8. According to both orders, at the end of this group there are A2 and A9 panels, which are outranked by the other alternatives. Both according to partial order as well as according to total order, the worst panels are A5—Meyer Burger White, and A7—REC 380AA, which form the last group of alternatives and are strongly outranked by all other alternatives.



When analysing the characteristics of PV panels occupying the highest places in the rankings, it should be noted that A3 is characterized by the highest values of the criteria C1—power, C2—module efficiency C4—short-circuit current. In turn, the A4 dominates the other alternatives in terms of the criteria C3—open-circuit voltage, and C6—weight. Alternative A4 also has the longest product warranty period, which makes it better than the other alternatives in terms of criterion C8—warranty. As for the alternatives A5 and A7, which occupy the last positions in the rankings, their position is mainly influenced by the very high price per watt (C5), because the other considered characteristics of these panels are relatively good.




5. Discussion


As indicated in Section 2, in previous studies on multi-criteria assessment of solar PV panels, the parameters of panels obtained in standard test conditions were usually used, and the numerical data were treated as reliable and precise. Therefore, it is interesting to compare the results of the developed fuzzy model with the results of the corresponding model without uncertainty, based on the parameters of solar PV panels obtained in standard test conditions. The comparison model used the same criteria as the fuzzy model, but the values were in the form of RNs. The values of the criteria were taken from Table 3. For C1, C3, and C4, these were current–voltage parameters obtained in standard test conditions (power—STC, open-circuit voltage—STC, short-circuit current—STC). The initial value of module efficiency was used as C2, and the average duration of the product warranty and performance warranty was indicated as C8. A comparative model using precise numerical values is presented in Table 8. The evaluation results obtained using the model based on precise values are presented in Table 9 and Figure 3 and Figure 4.



Comparison of the results of the fuzzy evaluation model with the results of the precise model shows that in the case of the total order and the precise model (Figure 1 and Figure 3), the advantage of A3 over the other alternatives, in particular over A4, increase significantly. Substantial changes also take place in subsequent positions in this ranking. Alternative A2 significantly weakens and is no longer superior to alternatives A9, A5, and A7, but is worse than them. Similarly, the ranks of alternatives A10 and A1 deteriorate, while the ranks of other alternatives improve or do not change significantly. Also, when comparing partial orders (Figure 2 and Figure 4), it can be seen that in the case of the precise model, the positions of alternatives A4, A1, A10, and A2 deteriorate, and the positions of alternatives A5 and A9 improve significantly.



The observed differences between the results of the fuzzy model and the precise model show how important it is to properly build the decision model and to take into account the uncertainty and imprecision of the data. It should be emphasized that both models differ only in the numbers describing the criteria C1–C4 and C8. However, for criteria C5–C7, criteria weights and preference functions are the same, and the values of preference thresholds are defined in the same way (as twice the sample standard deviation). However, the indicated differences cause significant discrepancies between the rankings obtained based on the fuzzy decision model and the precise model.



The indicated differences in the rankings are related to the fact that the amount of data included in TFNs, TrFNs, and Ins is greater than in RNs (singletons). A fuzzy number contains information about two, three or four values of a given alternative, while RN is a carrier of only one value. Generally speaking, fuzzy numbers carry information about the entire range of possible values of a given criterion, thus, taking into account the uncertainty of data and the imprecision of measurements. As a result, the ranking obtained based on fuzzy numbers is more “conservative” than the ranking obtained on the basis of RNs, which are assumed to be certain and precise. The fuzzy ranking takes into account a certain margin of uncertainty as to the mutual advantages between the alternatives, is more “soft”, less categorical, and less definitively determines the order of the alternatives.




6. Conclusions


The practical purpose of the article was to evaluate the PV panels available on the Polish energy market and to select solar PV panels with the best technical parameters, taking into account many criteria. Based on the conducted research, Jinko Solar JKM430N-54HL4 and Kensol KS395M-SH panels are indicated as optimal. The scientific contribution of the article include capturing the uncertainty and imprecision of technical parameters using a fuzzy approach. The conducted research partly fills the identified research gap, consisting of the need to take into account uncertain criteria describing the operating parameters of solar PV panels in study. During the research, a fuzzy PV panel assessment model was developed, based on TFNs and the NEAT F-PROMETHEE multi-criteria method. The calculation results obtained using this model were compared with the results of the model based on precise RNs. As a result of the conducted investigations, it is found that the precise model can give completely different results than the fuzzy model. However, the results of the fuzzy model should be considered more reliable, because fuzzy numbers allow for the capturing of more data than RNs, which translates into greater reliability of the obtained results.



The presented study, both in practical and scientific terms, had some limitations. Referring to the practical goal, the limited number of PV panels considered in the study should be indicated as the basic limitation. Collecting reliable data on solar PV panels requires finding and carefully analysing their specification sheets. Data collection takes a long time, which automatically limits the number of solar PV panels that can be analyzed in one study. The basic limitation related to the scientific aspect is also related to data collection. Namely, collecting more data would improve the accuracy of mapping reliability by fuzzy numbers, and this would further increase the credibility of the obtained results. Other membership functions and alternative ways of constructing fuzzy numbers describing individual technical parameters of PV panels can also be considered. Further research should lead to the elimination of the indicated limitations and include works leading to increasing the accuracy of the assessment by using fuzzy numbers describing the given alternatives in more detail.
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Figure 1. Outranking flows and alternative rankings. 
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Figure 2. Partial order of alternatives. 
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Figure 3. Outranking flows and alternative rankings according to the precise model. 
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Figure 4. Partial order of alternatives according to the precise model. 
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Table 1. Applications of MCDM methods in solar PV panels study.
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	Aim of the Study
	Subject of the Study
	Location
	MCDM Methods
	No of Criteria/Sub-criteria
	Ref.





	Evaluation of five renewable power generation sources and choose the most favorable technology
	Renewable energy sources
	Saudi Arabia
	AHP
	4/14
	[28]



	Identification of the best renewable resource for electricity generation
	Renewable resources for electricity generation
	Malaysia
	AHP
	4/12
	[29]



	Selection of the best alternative renewable energy sources for electricity production
	Residential building
	Oran, Algeria
	Delphi, fuzzy AHP, fuzzy PROMETHEE
	7/15
	[27]



	Establishing a decision model for improving the performance of solar PV farms
	Solar PV plants sites
	China
	DEMATEL, DANP
	10
	[34]



	Development of the wind farm and solar PV farm
	Wind farm and solar PV farm
	South Central England
	GIS, AHP
	3/5
	[33]



	Defining and classifying particular criteria considered for solar PV farm siting
	Solar PV power plant
	Zastavna district, Ukraine
	AHP
	13
	[32]



	Evaluation of the region’s priority for the installation of solar PV projects
	Solar PV plants sites
	Iran
	SWARA, WASPAS
	4/14
	[36]



	Determination of the best location for a solar thermoelectric power plant
	Location of solar

thermoelectric power

plants
	Region of Murcia, Spain
	Fuzzy AHP, Fuzzy TOPSIS
	4/10
	[35]



	Proposing a decision support system to avoid flooding when choosing a location for a solar power plant
	Sites for a

solar power plant
	Thailand
	Fuzzy AHP, TOPSIS
	5/19
	[30]



	Identification of optimal locations for solar PV farms
	Areas for the construction of solar PV farms
	Fars province, Iran
	Fuzzy AHP,

fuzzy DS
	11
	[31]



	Choosing a solar PV panel supplier from a variety of options that best suits the needs of manufacturing companies
	Solar PV energy systems in manufacturing companies
	Mexico
	Fuzzy TOPSIS
	4/37
	[37]



	Selection of the PV technology
	Five PV technologies
	-
	LFPP,

AHP
	4/13
	[17]



	Selection of the best solar PV panel for the photovoltaic system design
	Solar PV panels up to 200W
	-
	AHP
	5/26
	[38]



	Finding the most rational solar PV panel from a given set of alternatives
	Public available solar PV panels
	-
	COMET,

TOPSIS
	6
	[39]



	Selection of the best technology for solar PV panels
	First, second, and third generations of

solar PV panels
	Iran
	MULTIMOOSRAL,

BWM
	5/20
	[18]



	Proposing a decision support system for the assessment of solar PV panels used in photovoltaic installations
	Solar PV panels
	-
	COMET, SPOTIS
	6
	[40]







Abbreviations: AHP—analytic hierarchy process, PROMETHEE—preference ranking organization method for enrichment of evaluation, DEMATEL—decision-making trial and evaluation laboratory, DANP—DEMATEL-based analytic network process, GIS—geographic information system, SWARA—stepwise weight assessment ratio analysis, WASPAS—weighted aggregates sum product assessment, TOPSIS—technique for order of preference by similarity to ideal solution, DS—Dumpster–Schafer method, LFPP—logarithmic fuzzy preference programming, COMET—characteristic objects method, MULTIMOOSRAL—integrates following methods: multi-objective optimization on the basis of simple ratio analysis (MOOSRA), multi-objective optimization method by ratio analysis (MOORA), and multi-objective optimization by ratio analysis plus the full multiplicative form (MULTIMOORA), BWM—best–worst method, SPOTIS—stable preference ordering towards ideal solution.
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Table 2. Basic criteria for assessing solar PV panels.
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	Criterion
	Reference





	Maximum power (Pmax) [Wp]/PTC power rating [W]/STC power per unit of area [W/m2]/peak power [W]/peak power per m2 [W/m2]
	[18,38,39,40]



	Panel efficiency [%]/peak efficiency [%]/module efficiency [%]
	[18,38,39,40]



	Open-circuit voltage (VOC) (STC) [V]
	[18,38,39,40]



	Short-circuit current (ISC) (STC) [A]
	[18,38,39,40]



	Panel cost [USD]/cost per watt [USD]/price [USD]/cost [USD]/cost per m2 [USD/m2]
	[18,38,39,40]



	Weight [kg]/weight per m2 [kg/m2]
	[18,38,40]



	L × W × H [cm3]/length × width × depth [mm]/area [m2]
	[18,38,39]



	Product warranty [years]/service support
	[18,38]
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Table 3. Technical parameters of the analyzed solar PV panels.






Table 3. Technical parameters of the analyzed solar PV panels.





	
Manufacturer

	
Astronergy

	
JA Solar

	
Jinko Solar

	
Kensol

	
Meyer Burger

	
Phono Solar

	
REC

	
Risen

	
Selfa

	
Trina Solar




	
Country of Manufacture

	
China

	
China

	
China

	
Poland/China

	
Germany

	
China

	
Norway/Singapore

	
Poland/China

	
Poland

	
China




	
Model

	
CHSM54M-HC (182)

	
JAM60S20 390/MR

	
JKM430N-54HL4

	
KS395M-SH

	
White

	
PS420M4-22/WH

	
REC380AA

	
RSM40-8-410M

	
SV108M.3-410

	
TSM-DE09.08 405W






	
Power—NOCT (PNOCT) [W]

	
306.4

	
295

	
323

	
297

	
302

	
310

	
289

	
310.7

	
309.6

	
306




	
Power—STC (Pmax) [W]

	
410

	
390

	
430

	
395

	
400

	
420

	
380

	
410

	
410

	
405




	
Positive power tolerance (PT) [W]

	
5

	
5

	
12.9

	
5

	
5

	
5

	
5

	
12.3

	
5

	
5




	
Temperature coefficient of Pmax (TCP) [%/°C]

	
−0.350%

	
−0.350%

	
−0.300%

	
−0.340%

	
−0.259%

	
−0.380%

	
−0.260%

	
−0.340%

	
−0.360%

	
−0.340%




	
Open-circuit voltage—NOCT (VOCNOCT) [V]

	
35.34

	
39.63

	
36.56

	
47.1

	
42.3

	
41.8

	
41.7

	
38.97

	
35.2

	
38.9




	
Open-circuit voltage—STC (VOCSTC) [V]

	
37.4

	
41.94

	
38.49

	
49.4

	
44.6

	
45.69

	
44.3

	
41.9

	
37.45

	
41.4




	
Temperature coefficient of VOCSTC (TCV) [%/°C]

	
−0.270%

	
−0.272%

	
−0.250%

	
−0.270%

	
−0.234%

	
−0.300%

	
−0.240%

	
0.250%

	
−0.300%

	
−0.250%




	
Short-circuit current—NOCT (ISCNOCT) [A]

	
11.26

	
9.4

	
11.49

	
8.11

	
8.7

	
9.25

	
8.57

	
10.22

	
11.16

	
9.95




	
Short-circuit current—STC (ISCSTC) [A]

	
13.88

	
11.58

	
14.23

	
10.07

	
10.9

	
11.45

	
10.61

	
12.47

	
13.88

	
12.34




	
Temperature coefficient of ISCSTC (TCI) [%/°C]

	
0.045%

	
0.044%

	
0.046%

	
0.040%

	
0.033%

	
0.050%

	
0.040%

	
0.040%

	
0.060%

	
0.040%




	
Module efficiency (ME) [%]

	
21.00%

	
20.90%

	
22.02%

	
21.10%

	
21.70%

	
20.98%

	
21.70%

	
21.30%

	
21.00%

	
21.10%




	
Guaranteed power performance after 1 year (PP1) [%]

	
98.0%

	
98.0%

	
99.0%

	
98.0%

	
98.0%

	
98.0%

	
98.0%

	
98.0%

	
97.0%

	
98.0%




	
Guaranteed power performance after 25 years (PP25) [%]

	
84.8%

	
83.0%

	
89.4%

	
84.8%

	
92.0%

	
84.8%

	
92.0%

	
84.8%

	
83.0%

	
84.8%




	
Product warranty (PrW) [years]

	
12

	
12

	
12

	
25

	
25

	
15

	
20

	
12

	
20

	
15




	
Performance warranty (PfW) [years]

	
25

	
25

	
30

	
25

	
25

	
25

	
25

	
25

	
30

	
25




	
Dimensions—length (DL) [mm]

	
1722

	
1776

	
1722

	
1646

	
1767

	
1925

	
1721

	
1754

	
1724

	
1754




	
Dimensions—width (DW) [mm]

	
1134

	
1052

	
1134

	
1140

	
1041

	
1040

	
1016

	
1096

	
1134

	
1096




	
Dimensions—height (DH) [mm]

	
30

	
35

	
30

	
30

	
35

	
35

	
30

	
30

	
30

	
30




	
Weight (We) [kg]

	
21.6

	
20.7

	
22

	
19

	
19.7

	
23

	
19.5

	
21.5

	
22.1

	
21




	
Price per W (PW) [PLN/W]

	
1.52

	
1.57

	
1.59

	
1.76

	
3.77

	
1.6

	
2.93

	
1.76

	
1.99

	
1.6








Abbreviations: NOCT—nominal operating cell temperature (irradiance: 800 W/m2; ambient temperature: 20 °C; wind speed: 1 m/s; air mass: 1.5 G); STC—standard test conditions (irradiance: 1000 W/m2; cell temperature: 25 °C; air mass: 1.5 G).
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Table 4. Evaluation criteria for PV panels used in the study.
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	No.
	Name
	Unit of Measure
	Preference Direction
	Membership Function Type





	C1
	Power
	[W]
	max
	TFN



	C2
	Module efficiency
	[%]
	max
	TrFN



	C3
	Open-circuit voltage
	[V]
	max
	TrFN



	C4
	Short-circuit current
	[A]
	max
	TrFN



	C5
	Price per watt
	[PLN/W]
	min
	RN



	C6
	Weight
	[kg]
	min
	RN



	C7
	Area
	[m2]
	min
	RN



	C8
	Warranty
	[years]
	max
	IN







Abbreviations: TFN—trapezoidal fuzzy number, TrFN—triangular fuzzy number, IN—interval number, RN—real number.
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Table 5. Fuzzy decision matrix containing alternative values on individual criteria.
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	A1—Astronergy CHSM54M-HC (182)
	A2—JA Solar JAM60S20 390/MR
	A3—Jinko Solar JKM430N-54HL4
	A4—Kensol KS395M-SH
	A5—Meyer Burger White
	A6—Phono Solar PS420M4-22/WH
	A7—REC 380AA
	A8—Risen RSM40-8-410M
	A9—Selfa SV108M.3-410
	A10—Trina Solar TSM-DE09.08 405W





	C1
	(306.40, 323.90, 410.00, 415.00)
	(295.00, 308.10, 390.00, 395.00)
	(323.00, 352.60, 430.00, 442.90)
	(297.00, 314.42, 395.00, 400.00)
	(302.00, 337.84, 400.00, 405.00)
	(310.00, 324.24, 420.00, 425.00)
	(289.00, 320.72, 380.00, 385.00)
	(310.70, 326.36, 410.00, 422.30)
	(309.60, 321.44, 410.00, 415.00)
	(306.00, 322.38, 405.00, 410.00)



	C2
	(17.81, 20.58, 21.00)
	(17.35, 20.48, 20.90)
	(19.69, 21.80, 22.02)
	(17.89, 20.68, 21.10)
	(19.96, 21.27, 21.70)
	(17.79, 20.56, 20.98)
	(19.96, 21.27, 21.70)
	(18.06, 20.87, 21.30)
	(17.43, 20.37, 21.00)
	(17.89, 20.68, 21.10)



	C3
	(31.34, 35.34, 37.40)
	(35.10, 39.63, 41.94)
	(32.72, 36.56, 38.49)
	(41.40, 47.10, 49.40)
	(38.34, 42.30, 44.60)
	(37.47, 41.80, 45.69)
	(37.92, 41.70, 44.30)
	(35.62, 38.97, 41.90)
	(30.71, 35.20, 37.45)
	(35.19, 38.90, 41.40)



	C4
	(11.26, 13.88, 14.25)
	(9.40, 11.58, 11.89)
	(11.49, 14.23, 14.62)
	(8.11, 10.07, 10.31)
	(8.70, 10.90, 11.12)
	(9.25, 11.45, 11.79)
	(8.57, 10.61, 10.86)
	(10.22, 12.47, 12.77)
	(11.16, 13.88, 14.38)
	(9.95, 12.34, 12.64)



	C5
	1.52
	1.57
	1.59
	1.76
	3.77
	1.60
	2.93
	1.76
	1.99
	1.60



	C6
	21.6
	20.7
	22.0
	19.0
	19.7
	23.0
	19.5
	21.5
	22.1
	21.0



	C7
	1.95
	1.87
	1.95
	1.88
	1.84
	2.00
	1.75
	1.92
	1.96
	1.92



	C8
	(12, 25)
	(12, 25)
	(12, 30)
	(25, 25)
	(25, 25)
	(15, 25)
	(20, 25)
	(12, 25)
	(20, 30)
	(15, 25)
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Table 6. Model of criteria preferences.






Table 6. Model of criteria preferences.





	No.
	Name
	Weight
	Preference Function
	Preference Threshold





	C1
	Power
	VH
	V-shaped
	99.098



	C2
	Module efficiency
	H
	V-shaped
	0.026



	C3
	Open-circuit voltage
	M
	V-shaped
	8.505



	C4
	Short-circuit current
	M
	V-shaped
	3.491



	C5
	Price per watt
	VH
	V-shaped
	1.434



	C6
	Weight
	VL
	V-shaped
	2.468



	C7
	Area
	L
	V-shaped
	0.138



	C8
	Warranty
	MH
	V-shaped
	12.126







Abbreviations: VH—very high, H—high, M—medium, L—low, VL—very low.
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Table 7. Values of outranking flows and rankings of alternatives.






Table 7. Values of outranking flows and rankings of alternatives.


















	
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9
	A10





	       ϕ   +    ~      a  ~      
	(0.0727, 0.1233, 0.4023, 0.6264)
	(0.0800, 0.0977, 0.3256, 0.6215)
	(0.0658, 0.1460, 0.5665, 0.6907)
	(0.0878, 0.1648, 0.4192, 0.6357)
	(0.0376, 0.0681, 0.3838, 0.6322)
	(0.0544, 0.0852, 0.3976, 0.6465)
	(0.0667, 0.0910, 0.3504, 0.6128)
	(0.0527, 0.0835, 0.3814, 0.6482)
	(0.0433, 0.0949, 0.4052, 0.6325)
	(0.0646, 0.0939, 0.3652, 0.6473)



	     ϕ   +   ( a )   
	0.3110
	0.2906
	0.3680
	0.3311
	0.2860
	0.3016
	0.2873
	0.2980
	0.2985
	0.3004



	Rank     ϕ   +    
	3
	8
	1
	2
	10
	4
	9
	7
	6
	5



	       ϕ   −    ~  (   a  ~  )   
	(0.0302, 0.0791, 0.4316, 0.6734)
	(0.0090, 0.0547, 0.4465, 0.6866)
	(0.0297, 0.0607, 0.3236, 0.5694)
	(0.0311, 0.0835, 0.3092, 0.5291)
	(0.1982, 0.2459, 0.4145, 0.6322)
	(0.0436, 0.0777, 0.4164, 0.6687)
	(0.1620, 0.2125, 0.4828, 0.6639)
	(0.0310, 0.0487, 0.3868, 0.6745)
	(0.0742, 0.1351, 0.4147, 0.6411)
	(0.0166, 0.0505, 0.3710, 0.6549)



	     ϕ   −   ( a )   
	0.3083
	0.3036
	0.2520
	0.2435
	0.3789
	0.3070
	0.3836
	0.2923
	0.3210
	0.2802



	Rank     ϕ   −    
	7
	5
	2
	1
	9
	6
	10
	4
	8
	3



	       ϕ   n e t    ~      a  ~      
	(−0.6007, −0.3084, 0.3232, 0.5963)
	(−0.6066, −0.3488, 0.2709, 0.6124)
	(−0.5037, −0.1776, 0.5059, 0.6611)
	(−0.4413, −0.1444, 0.3357, 0.6046)
	(−0.5946, −0.3464, 0.1379, 0.4340)
	(−0.6142, −0.3312, 0.3198, 0.6029)
	(−0.5972, −0.3918, 0.1379, 0.4508)
	(−0.6219, −0.3033, 0.3327, 0.6172)
	(−0.5978, −0.3198, 0.2700, 0.5583)
	(−0.5903, −0.2771, 0.3147, 0.6307)



	     ϕ   n e t     a     
	0.0021
	−0.0158
	0.1177
	0.0878
	−0.0908
	−0.0057
	−0.0971
	0.0053
	−0.0220
	0.0196



	Rank     ϕ   n e t    
	5
	7
	1
	2
	9
	6
	10
	4
	8
	3
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Table 8. Decision matrix containing precise values of alternatives.
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	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9
	A10





	C1
	410.00
	390.00
	430.00
	395.00
	400.00
	420.00
	380.00
	410.00
	410.00
	405.00



	C2
	21.00
	20.90
	22.02
	21.10
	21.70
	20.98
	21.70
	21.30
	21.00
	21.10



	C3
	37.40
	41.94
	38.49
	49.40
	44.60
	45.69
	44.30
	41.90
	37.45
	41.40



	C4
	13.88
	11.58
	14.23
	10.07
	10.90
	11.45
	10.61
	12.47
	13.88
	12.34



	C5
	1.52
	1.57
	1.59
	1.76
	3.77
	1.60
	2.93
	1.76
	1.99
	1.60



	C6
	21.6
	20.7
	22.0
	19.0
	19.7
	23.0
	19.5
	21.5
	22.1
	21.0



	C7
	1.95
	1.87
	1.95
	1.88
	1.84
	2.00
	1.75
	1.92
	1.96
	1.92



	C8
	18.5
	18.5
	21
	25
	25
	20
	22.5
	18.5
	25
	20
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Table 9. Outranking flows and alternative rankings according to the precise model.






Table 9. Outranking flows and alternative rankings according to the precise model.


















	
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9
	A10





	     ϕ   +   ( a )   
	0.2026
	0.1235
	0.4862
	0.2933
	0.3285
	0.2582
	0.2833
	0.2149
	0.2706
	0.1838



	Rank     ϕ   +    
	8
	10
	1
	3
	2
	6
	4
	7
	5
	9



	     ϕ   −   ( a )   
	0.2629
	0.3528
	0.1249
	0.2421
	0.3355
	0.2266
	0.4282
	0.2166
	0.2311
	0.2242



	Rank     ϕ   −    
	7
	9
	1
	6
	8
	4
	10
	2
	5
	3



	     ϕ   n e t     a     
	0.2629
	0.3528
	0.1249
	0.2421
	0.3355
	0.2266
	0.4282
	0.2166
	0.2311
	0.2242



	Rank     ϕ   n e t    
	8
	10
	1
	2
	6
	4
	9
	5
	3
	7
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  energies-16-05161


  
    		
      energies-16-05161
    


  




  





media/file2.png
Rank

Rank

@* fuzzy and crisp outranking flow

& fuzzy and crisp outranking flow

1_ Al3 1_ Al4
A4 ! I h3 \
2r / T 2r T
A1 ! Il 1 a10 \
| I ] i | :
Ad ! I voms O\
4r y / | T 4= T T1
Ald I I 11 11a2 \\
5 ,, / T x 5r T TT1 \
ABl o (I 1LT1AG
6 yl / T e 6 i
AB1 1A
r ’ / El r it iim
A1 1111 mA9
81 I’/ TH] 8 TR R
L ATE 1 N | L | A5
? / 'TE 9 /fl RE B i
10 F Afp 10k L iini AT
/ "TE] // THEEELE n
| | mne_a | 1 | B | m | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
o* &
d)net fuzzy and crisp outranking flow
e A3
Aq !
2 / T T
A10 L4
3 / / ~1 1 1 Al
ABI 1 1 —
41— T1 T 1 ii
/ / Af ! (. "
5 T T 1 e
B / A® 1 [
6 / Im1 11 :2
A21W | 1
7 Lim (] A8
ol A IH I 1o A9
TR T A10
o A5 1im | [T |
1 min 1 11
10— A nip i L1
1 nim i [
| | 11 Illhl 1 1 | |
-0.8 -0.6 -0.4 0.2 0 0.2 0.4 0.6 0.8





media/file5.jpg





media/file3.jpg





media/file1.jpg
]|





media/file7.jpg
A5

A4 A7
A3 A9 A1
A2
A8 A10

A6






media/file0.png





media/file8.png





media/file6.png
Rank

Rank

&" fuzzy and crisp outranking flow

@ fuzzy and crisp outranking flow

A3 A3
1r 1r
A8
2 2r
A4 A10
ar ar
X AG
4 4
s | 5 | A9
=
Ab A4
6 & 6F
AB A1
7r ir
A1 A5
8 8
A1Q A2
9 9
10 T 10 T
1 1 | 1 | 1 | 1 | | | | | |
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
@* @
Dot fuzzy and crisp outranking flow
A3
=
Ad
2 —
- A9
Al
Al A3
5 Ad
AS
61— A5 AB
AT
7T AS
AQ
A1
8 A10
AT
9 —
A2
10—
| I I I I I |
0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4





