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Abstract

:

In order to guarantee the sustainability of power industries, demand response is widely developed in China with the improvement of power markets. Massive potential flexible resources in the commercial sector are valuable to carry out continuous demand response programs. This paper presented a hybrid framework to evaluate the performance of such programs. Considering that assessment processes involve multiple decisions for massive criteria under fuzzy conditions, we proposed a fuzzy multi-criteria decision making model to evaluate the performance of commercial demand response based on the concepts of a fuzzy Vlsekriterijumska Optimizacijia I Kompromisno Resenje method and a L2-metric distance. The weighting determination process in the model was modified by integrating subjective opinions and objective information according to a fuzzy Analytic Hierarchy Process and Criteria Importance Through Intercriteria Correlation methods. Then a comprehensive evaluation index system for demand response performance was established by using a fuzzy Delphi method based on experts’ opinions, including the five aspects of economy, society, technology, environment and management. Finally, the practicality of the proposed hybrid framework was verified through an empirical analysis of five such programs in Chinese commercial buildings. Their comprehensive performances were ranked effectively. Sub-criteria affiliated with society and environment should be more attention than the other evaluation criteria based on experts’ judgments and objective information. Moreover, a set of sensitivity analyses were performed to confirm the robustness and effectiveness of the proposed framework and the evaluation results. The study findings can offer references for the improvement of demand response and relevant policy formulation.
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1. Introduction


Conventional power industries relying heavily on fossil fuels have caused increasing environmental ecological issues worldwide, such as pollutant emissions, greenhouse effect, water quality degradation and fog and haze weather [1]. With a growing consensus of sustainability development, renewable energy sources (RES) are introduced into power systems to replace depleted fossil fuels and realize energy transition, which are recognized as a global trend of power industries. China, for example, committed to increase a proportion of RES power generations to around 40% by 2020 [2]. However, a lot of uncertain RES power generations, especially wind and solar, may lead to potential imbalances between supply and demand on power systems [3,4]. In order to process the problem, flexibility at the demand side is recommended to introduce into the power grids as more as possible. Demand response (DR) can lead to variations in energy consumption habits of users in response to different electric prices over time or in the presence of economic incentives. It is increasingly regarded as an elegant solution to compensate these imbalances and improve energy efficiency [5,6]. Massive potential flexible resources can be aggregated to reduce peak loads and handle the variability of RES power generations [7]. Moreover, DR is an essential ingredient to decrease traditional power generations by adjustment of electricity demand and utilization of flexible resources [8,9].



DR programs have been researched and implemented widely in the industrial and commercial sectors worldwide [10]. For instance, many DR programs in the United States were provided by the New York Independent System Operator in which participants can change their loads based on price fluctuations or emergency signals [11]. In Europe, various DR programs were studied or put into practice [12,13], such as in the cases of Germany [14], Sweden [15], the United Kingdom [16] and Italy [17]. Torriti [13] summarized the researches on these programs in the above European countries, containing DR status quo, economic potential and policy levels. In China, the National Development and Reform Commission announced the “Electricity Demand-side Management Measures” in 2010, which aimed to promote the DR programs in the industrial sector [18]. Many regions were selected as pilots to conduct such programs with the support of special financial funds since 2012, including Suzhou, Beijing, Foshan, Tangshan and Shanghai cities [19]. Following the industrial structure adjustment, commercial customers have been strong electric consumers and can account for the major increment of Chinese final electricity consumption. A lot of commercial flexible resources in lighting, electronic equipment, heating-ventilation and air conditioning (HVAC) systems should play a significant role in maintaining electricity balances and offering a series of options for demand management [20]. Thus, many DR programs should be designed and performed for commercial users to control the flexibility through deploying smart meters widely, such as time-of-use tariff mechanisms, demand side bidding and interruptible load management [21].



It is noted that implementing DR programs needs not only deployment of required automated devices, but also a thorough evaluation of their performance. In order to support decisions, it is essential to provide insight into the performance of these programs. Some researchers have already analyzed these assessments on some countries and regions, such as Conchado [22] for Spain, FERC [23] for the USA, Klaassen [24] for Netherlands, Cepeda [25] for France. Pinson [7] offered an overview of the benefits and challenges for DR programs from the perspectives of operation, plans, economy, market regulations and business cases. Nolan [26] summarized the DR evaluation methodologies from the aspects of production cost simulation and capacity value assessment. Previous researchers paid much attention to the DR performance in energy system operation, economic feasibility and environment protection, including energy cost saving [22], flexible load aggregation [27], peak load reductions [28], the potential profits for project participants [29], RES penetration [30] and CO2 emissions [31]. Gils [32] assessed demand response potential of the 40 European countries in all consumer sectors, involving shiftable loads, temporal availability and geographic allocation for flexible loads. However, these relevant researches with a few criteria are still relatively insufficient to reflect DR performance completely. It is essential to establish an evaluation system to measure the comprehensive performance of DR programs reasonably.



For comprehensive evaluation, a sustainable perspective is introduced to develop the evaluation system of DR performance. Based on a traditional sustainability paradigm, it should contain three dimensions: economic, social and environmental [33]. Because the flexible resources of commercial customers are more dispersed than these of industrial users, massive elements on technology and management should be properly considered at the basis of relevant electric consumption processes. These elements may impact on customers’ response extremely, containing automated equipment construction and operation, technical standard implementation, a loss of productivity, prior experiences [32,34]. Hence, a comprehensive evaluation index system can be formed to reveal the performance of commercial DR from five dimensions, namely economy, society, technology, environment and management. An initial index system can be built firstly according to existing literatures. In order to ensure the rationality of the evaluation index system, a fuzzy Delphi method can be applied to remove redundant criteria according to experts’ linguistic ratings.



In view of the fact that the performance evaluation of DR involves many dimensions, a multiple criteria decision making (MCDM) technique should be proposed to conduct the evaluation processes. A variety of MCDM methods have been applied to assess the performances of enterprises or projects, such as the entropy weight method [35], the analytic hierarchy process (AHP), the technique for order preference by similarity to an ideal solution (TOPSIS) [36] and the elimination et choice translating reality (ELECTRE) [37]. Based on previous research, we introduced a hybrid MCDM technique to the performance evaluation of commercial DR programs. Vlsekriterijumska Optimizacija I Kompromisno Resenje (VIKOR) method, put forward by Opricovic firstly [38], has been regarded as a compensatory aggregation approach to handle discrete MCDM issues with conflicting and noncommensurable criteria. This method focuses on proposing acceptable compromise solutions closed to the ideal state and sorting a set of evaluation alternatives, which has been widely applied to simply multi criteria of complex decision systems and handle the balance between the overall benefits and individual satisfaction in real MCDM issues [39,40,41]. However, experts often fail to provide precise decision makings for criteria performance due to lack of experience and accurate data. The decision making information, such as important, poor, good and so on, is almost impossible to describe through conventional quantitative expressions. To process vague decisions, a fuzzy VIKOR method was developed at the basis of a fuzzy logic theory [42,43,44]. Linguistic ratings given by decision makers were expressed as triangular fuzzy numbers (TFNs) to perform calculations. Then to better effectively calculate distances between TFNs as well as sort priorities of alternatives with precise numbers, a L2-metric distance approach was applied to modify the traditional aggregating function. Moreover, a combination weight technique based on fuzzy AHP and Criteria Importance Through Intercriteria Correlation (CRITIC) methods was developed to promote the weighting determination processes for the fuzzy VIKOR.



Primary contributions in this paper are:




	
A comprehensive index system for DR performance in the commercial sector was formed firstly, including the five perspectives of economy, society, technology, environment and management. The fuzzy Delphi method with easy implementation was applied to select rational evaluation criteria based on decision makers’ opinions.



	
A hybrid MCDM model were established firstly to assess the comprehensive performance of commercial DR. A modified fuzzy VIKOR method with L2-metric distances was firstly developed. The fuzzy AHP and CRITIC methods were combined to innovate the weighting determination. Due to the application of the fuzzy logic theory, this model may effectively capture fuzziness of human decisions. The modified fuzzy VIKOR with the characteristics of clear concepts can measure precise distances between TFNs to better process conflicting criteria in complex decision-making systems. The combination weight technique not only contains decision makers’ judgments, but also utilizes objective information for all alternatives. It can ensure the rationality and practicality of weighting determination.



	
Considering that decision makers with diverse professional backgrounds may give different judgments, we conducted a set of sensitivity analyses to verify the impacts of criteria weights and parameter fluctuations on performance evaluation results. The detailed discussions can illuminate the robustness of the proposed framework under various cases. This is the first study that analyzes the important of evaluation criteria for commercial DR performance by changing the weights. The analysis results can contribute to help experts’ decision makings on DR programs.








The remainder of this paper is organized as follows. Section 2 describes the basic methodology; the research framework is presented in detail in Section 3; Section 4 establishes a comprehensive evaluation index system for commercial DR performance. In Section 5, an empirical analysis is illustrated by carrying out the DR performance assessment of five commercial buildings in China. We perform sensitivity analyses and discuss the results in Section 6. Conclusions are drawn in the final section.




2. Methodology


We introduce relevant mathematics methods briefly, including the fuzzy logic theory, the fuzzy AHP, the CRITIC and the modified fuzzy VIKOR methods, which will be employed to propose a hybrid research framework.



2.1. Fuzzy Logic Theory


The fuzzy logic theory, introduced by Zadeh [45] in 1965, is used to cope with vague linguistic information from human decisions in a real world. Fuzzy sets are defined to map ambiguous linguistic ratings into precise numerical terms. A fuzzy set is featured by a membership function with continuous grades. Each criterion can obtain a membership value among [0,1] to express its degree belonging to the fuzzy set. If a membership value is one, the criterion belongs to the set absolutely. If a membership value is zero, the criterion doesn’t belong to the set. If a membership value is between zero and one, the criterion belongs to the set partially. Besides, some linguistic ratings such as “poor”, “fair” and “good” can be described as a series of numerical intervals.



A TFN, denoted by a triplet     A ˜  = (  a L  ,    a M  ,    a R  )   , is used widely in fuzzy applications.     a L  ,    a M     and     a R     are the minimum value, the middle value and the maximum value, which are all crisp numbers and    − ∞ <  a L  ≤  a M  ≤  a R  < + ∞   . Let x be a vague variable, then its membership function     μ  A ˜   ( x )    can be expressed as:


    μ  A ˜   ( x ) =  {        x −  a L     a M  −  a L    ,      a L  ≤ x <  a M           a R  − x    a R  −  a M    ,      a M  ≤ x ≤  a R       0    o t h e r w i s e       ,   



(1)







Suppose      A ˜  1  = (  a 1 L  ,    a 1 M  ,    a 1 R  )    and      A ˜  2  = (  a 2 L  ,    a 2 M  ,    a 2 R  )    are TFNs, some basic operations are:


     A ˜  1  ⊕   A ˜  2  =  (   a 1 L  +  a 2 L  ,    a 1 M  +  a 2 M  ,    a 1 R  +  a 2 R   )  ,   



(2)






     A ˜  1  ⊖   A ˜  2  =  (   a 1 L  −  a 2 L  ,    a 1 M  −  a 2 M  ,    a 1 R  −  a 2 R   )  ,   



(3)






     A ˜  1  ⊗   A ˜  2  =  (   a 1 L  ×  a 2 L  ,    a 1 M  ×  a 2 M  ,    a 1 R  ×  a 2 R   )  ,   



(4)






     A ˜  1  − 1   = ( 1 /  a 1 R  ,   1 /  a 1 M  ,   1 /  a 1 L  ) ,   



(5)







The distance between      A ˜  1  = (  a 1 L  ,    a 1 M  ,    a 1 R  )    and      A ˜  2  = (  a 2 L  ,    a 2 M  ,    a 2 R  )    can be computed easily based on the L2-metric distance approach, which can better consider the different importance of the minimum value, the middle value and the maximum value of a TFN [46].


   d  (    A ˜  1  ,   A ˜  2   )  =    {   [     (   a 1 L  −  a 2 L   )   2  + 4 ×    (   a 1 M  −  a 2 M   )   2  +    (   a 1 R  −  a 2 R   )   2   ]  / 6  }    1 / 2   ,   



(6)







Human often make vague answers instead of accurate values in MCDM processes. Qualitative linguistic values and the fuzzy set theory are suitable to evaluate performances rather than traditional numerical methods under fuzzy circumstances. As we know, the fuzzy logic theory has been gathered into a lot of traditional MCDM methods, such as fuzzy AHP, fuzzy Delphi, fuzzy TOPSIS, and fuzzy VIKOR methods. At the aim of comparing alternatives and obtaining precise information, a center of area (COA) defuzzification method is introduced to compute a best non-fuzzy performance (BNP) number [47]. Let     A ˜  = (  a L  ,    a M  ,    a R  )    be a TFN, its BNP value    B (  A ˜  )    is:


   B (  A ˜  ) =   (  a R  −  a L  ) + (  a M  −  a L  )  3  +  a L  ,   



(7)








2.2. Fuzzy Delphi Method


The Delphi method, put forward by Dalky and Helmer [48], is an important expert survey technique with the merits of anonymous responses, controlled and iterative feedback and statistical group responses. In order to make a consistent judgment, decision makers can get feedback information and revise previous opinions by several rounds of written communications. The traditional method has been widely used in economic forecasting, management strategy evaluation and public policy analysis etc. However, in terms of processing uncertain decision information, it has many shortcomings, such as long feedback time, high decision cost, low convergence rate, the possibility of distorting experts’ opinions. Thus, the fuzzy logic theory is introduced by Murry [49] to improve the traditional method. The fuzzy Delphi method allows experts to express their opinions thought linguistic variables and has the following benefits compared with the traditional method: (a) Subjective judgments are reserved entirely to prevent distortion of decision results. (b) Consistent comments may be received by one round of a questionnaire survey instead of multiple rounds of modifications, which is considered to improve decision efficiency. Thus, the fuzzy Delphi method is applicable to recognize vital evaluation criteria for commercial DR performance. Calculation procedures are shown as:



Step 1: Collect opinions on evaluation criteria importance. Decision makers should give judgments on the relative importance of the m criteria, which is represented by several numerical intervals ranging from 0 to 10. 0 and 10 mean “extremely unimportant” and “extremely important”, respectively. The maximum of the numerical interval denotes optimistic cognition, whereas the minimum one denotes pessimistic cognition.



Step 2: Assemble several optimistic TFNs and pessimistic TFNs to reveal overall decisions. The maximum and minimum values of the number interval for each criterion are sorted out respectively. Their corresponding geometric mean values are computed. Then an optimistic TFN     O j  = (  L j o  ,  M j o  ,  R j o  )    and a conservative TFN     P j  = (  L j p  ,  M j p  ,  R j p  )    for criterion j can be assembled.     L j o     and     L j p     are the minimum values of optimistic cognition and pessimistic cognition given by all decision makers respectively.     R j o     and     R j p     are the maximum values of optimistic cognition and pessimistic cognition.     M i o     and     M i p     respectively correspond to the geometric mean values of all decision makers’ optimistic cognition and pessimistic cognition.



Step 3: Check the consistency of all decision makers’ opinions. A consensus significance value     G j     is introduced to determine a consistent degree of each criterion j. The larger the     G j     value is, the more consistent the opinions are. It can be calculated by:




	
If     L j o  ≥  R j p    , criterion j reaches a consensus, the     G j     value can be:


    G j  =    M j o  +  M j p   2  ,   



(8)







	
If     L j o  <  R j p    ,     G j     can be calculated according to the gray interval     T j  =  R j p  −  L j o    .




	
If     T j     is smaller than the interval     H j  =  R j o  −  M j p    , the opinions for criterion j are a consensus


    G j  =    M j o  ×  R j p  −  L j o  ×  M j p    (  R j p  −  M j p  ) + (  M j o  −  L j o  )   ,   



(9)







	
If     T j     is greater than     H j    , the opinions for criterion j are not a consensus. Steps 1 to 3 need to be conducted repeatedly until all opinions reach a consensus.













Step 4: Choose vital criteria by setting a threshold   θ  . The   θ   value can be determined by the decision makers to reflect a minimum level of the acceptable consistency. If     G j     is lower than   θ  , the criterion j will be eliminated from an evaluation index system.




2.3. Fuzzy VIKOR Method


Conventional VIKOR method is usually employed for multi-criteria optimization of complex systems. Its obvious characteristics are that a multi-criteria ranking index is defined based on the special measurement of closeness to ideal points and the proposed compromise solutions offer the balance between maximization of whole utility and minimization of individual regret [50]. Its basic idea lies in building an aggregated function that can reveal distances from the positive and negative ideal points. In order to cope with subjectivity and uncertainty of decision makings, the fuzzy logic theory is posited into the conventional VIKOR. The fuzzy VIKOR is much more rational to rank various alternatives including conflicting criteria in a real decision environment. In this section, the L2-metric distance approach is introduced to modify the normal aggregated function.



Assume that there are m alternatives, n criteria and K decision makers in a MCDM issue. Each alternative is evaluated with relative to the n criteria. Considering imprecision and uncertainty of subjective opinions, decision makers assess criteria performance based on linguistic variables in Table 1. Let      x ˜   i j  k  = (  x  i j   k L   ,  x  i j   k M   ,  x  i j   k R   )    be the fuzzy performance of the alternative i with respect to criterion j given by decision maker k,    i = 1 , 2 , ⋯ , m   ,    j = 1 , 2 , ⋯ , n    and    k = 1 , 2 , ⋯ , K   .



More procedures of the modified approach are shown as:



Step 1: Establish an initial fuzzy decision matrix.



These fuzzy ratings of alternatives should be aggregated as:


     x ˜   i j   = (  x  i j  L  ,  x  i j  M  ,  x  i j  R  ) ,   



(10)




where     x  i j  L  =  1 K    ∑  k = 1  K    x  i j   k L       ,     x  i j  M  =  1 K    ∑  k = 1  K    x  i j   k M        and     x  i j  R  =  1 K    ∑  k = 1  K    x  i j   k R       .



Then a MCDM issue can be presented concisely in a fuzzy matrix by assembling these aggregated fuzzy ratings, as is:


   X =  [        x ˜   11         x ˜   12      ⋯      x ˜   1 n           x ˜   21         x ˜   22      ⋯      x ˜   2 n        ⋮   ⋮   ⋱   ⋮        x ˜   m 1         x ˜   m 2      ⋯      x ˜   m n        ]  ,   



(11)







Step 2: Standardize the initial fuzzy decision matrix.



At the aim of avoiding criteria dimensional differences, it is vital to normalize the aggregated rating values. An evaluation index system usually contains benefit-type criteria with the higher the better and cost-type criteria with the lower the better. The linear scaling transformation method [52] is applicable to transform the aggregated ratings into comparable format. Let    Y =   [   y ˜   i j   ]   m × n      denote a normalized fuzzy decision matrix. The normalization processes are as below.



For a benefit-type criterion


      y ˜   i j   = (  y  i j  L  ,  y  i j  M  ,  y  i j  R  ) = (    x  i j  L     u i +    ,    x  i j  M     u i +    ,    x  i j  R     u i +    )    and     u i +  =   max  j  {  x  i j  R  }  ,   



(12)







For a cost-type criterion


      y ˜   i j   = (  y  i j  L  ,  y  i j  M  ,  y  i j  R  ) = (    u i −     x  i j  R    ,    u i −     x  i j  M    ,    u i −     x  i j  L    )    and     u i −  =   min  j  {  x  i j  L  }  ,   



(13)







Step 3: Define the fuzzy positive ideal solutions and negative ideal solutions for all criteria.



In order to obtain the comparative sequences of all alternatives, the fuzzy positive ideal solution      z ˜  j +     and negative ideal solution      z ˜  j −     with respect to each criterion can be defined as:


     z ˜  j +  =  {        max  i      y ˜   i j   ,     for   benefit-type   criteria         min  i      y ˜   i j   ,     for   cost-type   criteria       ,   



(14)






     z ˜  j −  =  {        min  i      y ˜   i j   ,     for   benefit-type   criteria         max  i      y ˜   i j   ,     for   cost-type   criteria       ,   



(15)




where      max  i      y ˜   i j   = (   max  i     y  i j  L  ,   max  i     y  i j  M  ,   max  i     y  i j  R  )    and      min  i      y ˜   i j   = (   min  i     y  i j  L  ,   min  i     y  i j  M  ,   min  i     y  i j  R  )   .



Step 4: Compute normalized distances from the positive ideal solutions.


    d  i j   =   d (   z ˜  j +  ,   y ˜   i j   )   d (   z ˜  j +  ,   z ˜  j −  )   ,   



(16)




where     d  i j      denotes the normalized distance of alternative i on criterion j to the positive ideal solution      z ˜  j +    . It is worth highlighting that the L2-metric distance approach is introduced to improve the normal formula of fuzzy VIKOR.    d (   z ˜  j +  ,   y ˜   i j   )    and    d (   z ˜  j +  ,   z ˜  j −  )    can be obtained according to Equation (6).



Step 5: Compute whole benefits     S i     and individual regret     R i     for each alternative


    S i  =   ∑  j = 1  n    w j   d  i j     ,   



(17)






    R i  =   max  j     w j   d  i j   ,   



(18)




where     w j     is the weight of criterion j. The     S i     value implies the maximization of the whole benefits. The lower the     S i     value is, the larger the whole benefits are. The     R i     value implies dissatisfaction of individual criteria performances. The lower the     R i     value, the less the individual regret.



Step 6: Determine the compromise index     Q i     for each alternative.


    Q i  = η    S i  −  S −     S *  −  S −    + ( 1 − η )    R i  −  R −     R *  −  R −    ,   



(19)




where     S −  =   min  i     S i    ,     S *  =   max  i     S i    ,     R −  =   min  i     R i     and     R *  =   max  i     R i    .   η   denotes the weight of the strategy of the maximum whole benefits, whereas    1 − η    is the weight of the individual regret strategy.



Step 7: Sort the alternatives by comparing     S i    ,     R i     and     Q i    .



All alternatives should be sorted by the     Q i     values in a deceasing order. The lower the     Q i     value is, the more optimal the related alternative is. Moreover, only the following conditions are satisfied, the alternative with the minimum     Q i     value is a top priority.



(i) Acceptable advantage:


   Q (  A  ( 2 )   ) − Q (  A  ( 1 )   ) ≥  1  ( m − 1 )   ,   



(20)




where     A  ( 1 )      and     A  ( 2 )      is the first and the second alternatives ranked by     Q i    . m is the number of evaluation alternatives



(ii) Acceptable stability in decision making:



The alternative     A  ( 1 )      must be the best sorted by     S i     and     R i     in a decreasing order. This compromise solution is steady in decision making processes, which could be “voting by majority principle” (   η > 0.5   ), “by consensus” (   η = 0.5   ) or “with veto” (   η < 0.5   ).



If the above two conditions are met simultaneously,     A  ( 1 )      is the best alternative. If one of the conditions are not met, a set of compromise solutions are developed, including:




	
    A  ( 1 )      and     A  ( 2 )     , if the second condition is not met, or



	
    A  ( 1 )     ,     A  ( 2 )     ,…,     A  ( m )     , If the first condition is not met;     A  ( m )      is defined by the relation    Q (  A  ( m )   −  A  ( 1 )   ) <  1  ( m − 1 )      for the maximum value m.









2.4. Combination Weight Technique


To enhance decision weighting accuracy for the modified fuzzy VIKOR, combination weights are recommended based on subjective and objective methods, which involves subjective judgment and objective information comprehensively. The fuzzy AHP method is introduced to determine subjective weights based on decision maker’s comments. On the other, the CRITIC approach is proposed to obtain objective weights according to criteria performances.



2.4.1. Fuzzy AHP Method for Subjective Weights


Analytic Hierarchy Process (AHP), proposed by Saaty [53], is a useful tool to clear complex interactions among criteria. A hierarchical structure of the AHP is often applied to divide a MCDM problem into sub-problems, which can be handled easily. This conventional approach has been considered as a useful method to determine criterion weights based on subjective judgments. Due to uncertain decision making, the fuzzy AHP with linguistic variables is more suitable to compute criteria weights than the conventional one. Moreover, TFNs are often introduced to map fuzzy linguistic ratings into quantitative data. Thus, the fuzzy AHP with TFNs will be applied to calculate subjective weights.



Let     C I  = {  C 1  ,  C 2  , ⋯ ,  C N  }    be a main criterion set,     C i  = {  C 1  ,  C 2  , ⋯ ,  C n  }    be a sub-criterion set. According the fuzzy AHP, a hierarchy structure should be built firstly. It contains the evaluation goal to be achieved at the top level, followed by the main criteria and sub-criteria to accomplish the goal, as shown in Figure 1. Upon forming the hierarchy, pairwise comparison judgments with TFNs can be obtained from selected experts’ judgments according to Chang [54], shown in Table 2. Let     a  I J  k     and     a  i j  k     represent the pairwise comparative judgments of expert k with TFNs at the main criteria layer and the sub-criteria layer,    I , J = 1 , 2 , ⋯ , N    and    i , j = 1 , 2 , ⋯ , n   . The following procedures are:



Step 1: Form individual fuzzy comparison matrices at each layer.



In order to understand relative importance of the criteria, the pairwise comparison judgments are aggregated as the individual fuzzy matrices with symmetric. Arithmetic rules should be complied in the following process: if    i > j   ,      a ˜   i j  k     is equal to the TFNs in Table 2. If    i = j   ,      a ˜   i j  k     is (1, 1, 1,). If    i < j   ,      a ˜   i j  k     is the reciprocal of these TFNs according to Equation (5). There is an example of an individual fuzzy comparison matrix     W k     given by expert k at the sub-criterion layer.


    W k  =    |        a ˜   11  k        a ˜   12  k     ⋯      a ˜   1 n  k          a ˜   21  k        a ˜   22  k     ⋯      a ˜   2 n  k       ⋮   ⋮   ⋱   ⋮        a ˜   n 1  k        a ˜   n 2  k     ⋯      a ˜   n n  k       |    n × n   ,   



(21)







Step 2: Check the consistency of individual comparison matrices.



The fuzzy elements in the individual matrices should be mapped to crisp BNP numbers using Equation (7) at first. Consistency ratio (CR) is introduced to test the consistency, as is:


   C R =   C I   R I   ,   



(22)




where CI is a consistency index and RI is a random index. Let λmax be a largest eigenvalue of a fuzzy matrix, CI is


   C I =    λ  max   − n   n − 1   ,   



(23)







The RI values for different matrix orders are shown in Table 3. The lower the CR value is, the more consistent the matrix is. Experiential threshold 0.2 is usually recommended as the upper limit for CR of a fuzzy comparison matric [55]. If the CR value is less than 0.2, the matric is consistent approximately.



Step 3: Determine and transform fuzzy synthetic extent for each criterion.



In order to estimate the relative weights, the individual comparison matrices are aggregated according to an arithmetic average method. Let      a ˜   I J      and      a ˜   i j      be elements, the aggregated fuzzy comparison matrices at the main criteria layer (     W ¯  m    ) and the sub-criteria layer (     W ¯  s    ) are:


     W ¯  m  =   (   a ˜   I J   )   N × N   ,   



(24)






     W ¯  s  =   (   a ˜   i j   )   n × n   ,   



(25)




where      a ˜   I J   =  1 K    ∑  k = 1  K     a ˜   I J  k       and      a ˜   i j   =  1 K    ∑  k = 1  K     a ˜   i j  k      .



Let     T I m  = (  t I  m L   ,  t I  m M   ,  t I  m R   )    be the fuzzy synthetic extent at the main criteria layer, it is:


    T I m  =     ∏ J N     a ˜   I J      N  ,   



(26)




where     t I  m L   =     ∏  J = 1  N    a  I J  L     N    ,     t I  m M   =     ∏  J = 1  N    a  I J  M     N    ,     t I  m L   =     ∏  J = 1  N    a  I J  R     N     Similarly, the fuzzy synthetic extent     T i s  = (  t i  s L   ,  t i  s M   ,  t i  s R   )    at the sub-criteria layer is:


    T i s  =     ∏ j n     a ˜   i j      n  ,   



(27)




where     t i  s L   =     ∏  j = 1  n    a  i j  L     n    ,     t i  s M   =     ∏  j = 1  n    a  i j  M     n    ,     t i  s L   =     ∏  j = 1  n    a  i j  R     n    . In order to remove the fuzziness,     T I m     and     T i s     should be transformed into BNP values     B I m     and     B i s    .



Step 4: Compute normalized weights for all criteria



Consequently, the main criterion weight     w I m     and the sub-criterion local weight     w i s     can be obtained through normalization, as are:


    w I m  =    B I m      ∑  I = 1  N    B I m      ,   



(28)






    w i s  =    B i s      ∑  i = 1  n    B i s      ,   



(29)







According to the hierarchy structure, the normalized global weight     w i  s g      for sub-criteria is:


    w i  s g   =  w I m  ×  w i s  ,   



(30)








2.4.2. CRITIC Method for Objective Weights


Criteria Importance Through Intercriteria Correlation (CRITIC), proposed by Diakoulaki [56] in 1995, is a technique to determine objective weights of relative importance for criteria in many areas, such as engineering, economic, management and so on. The objective weights are derived based on contrast intensity and conflict in MCDM issues, which contain not only the criterion standard deviations among alternatives, but also the correlations of various criteria [57]. The method is suitable to be employed as an objective weighting decision technique in MCDM processes. Suppose that there are m alternatives and n criteria in a MCDM issue. Then an initial decision making matrix X is:


    X  =   [  x  i j   ]   m × n   ,   



(31)







Specially, for fuzzy MCDM problems, the decision making matrix containing fuzzy numbers should be transformed as BNP values based on Equation (7). Then the objective criteria weights can be obtained according to the following processes.



Step 1: Compute standard deviation     σ j     of each column vector      x  j     to measure criterion contrast intensity among different alternatives, as is:


    σ j  =    1 m    ∑  i = 1  m     (  x  i j   −   x ¯  j  )  2      ,   



(32)




where      x ¯  j     is the mean value of criterion j on all alternatives. The greater the     σ j     values are, the more obvious the divergence degree of the various alternatives.



Step 2: Determine the correlation coefficient     r  j k      between different column vectors      x  j     and      x  k     to quantify the conflict resulted from criteria j and k. According to Pearson correlation coefficient,     r  j k      is defined as:


    r  j k   =     ∑ i m   (  x  i j   −   x ¯  j  ) (  x  i k   −   x ¯  k  )         ∑ i m     (  x  i j   −   x ¯  j  )  2    ×   ∑ i m     (  x  i k   −   x ¯  k  )  2        ,   



(33)







It can be known that the more inconsistent the performances of criteria j and k, the lower the     r  j k      value. Thus, the conflicting performance of criterion j associated with the rest is measured as:


     ∑  k = 1  n   ( 1 −  r  j k   )   ,   



(34)




where the stronger positive correlations between criteria j and the others, the lower the conflicting performance.



Step 3: Integrate the contrast intensity and the conflicting performance to measure comprehensive decision information for each criterion through:


    D j  =  σ j  ×   ∑  k = 1  n   ( 1 −  r  j k   )   ,   



(35)







Step 4: Determine the normalized weights of all criteria by:


    w j  =    D j      ∑  j = 1  n    D j      ,   



(36)








2.4.3. The Combination of Fuzzy AHP and CRITIC Weighting Methods


As mentioned above, subjective and objective mathematical techniques are introduced to determine criteria weights simultaneously. Let     w j s     be subjective weight determined by the fuzzy AHP and     w j o     be objective weight determined by the CRITIC method. The combination weight      w ¯  j     can be obtained in accordance with multiplicative synthesis, as is:


     w ¯  j  =    w j s  ×  w j o      ∑  j = 1  n    w j s  ×  w j o      ,   



(37)










3. The Research Framework for the Hybrid MCDM Model


The integrated MCDM model is developed to evaluate the comprehensive performance of DR programs. Criteria weights are determined firstly by the combination weighting technique on the basis of fuzzy AHP and CRITIC methods. Then the alternative performances can be evaluated using the modified fuzzy VIKOR approach. The detailed evaluation procedures involve the following three phases, as shown in Figure 2.



Phase 1: Identify evaluation criteria to form a comprehensive index system based on the fuzzy Delphi method.



In the first phase, experts in the research fields of DR are invited to form a decision-making group. At the aim of descripting the performance of commercial DR from a comprehensive perspective, an initial index system is built by reviewing extensive literatures. Then, considering commercial DR features and experts’ opinions, significant criteria are selected to constitute a comprehensive evaluation index system by applying the fuzzy Delphi method. In addition, evaluation alternatives are confirmed.



Phase 2: Determine the aggregate weights of evaluation criteria based on fuzzy AHP and CRITIC methods.



At the basis of the comprehensive evaluation index system, the evaluation criteria are weighted by aggregating subjective weights and objective weights. For the subjective weights determined by the fuzzy AHP, relevant experts are asked to assign linguistic ratings to the evaluation criteria based on the linguistic variables (Table 2). Then, the consistencies of all individual comparison matrices are checked and all the matrices are aggregated. After computing and transforming the fuzzy synthetic extent values, the subjective weights can be obtained by normalization. For the objective weights determined by the CRITIC approach, vague linguistic ratings with respect to all alternatives on criteria are expressed by TFNs in Table 1. Then the initial fuzzy evaluation matrix is assembled and defuzzified through the COA method. The subjective weights can be determined by calculating the values of     σ j    ,     r  j k      and     D j    . On the basis of the above results, the aggregate weights for all criteria can be eventually obtained through multiplicative synthesis.



Phase 3: Assess comprehensive performance of the DR alternatives using the modified fuzzy VIKOR method.



In the last phase, the initial fuzzy evaluation matrix in the second phase is normalized firstly to eliminate the criterion dimension differences based on the linear scaling transformation method. Next, a series of fuzzy positive ideal solutions and negative solutions are determined. Then, the L2-metric approach is recommended to compute the normalized distances from positive ideal solutions. Finally, all evaluation results are calculated and all alternative performances are ranked in a descending order based on the values     S i    ,     R i     and     Q i    .



The research framework of the proposed hybrid evaluation model based on the fuzzy Delphi, the combination weighting and the modified fuzzy VIKOR methods has the following four advantages in evaluating the comprehensive performance of DR. First, the application of the fuzzy logic theory may capture the fuzziness of human decision making. Second, employing the fuzzy Delphi method to select the evaluation criteria can reflect DR performance reasonably from multiple perspectives based on experts’ opinions. In addition, the combination weighting technique can integrate subjective and objective information to determine criteria weights, which also innovate the weighting determination process of conventional fuzzy VIKOR. Last, the modified fuzzy VIKOR is capable to efficiently handle vague decision making processes and the conflicting criteria existing in the performance evaluation. Therefore, the hybrid MCDM model is much more applicable to cope with real world issues.




4. A Comprehensive Evaluation Index System for DR Performances


4.1. The Initial Evaluation Index System


Evaluation criteria are particularly important to evaluate the performance of DR scientifically. For comprehensively reflect commercial DR inherent features, it is essential to build an initial evaluation index system. However, since DR programs are still in a primary stage of development in China, there are no unified criteria to evaluate the DR performance in the commercial sector. We try to establish an index system to evaluate the performance comprehensively from a sustainable perspective. Such programs are often applied to facilitate optimum allocation of energy resources as well as ensure reliable and economic operation of electrical power systems. According to the conventional sustainability theory, the initial index system should not only reflect short term economic benefits, but also include long term performance in social and environmental benefits [33]. Furthermore, considering complex technical conditions and management levels in the DR programs, some criteria from the two aspects should be much attention. Accordingly, the initial evaluation index system to comprehensively reveal the DR performance is proposed from five dimensions: economy, society, technology, environment and management. Further, relevant criteria are collected from some literatures and presented in Table 4.




4.2. The Final Evaluation Index System


Based on the research framework, final evaluation sub-criteria can be extracted from the initial index system by applying the fuzzy Delphi method. First of all, 50 experts from China are selected to form five advisory groups, which involves administrators, scholars, professors and project managers in the field of DR. Based on the current stable policy environment, incomplete electric power markets and imperfect energy trading mechanisms in China, they were asked to express opinions on sub-criteria significance as number intervals by e-mail. Then, the significance values of all initial sub-criteria were computed according to the fuzzy Delphi method procedures. In addition, the threshold value was recommended as 6 by most of the experts. Detailed calculation results are shown in Table 5. At last, the selected criteria marked with √ were aggregated to form the final evaluation index system, as shown in Figure 1.



The final evaluation index system for DR is established from a comprehensive perspective, which contains 5 main criteria and 16 sub-criteria. They are listed in the Figure 3.



(1) Economy criteria



The economy evaluation criteria of DR indicate various reductions of electric conduction investments and economic loss caused by power outages based on a perspective of power systems. Cost and profit criteria for specific DR programs are excluded. The main criterion includes 3 sub-criteria: reduced investments in new generation capacity and transmission and distribution equipment (J1), decreased loss of power transmission and transformation (J2), substantial operation cost reduction in power systems (J3), which are all benefit-type. All of these sub-criteria can effectively reflect DR performance from an economic aspect



(2) Society criteria



The society evaluation criteria focus on the role of DR programs in promoting social stability development, including electricity market construction, power supply reliability and sustainability. DR is considered as a powerful tool to improve the power industry transformation [27]. 3 sub-criteria are affiliated with the main criteria: mitigation of market power (J4), promotion of establishing more equitable and stable electricity prices (J5), avoidable outage in extreme reliability situations (J6). They can all attribute to benefit-type.



(3) Technology criteria



The technology evaluation criteria imply terminal equipment upgrades for DR programs. Because DR has been in an automation development stage, it is essential to apply new technologies as soon as possible [9]. Different technical levels may lead to different DR results. Smart meter coverage ratio (J7), establishment of large commercial HVAC systems (J8), flexible loads of each day on average (J9) constitute the technology criteria for commercial users, which are all benefit-type.



(4) Environment criteria



The environment evaluation criteria refer to pollution emission reduction and resource conservation caused by DR. Because of the DR role in decreasing peak loads and improving electric equipment utilization, a series of environmental advantages are prominent, including the mitigation of the reliance on fossil fuels (J10), increasing penetrations of renewable energy sources and distributed generation (J11), decreased GHG emissions (J12). They all belong to benefit-type.



(5) Management t criteria



The management evaluation criteria of DR performance refer to the internal management level of evaluation alternatives, which can be measured from the aspect of cost control, capital support and customer management. It includes the following sub-criteria: decreased electricity fee due to the decline in overall demand (J13), DR control equipment cost associated to each flexible kWh (J14), a reduction in service quality or productivity (J15) and capital adequacy for DR programs (J16). J14 and J15 are cost-type criteria, the rest are benefit-type criteria.





5. Empirical Analysis


5.1. Illustrate the Example


Shanghai is the first pilot city of DR implementation in China, which owns rich flexible resources and the potential to reduce peak loads. A series of DR programs have been carried out by load integrators and commercial building users to ease power shortages and ensure electric reliability. Therefore, at the aim of promoting the management level and the sustainable development of DR programs, the proposed framework can be applied to evaluate their performances. Building users are the focus of DR in Shanghai. We chose five commercial building users located in Pudong District as the empirical analysis objectives. Table 6 presents the characteristics of the five DR programs in the commercial buildings. In addition, they consume electricity from a coal-fired power plant with two 600 MW power capacity in Jiangsu Province.



The final evaluation index system is applied to rank the DR alternative performances. While four groups of decision-making experts familiar with DR were established to complete the linguistic ratings for criteria and alternatives. Table 7 shows the characteristics of the four expert groups. They responded to our research team's invitation by mail and participated in a communication meeting to finish a series of surveys.




5.2. Compute the Subjective Weights of Evaluation Criteria


Step 1: Assemble all individual fuzzy comparison matrices with respect to criteria importance.



Four groups of experts provided the importance of each criterion by using linguistic ratings and TFNs in Table 2. These TFNs can be assembled as a set of individual fuzzy comparison matrices based on a layer-by-layer analysis. Their consistencies should be confirmed by computing a series of CR values, as listed in Table 8. All CR values are below 0.2, which imply that all of the matrices are consistent and the judgments are credible.



Step 2: Obtain an initial fuzzy comparison matrix by aggregating these individual matrices.



Suppose      A ˜   i j      (i = 1,2…16, j = 1,2…16) be an element in an initial fuzzy comparison matrix. Take      A ˜   12      affiliated in economic main criteria as an example. The linguistic ratings from expert groups are MI, SI, SI and EI. It can be aggregated as:


    A  12  L  =  1 4  ( 1 +  3 2  +  3 2  +  1 2  ) = 1.13 ,   










     A  12  M  =  1 4  (  3 2  + 2 + 2 + 1 ) = 1.63 ,    










     A  12  R  =  1 4  ( 2 +  5 2  +  5 2  +  3 2  ) = 2.13  ,   











Thus,      A ˜   12   = ( 1.13 , 1.63 , 2.13 )   . Similarly, all initial fuzzy matrices in terms of criteria importance are obtained as shown in Table 9, Table 10, Table 11, Table 12, Table 13 and Table 14.



Step 3: Computer fuzzy synthetic extent values and determine the normalized subjective weights.



These fuzzy synthetic extent values   T   can be obtained under fuzzy environment by Equations (24)–(27), and then be mapped to BNP values. The subjective weights     w i  s g      can be determined by normalization, which are shown in Table 15.




5.3. Compute the Objective Weights of Evaluation Criteria


Step 1: Establish the initial fuzzy evaluation matrix for alternatives.



After reviewing the performance and operation data of the five alternatives, the four groups of experts assigned the linguistic judgments to the evaluation criteria (Table 16) on the basis of Table 1.



Then the aggregated TFNs can be obtained to establish the initial fuzzy matrix. There is an example of aggregating the TFNs for alternative U1 with respect to sub-criteria J1.


    x  11  L  =  1 4  ( 3 + 1 + 3 + 5 ) = 3 ,   










    x  11  M  =  1 4  ( 5 + 3 + 5 + 7 ) = 5 ,   










     x  11  R  =  1 4  ( 7 + 5 + 7 + 9 ) = 7  ,   











Thus, the aggregated TFN is      x ˜   11   = ( 3 , 5 , 7 )   . Similarly, the initial fuzzy evaluation matrix can be obtained by aggregating all TFNs, as shown in Table 17.



Step 2: Defuzzify the fuzzy numbers for the alternative performances.



Transform the aggregated TFNs in the initial fuzzy matrix to the BNP numbers according to the Equation (7), as show in Table 18.



Step 3: Calculate   σ  ,   r   and   D   values for each criterion and normalized the objective weights.



The   σ  ,   r   and   D   can be obtained using the Equations (32)–(36). The normalization of the objective weights     w j o     are computed. Detailed calculations are listed in Table 18.




5.4. Determine the Combination Weights of Evaluation Criteria


Integrating the merits of the fuzzy AHP and CRITIC methods, the combination weights of evaluation criteria can be obtained according to the multiplicative synthesis, shown in Table 19.




5.5. Evaluate the Comprehensive Performance of Alternatives


Step 1: Standardize the initial fuzzy evaluation matrix with linear scaling transformation method.



In order to ensure the compatibility of all criteria, the normalized fuzzy ratings of the five alternatives can be drawn based on Table 16, which are given as below:



	J1
	(0.31,0.51,0.72)
	(0.62,0.82,0.97)
	(0,0.05,0.21)
	(0.67,0.87,1)
	(0.23,0.41,0.62)



	J2
	(0.22,0.44,0.69)
	(0.5,0.75,1)
	(0.19,0.34,0.56)
	(0.44,0.69,0.94)
	(0.5,0.75,1)



	J3
	(0.57,0.8,1)
	(0.23,0.46,0.69)
	(0.17,0.4,0.63)
	(0.2,0.4,0.63)
	(0.14,0.34,0.57)



	J4
	(0.26,0.46,0.67)
	(0.72,0.90,1)
	(0.41,0.62,0.82)
	(0.67,0.85,0.95)
	(0,0.03,0.15)



	J5
	(0.63,0.84,1)
	(0.21,0.42,0.63)
	(0.21,0.42,0.63)
	(0.32,0.53,0.74)
	(0.39,0.55,0.71)



	J6
	(0.13,0.31,0.56)
	(0.52,0.76,1)
	(0.24,0.48,0.76)
	(0.45,0.69,0.97)
	(0.17,0.38,0.62)



	J7
	(0.63,0.84,1)
	(0.47,0.68,0.89)
	(0,0.05,0.21)
	(0.42,0.63,0.84)
	(0.16,0.37,0.58)



	J8
	(0.42,0.63,0.84)
	(0.63,0.84,1)
	(0.42,0.63,0.84)
	(0.68,0.87,1)
	(0.32,0.53,0.74)



	J9
	(0.7,0.88,0.98)
	(0.8,0.9,1)
	(0.2,0.4,0.6)
	(0.7,0.85,0.98)
	(0.03,0.15,0.35)



	J10
	(0.46,0.69,0.91)
	(0.56,0.78,0.97)
	(0.14,0.33,0.56)
	(0.67,0.86,1)
	(0.5,0.72,0.92)



	J11
	(0.08,0.21,0.42)
	(0.63,0.84,1)
	(0.47,0.68,0.89)
	(0.53,0.74,0.92)
	(0.13,0.32,0.53)



	J12
	(0.24,0.49,0.73)
	(0.55,0.79,1)
	(0.06,0.24,0.48)
	(0.55,0.79,1)
	(0.15,0.36,0.61)



	J13
	(0.45,0.65,0.85)
	(0.75,0.9,1)
	(0.25,0.45,0.65)
	(0.75,0.9,1)
	(0.4,0.6,0.78)



	J14
	(0.05,0.08,0.2)
	(0.03,0.04,0.05)
	(0.05,0.07,0.11)
	(0.03,0.03,0.05)
	(0.1,0.25,1)



	J15
	(0.23,0.29,0.41)
	(0.23,0.29,0.44)
	(0.32,0.5,1)
	(0.23,0.29,0.44)
	(0.32,0.47,0.7)



	J16
	(015,0.3,0.55)
	(0.8,0.9,1)
	(0.05,0.2,0.4)
	(0.6,0.75,0.88)
	(0.3,0.5,0.7)








Step 2: Determine the fuzzy positive ideal solutions and negative ideal solutions for all criteria



According to the Equations (14)–(15), the fuzzy positive ideal solutions      z ˜  +     and negative ideal solutions      z ˜  −     with respect to all criteria can be determined, as shown in Table 20.



Step 3: Compute normalized distances from the positive idea solutions



Based on the L2-metric approach, the normalized distance of each alternative from the positive ideal solutions are calculated by Equation (16), respectively (Table 21).



Step 4: Calculate the values of     S i    ,     R i         Q i     and rank all alternatives



    S i    ,     R i     and     Q i     values for all alternatives can be calculated by Equations (17)–(19) and sorted in a decreasing order, in which η = 0.5. They are shown in Table 22. Based on the conditions of “Acceptable advantage” and “Acceptable stability in decision making”, the final priority order is U2 > U4 > U3 > U1 > U5, shown in Table 23.





6. Findings and Discussions


We sorted the performances of the five DR programs by applying the combination weights and modified fuzzy VIKOR methods. Their ranking results in a descending order are U2, U4, U3, U1 and U5. The best alternative is U2 and the second one is U4. The above results imply that this proposed research framework can effectively evaluate and chose a best alternative to implement DR programs. Meanwhile, according to the Table 19, sub-criteria J4, J11 and J6 affiliated with society and environment main criteria get much more attention from expert groups, which reflect the goals and strategies of Chinese governmental apartments in electricity market construction and environmental protection. While the sub-criteria affiliated with economy and technology main criteria are not so important. As we all know, the electricity sector in China faces serious challenges from the “thirteen five-year” plan and an electricity market reform in 2015. The fact implies the target of the electricity industry for social responsibility and environment protection [60]. Competitive electricity market mechanisms are gradually being established to promote energy conservation and pollution reduction [61]. Therefore, the society and environment dimensions have been fully taken into account by experts for the DR performance evaluation in China.



In order to validate the stability and rationality of the framework and research results, a series of sensitivity analyses for parameter   η   and criteria weights are conducted. First, the weight parameter for maximum overall benefits   η   is used from 0.0 to 1.0 increasing by 0.1 to reveal the impacts on final ranking results. The results are graphically presented in Figure 4. The final rankings of the five alternatives are shown in Figure 5. The best is still alternative U2, followed by U4. This study confirms that the ranking results determined by the proposed framework are effective and reliable.



Then a set of sensitive analyses on the impacts of criteria weights are conducted to obtain better insight of raking results and prove the robustness of these results. Sixteen sub-criteria affiliated in five main criteria have 20%, 40% and 60% more weight than the base weights and 20%, 40% and 60% less weight than the base weights. These base weights are presented in Table 19.



For the weight variations of sub-criteria in the economy main criterion, the     Q i     values of the five DR programs have small changes, no matter how the sub-criteria J1 and J2 change (Figure 6.). Moreover, as the weights of J3 decreases, the     Q i     values and rankings of U2 and U4 change obviously. It is seen that J3 is a sensible sub-criterion. However, no matter how the weight changes in the economy main criterion, U2 and U4 are still optimal alternatives.



Figure 7 presents the cases of the sub-criteria weight fluctuations in the society main criterion. As J4 is more important, the     Q i     of U1, U3 and U4 are decreasing, while the value of U5 is increasing. With the increasing weight of J5, the     Q i     for U2, U3 and U4 are apparent variations and the sorting of U2 and U4 is inverted. Except for U2, the other values are changed in different degrees along with the weight fluctuation of J6. No matter how the sub-criteria weighs in the society main criterion change, U2 and U4 are priority choices. In addition, all the sub-criteria affiliated with the society main criterion are sensitive to weight fluctuations.



For the sub-criteria in the technology main criterion, the     Q i     of the five alternatives remain stable as the corresponding weights increase, which indicate that sub-criteria J7, J8 and J9 are stable (Figure 8).



The cases in which the weights of three sub-criteria fluctuate in the environment main criteria are presented in Figure 9. As J10 and J12 are more important, the values     Q i     for all alternatives are tiny fluctuations. The     Q i     values have obvious variations along the weight of J11 increases. U1 and U5 get closer and closer significantly, which is similar to the trend of U2 and U4. However, no matter how the weights in the environment main criterion, U2 always keeps the supreme in the DR performance evaluation.



For the sub-criteria in the management main criterion, the     Q i     value of U3 presents an increasing trend along with J13 becomes more important (Figure 10). While in the cases of weight fluctuations of J14, J15 and J16, the     Q i     of the five alternatives hold a small variation trend. Just as that in the technology and environment main criteria, the final ranks of these five alternatives keep relatively stable, even though J13 carries a large weight in DR performance evaluation.



At the basis of the above analysis results, it is seen that the proposed method can effectively chose a best alternative. Moreover, to prove its validity, we applied the above cases to compare the results of the proposed method with the other comparable methods, including fuzzy simple additive weighting (SAW), fuzzy TOPSIS and previous fuzzy VIKOR methods. The fuzzy SAW approach, put forward by Chou [62], is to obtain a series of weighted sums of the performance ratings for all alternative. The fuzzy TOPSIS method, proposed by Chen [63], is that the selected alternative should present the shortest distance from the positive ideal values and the farthest distance from the negative ideal values. The previous fuzzy VIKOR method, developed by Kim [64], is used to find out compromise solutions based on differences of the fuzzy numbers rather than their precise distances. Here, the weights for the maximum overall benefits in the previous fuzzy VIKOR and the proposed method are set to 0.5. The linguistic ratings for all criteria performances listed in Table 16 and the base weights presented in Table 19 are uniformly applied to the four methods. Table 24 and Figure 11 show the analysis results. It is found that U2 and U4 are the best and the second choices in the three comparable approaches, which are consistent with the proposed method. The raking orders of the five alternatives using the fuzzy VIKOR and the proposed framework are the same.



Reference standards for criteria performances aren’t considered in the fuzzy SAW, which may result in an unconvincing ranking order. Although the fuzzy TOPSIS have contained the concept of ideal points, the weighting difference between positive and negative ideal values is ignored in the synthetic processes of each alternative performance. When an alternative is regarded as the top choice determined by the fuzzy TOPSIS, it does not mean that the alternative is always the closest to the ideal points. For the previous fuzzy VIKOR, the connection between alternatives and ideal points are defined as the uncertain differences between the corresponding TFNs, which have multiple feasible operations. For the proposed method, we introduced the precise L2-metric distances to determine the differences between alternatives and ideal points.




7. Conclusions


A hybrid framework for evaluating the performance of DR programs in the commercial sector was developed in this paper, which can efficiently promote the operation management of DR. In view of the sustainable development concept and commercial DR program features, an evaluation index system for performance evaluation of such programs was established, including five pillars: economy, society, technology, environment and management. The fuzzy Delphi method was recommended to select final evaluation criteria scientifically based on experts’ opinions. In order to cope with the fuzziness of human decisions and conflicts of evaluation criteria, the modified fuzzy VIKOR containing the L2-metric distance was applied to assess the comprehensive performance of the commercial DR. The method can not only grasp the vagueness in available information as well as the uncertainty of subjective judgments, but also solve the direct ranking of fuzzy numbers with respect of evaluation alternatives. In addition, in order to ensure a scientific weighting determination system, the evaluation weights were computed by integrating the subjective weights of the fuzzy AHP and the objective weights of the CRITIC, which replaced the weighting procedure of traditional fuzzy VIKOR. The hybrid framework with clear calculation processes was proven feasibly and effectively in the empirical study. The analysis results show that the sub-criteria J4, J11 and J6 affiliated with society and environment main criteria get much more attention from expert groups. To verify the robustness and effectiveness of evaluation results, a set of sensitivity analyses were performed, which presents that U2 and U4 always remain respectively the first and the second preferences along with criteria weight fluctuations and   η   value changes. Finally, a comparative study was conducted to demonstrate that our proposed framework can be used to determine the alternatives rankings and the priorities of improving criteria of weak alternatives.



There are still some limitations existing in the evaluation index system. Considering policy changes and electricity market development, we must timely update the evaluation criteria for commercial DR programs. The proposed framework will be performed again based on a new index system in order to track the DR evolutions. In our further study, we will test the proposed framework with other techniques from a methodological perspective. Moreover, the results from these techniques will be compared with the results in this paper to better overcome fuzziness in group decisions.
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Figure 1. The hierarchical structure for the fuzzy analytic hierarchy process (AHP). 
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Figure 2. The research framework of the hybrid multiple criteria decision making (MCDM) model for evaluating demand response (DR) performance. 
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Figure 3. The final evaluation index system for DR performance in the commercial sector. 
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Figure 4. Sensitivity analysis results for different maximum overall benefits. 
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Figure 5. Alternative rankings for different maximum overall benefits. 
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Figure 6. Sensitivity analysis results of sub-criteria affiliated in economy main criterion. 
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Figure 7. Sensitivity analysis results of sub-criteria affiliated in society main criterion. 
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Figure 8. Sensitivity analysis results of sub-criteria affiliated with technology main criterion. 
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Figure 9. Sensitivity analysis results of sub-criteria affiliated in environment main criterion. 
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Figure 10. Sensitivity analysis results of sub-criteria affiliated in management main criterion. 
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Figure 11. The rankings of five alternatives using the four method. 
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Table 1. Linguistic variables for evaluating criteria performance [51].
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	Linguistic Variables
	TFNs





	Very poor (VP)
	(0,0,1)



	Poor (P)
	(0,1,3)



	Medium poor (MP)
	(1,3,5)



	Fair (F)
	(3,5,7)



	Medium good (MG)
	(5,7,9)



	Good (G)
	(7,9,10)



	Excellent (E)
	(9,10,10)










[image: Table] 





Table 2. Linguistic ratings and triangular fuzzy numbers (TFNs) for criterion weights.
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	Linguistic Terms
	TFNs
	Meaning





	Equally important (EI)
	(1/2,1,3/2)
	Criteria i and j are equally important



	Moderately important (MI)
	(1,3/2,2)
	Criterion i is moderately more important than j



	Strongly important (SI)
	(3/2,2,5/2)
	Criterion i is strongly more important than j



	Very strongly important (VI)
	(2,5/2,3)
	Criterion i is very strongly more important than j



	Absolutely important (AI)
	(5/2,3,7/2)
	Criterion i is absolutely more important than j
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Table 3. The values of RI.
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	n
	1,2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15





	RI
	0
	0.52
	0.89
	1.12
	1.26
	1.36
	1.41
	1.45
	1.49
	1.52
	1.54
	1.56
	1.57
	1.58
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Table 4. An initial evaluation index system for DR performances.
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Evaluation Criteria

	
Literatures




	
Main Criteria

	
Sub-Criteria






	
Economy

	
Reduced investments in new generation capacity and transmission and distribution equipment

	
[22,28]




	
Avoidable construction of new conventional power plants

	
[22]




	
Decreased loss of power transmission and transformation

	
[22,58]




	
Avoidable transmission and distribution network congestion due to overload

	
[22,28,59]




	
Delay of power network upgrade and reinforcement

	
[58]




	
Decreased capacity requirements of inefficient and expensive peaking power plants

	
[28,58]




	
Substantial operation cost reduction in power systems

	
[22,28]




	
Declining need for reserve and ancillary services

	
[34,59]




	
Efficiency improvement of generating units in power systems

	
[8]




	
Society

	
Improvement of power system security and reliability

	
[22,28]




	
Mitigation of market power

	
[22]




	
Promotion of establishing equitable and stable electricity prices

	
[22,58,59]




	
Enhancement of blackout restoration ability

	
[58]




	
Avoidable outage in extreme reliability situations

	
[58]




	
Weakening dependence on electricity import and export in neighboring areas

	
[28]




	
Contribution to an incentive to consume electricity in an economical and effective manner

	
[28,58]




	
Technology

	
Smart meter coverage ratio

	
[48]




	
Capability of handling a large amount of data transfer

	
[48]




	
Coverage ratio of energy efficiency equipment

	
[34]




	
Satisfaction degree of technical standards for demand response

	
[48]




	
Establishment of large commercial HVAC systems

	
[22,48]




	
Flexible loads of each day on average

	
[22,34]




	
Environment

	
The mitigation of the reliance on fossil fuels

	
[22]




	
Increasing penetrations of renewable energy sources and distributed generations

	
[22,28]




	
Decreased greenhouse gas (GHG) emissions

	
[28]




	
Decreased hazardous pollutant emissions in peak periods

	
[58]




	
Management

	
Decreased electricity fee due to the decline in overall demand

	
[8,22]




	
DR control equipment cost associated to each flexible kWh

	
[34]




	
Energy storage equipment cost related to each flexible kWh

	
[34]




	
Metering and monitoring cost related to each flexible kWh

	
[34]




	
Distributed energy system cost associated to each flexible kWh

	
[59]




	
A reduction in service quality or productivity

	
[34]




	
Prior experiences with load management projects

	
[8]




	
Capital adequacy for DR programs

	
[8]




	
Potential participation rate of power consumers

	
[8]
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Table 5. Calculation results of evaluation index based on the fuzzy Delphi method.
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Main-Criteria

	
Sub-Criteria

	
Pessimistic TFNs

	
Optimistic TFNs

	
     H i  −  T i     

	
     G i     

	
Results






	
Economy

	
Reduced investments in new generation capacity and transmission and distribution equipment

	
(6,7.33,9)

	
(8,9.36,10)

	
1.67

	
8.45

	
√




	
Avoidable construction of new conventional power plants

	
(3,4.48,6)

	
(5,6.52,8)

	
2.52

	
5.50

	
-




	
Decreased loss of power transmission and transformation

	
(6,7.16,8)

	
(8,9.17,10)

	
2.84

	
8.17

	
√




	
Avoidable transmission and distribution network congestion due to overload

	
(2,3.44,5)

	
(5,5.55,7)

	
3.56

	
4.50

	
-




	
Delay of power network upgrade and reinforcement

	
(3,4.13,5)

	
(5,5.93,7)

	
2.87

	
5.03

	
-




	
Decreased capacity requirements of inefficient and expensive peaking power plants

	
(3,4.04,6)

	
(5,6.12,7)

	
1.96

	
5.36

	
-




	
Substantial operation cost reduction in power systems

	
(6,6.78,8)

	
(8,8,98,10)

	
3.24

	
7.87

	
√




	
Declining need for reserve and ancillary services

	
(3,3.57,4)

	
(5,5.75,7)

	
4.43

	
4.66

	
-




	
Efficiency improvement of generating units in power systems

	
(1,2.22,3)

	
(4,4.74,6)

	
4.78

	
3.48

	
-




	
Society

	
Improvement of power system security and reliability

	
(1,2.05,3)

	
(4,4.74,6)

	
4.95

	
3.40

	
-




	
Mitigation of market power

	
(5,5.97,7)

	
(7,8.16,9)

	
3.03

	
7.07

	
√




	
Avoidable outage in extreme reliability situations

	
(5,6.15,7)

	
(7,7.95,9)

	
2.85

	
7.05

	
√




	
Enhancement of blackout restoration ability

	
(1,2.22,3)

	
(4,5.14,6)

	
4.78

	
3.68

	
-




	
Promotion of establishing more equitable and stable electricity prices

	
(5,6.15,7)

	
(7,8.54,10)

	
3.85

	
7.35

	
√




	
Weakening dependence on electricity import and export in neighboring areas

	
(1,2.17,4)

	
(3,4.79,7)

	
3.83

	
3.49

	
-




	
Contribution to an incentive to consume electricity in an economical and effective manner

	
(2,2.93,4)

	
(5,5.58,6)

	
4.07

	
4.26

	
-




	
Technology

	
Smart meter coverage ratio

	
(4,5.14,6)

	
(7,7.97,9)

	
4.86

	
6.56

	
√




	
Capability of handling a large amount of data transfer

	
(1,2.49,4)

	
(4,5.14,6)

	
3.51

	
3.82

	
-




	
Coverage ratio of energy efficiency equipment

	
(1,2.05,3)

	
(4,4.54,6)

	
4.95

	
3.30

	
-




	
Satisfaction degree of technical standards for demand response

	
(1,1.64,3)

	
(3,4.28,6)

	
4.36

	
2.96

	
-




	
Establishment of large commercial HVAC systems

	
(4,5.5,7)

	
(6,7.35,8)

	
1.5

	
6.47

	
√




	
Flexible loads of each day on average

	
(5,5.75,7)

	
(7,8.16,9)

	
3.25

	
6.96

	
√




	
Environment

	
The mitigation of the reliance on fossil fuels

	
(5,5.75,7)

	
(7,8.16,9)

	
3.25

	
6.96

	
√




	
Increasing penetrations of renewable energy sources and distributed generations

	
(4,5.14,6)

	
(6,7.53,9)

	
3.86

	
6.34

	
√




	
Decreased greenhouse gas (GHG) emissions

	
(5,6.15,7)

	
(7,8.36,9)

	
2.85

	
7.26

	
√




	
Decreased hazardous pollutant emissions in peak periods

	
(2,2.49,4)

	
(4,4.92,6)

	
3.51

	
3.71

	
-




	
Management

	
Decreased electricity fee due to the decline in overall demand

	
(5,5.55,7)

	
(7,8.16,9)

	
3.45

	
6.86

	
√




	
DR control equipment cost associated to each flexible kWh

	
(4,5.88,7)

	
(7,8.72,10)

	
4.12

	
7.30

	
√




	
Energy storage equipment cost related to each flexible kWh

	
(1,1.64,3)

	
(4,4.74,6)

	
5.36

	
3.19

	
-




	
Metering and monitoring cost related to each flexible kWh

	
(2,3.25,5)

	
(5,5.58,6)

	
2.75

	
4.42

	
-




	
Distributed energy system cost associated to each flexible kWh

	
(1,2.17,4)

	
(4,4.74,6)

	
3.83

	
3.46

	
-




	
A reduction in service quality or productivity

	
(5,6.15,7)

	
(7,8.16,9)

	
2.85

	
7.16

	
√




	
Prior experiences with load management projects

	
(1,2.46,5)

	
(4,5.26,7)

	
3.54

	
4.33

	
-




	
Capital adequacy for DR programs

	
(6,6.97,8)

	
(8,9.17,10)

	
3.03

	
8.07

	
√




	
Potential participation rate of power consumers

	
(1,2.17,4)

	
(3,4.48,6)

	
2.83

	
3.45

	
-
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Table 6. The characteristics of the five DR programs in commercial buildings.
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	Alternative
	U1
	U2
	U3
	U4
	U5





	Category
	Hotel
	Shopping mall
	Office
	Office
	Office



	Built year
	1998
	2005
	1994
	2003
	1989



	Area (square meters)
	48,000
	63,000
	42,000
	57,000
	34,000



	DR services
	Heating/Ventilation and air conditioning
	Lighting/Ventilation and air conditioning
	Lighting/Ventilation and air conditioning
	Lighting/Ventilation and air conditioning/Information Communication and data transmission
	Lighting



	DR operating year
	6
	10
	5
	8
	5
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Table 7. The characteristics of the four expert groups.
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Gender

	
Age Range

	
Educational Level

	
Experience (Year)

	
Affiliation




	
Male

	
Female






	
Expert group 1 (E1)

	
3

	
2

	
36–47

	
Master or above

	
≥5

	
Government




	
Expert group 2 (E2)

	
4

	
1

	
38–56

	
Doctor

	
≥8

	
Research institutions




	
Expert group 3 (E3)

	
2

	
3

	
28–41

	
Master or above

	
≥7

	
Electricity utilities




	
Expert group 4 (E4)

	
3

	
2

	
32–44

	
Bachelor or above

	
≥5

	
Building users
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Table 8. Consistency ratio (CR) values of individual fuzzy comparative matrices for all the levels.
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	CR
	Goal
	O1
	O2
	O3
	O4
	O5





	E1
	0.019
	0.009
	0.005
	0.011
	0.073
	0.046



	E2
	0.137
	0.052
	0.019
	0.181
	0.011
	0.108



	E3
	0.039
	0.01
	0.181
	0.181
	0.005
	0.141



	E4
	0.045
	0.01
	0.051
	0.00
	0.03
	0.019
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Table 9. The initial fuzzy comparison matrix of main criteria importance.
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	O1
	O2
	O3
	O4
	O5





	O1
	(1,1,1)
	(0.60,0.83,1.17)
	(0.63,1.04,1.50)
	(0.53,0.81,1.10)
	(1.58,1.98,2.38)



	O2
	(1,1.42,1.88)
	(1,1,1)
	(1,1.5,2)
	(1.06,1.35,1.67)
	(1.1,1.50,1.92)



	O3
	(0.71,1.04,1.75)
	(0.52,0.71,1.17)
	(1,1,1)
	(1,1.33,1.75)
	(0.48,0.71,1.04)



	O4
	(1.42,1.79,2.38)
	(1.06,1.35,1.67)
	(0.71,1.02,1.38)
	(1,1,1)
	(0.45,0.75,1.08)



	O5
	(0.75,0.93,1.14)
	(0.71,0.93,1.25)
	(1.04,1.50,2.13)
	(1.08,1.50,2.25)
	(1,1,1)
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Table 10. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O1.






Table 10. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O1.











	
	J1
	J2
	J3





	J1
	(1,1,1)
	(1.13,1.63,2.13)
	(0.41,0.60,0.83)



	J2
	(0.49,0.67,1.08)
	(1,1,1)
	(0.34,0.41,0.52)



	J3
	(1.42,1.88,2.5)
	(2,2.5,3)
	(1,1,1)
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Table 11. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O2.






Table 11. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O2.











	
	J4
	J5
	J6





	J4
	(1,1,1)
	(1.13,1.63,2.13)
	(0.75,1.17,1.63)



	J5
	(0.49,0.67,1.08)
	(1,1,1)
	(0.8,1,1.27)



	J6
	(0.67,0.96,1.38)
	(1.33,1.73,2.13)
	(1,1,1)
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Table 12. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O3.






Table 12. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O3.











	
	J7
	J8
	J9





	J7
	(1,1,1)
	(1.63,2.13,2.63)
	(0.50,0.92,1.38)



	J8
	(0.39,0.49,0.67)
	(1,1,1)
	(0.82,1.13,1.48)



	J9
	(0.75,1.13,2)
	(1.13,1.48,2)
	(1,1,1)
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Table 13. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O4.






Table 13. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O4.











	
	J10
	J11
	J12





	J10
	(1,1,1)
	(0.6,0.92,1.29)
	(0.75,1.17,1.63)



	J11
	(0.92,1.29,1.88)
	(1,1,1)
	(1.5,2,2.5)



	J12
	(0.67,0.96,1.5)
	(0.43,0.58,0.92)
	(1,1,1)
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Table 14. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O5.






Table 14. The initial fuzzy comparison matrix of sub-criteria importance affiliated in O5.












	
	J13
	J14
	J15
	J16





	J13
	(1,1,1)
	(0.88,1.38,1.88)
	(1.38,1.79,2.25)
	(1.25,1.67,2.13)



	J14
	(0.56,0.79,1.42)
	(1,1,1)
	(0.73,1.13,1.54)
	(1.13,1.54,2)



	J15
	(0.53,0.73,0.96)
	(0.79,1.08,1.63)
	(1,1,1)
	(0.43,0.56,0.79)



	J16
	(0.56,0.77,1.04)
	(0.60,0.85,1.29)
	(1.38,1.88,2.38)
	(1,1,1)
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Table 15. The fuzzy synthetic extent values and the weights of the evaluation criteria.






Table 15. The fuzzy synthetic extent values and the weights of the evaluation criteria.





	
Main Criteria

	
Sub-Criteria




	

	
   T   

	
     w I m     

	

	
   T   

	
     w i s     

	
     w i  s g      






	
O1

	
(0.06,0.28,0.91)

	
0.137

	
J1

	
(0.15,0.33,0.59)

	
0.167

	
0.023




	
J2

	
(0.06,0.09,0.19)

	
0.052

	
0.007




	
J3

	
(0.94,1.56,2.5)

	
0.781

	
0.107




	
O2

	
(0.23,0.86,2.4)

	
0.380

	
J4

	
(0.28,0.63,1.15)

	
0.440

	
0.167




	
J5

	
(0.13,0.22,0.46)

	
0.172

	
0.066




	
J6

	
(0.3,0.55,0.97)

	
0.388

	
0.148




	
O3

	
(0.03,0.14,0.74)

	
0.100

	
J7

	
(0.27,0.65,1.2)

	
0.432

	
0.043




	
J8

	
(0.11,0.18,0.33)

	
0.126

	
0.013




	
J9

	
(0.28,0.55,1.33)

	
0.442

	
0.044




	
O4

	
(0.1,0.37,1.18)

	
0.179

	
J10

	
(0.15,0.36,0.7)

	
0.250

	
0.045




	
J11

	
(0.46,0.86,1.56)

	
0.597

	
0.107




	
J12

	
(0.1,0.18,0.46)

	
0.153

	
0.027




	
O5

	
(0.12,0.39,1.36)

	
0.204

	
J13

	
(0.38,1.03,2.24)

	
0.530

	
0.108




	
J14

	
(0.11,0.34,1.09)

	
0.225

	
0.046




	
J15

	
(0.05,0.11,0.31)

	
0.068

	
0.013




	
J16

	
(0.12,0.31,0.8)

	
0.177

	
0.036
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Table 16. Linguistic judgments for criteria performances of five alternatives.






Table 16. Linguistic judgments for criteria performances of five alternatives.





	

	

	
J1

	
J2

	
J3

	
J4

	
J5

	
J6

	
J7

	
J8

	
J9

	
J10

	
J11

	
J12

	
J13

	
J14

	
J15

	
J16






	
U1

	
E1

	
F

	
P

	
MG

	
F

	
G

	
MP

	
G

	
F

	
G

	
F

	
P

	
F

	
MG

	
F

	
G

	
F




	
E2

	
MP

	
F

	
F

	
MP

	
G

	
P

	
G

	
F

	
G

	
MG

	
P

	
MP

	
MG

	
MP

	
F

	
MP




	
E3

	
F

	
MP

	
G

	
F

	
MG

	
P

	
MG

	
MG

	
E

	
F

	
F

	
MP

	
F

	
P

	
P

	
MP




	
E4

	
MG

	
F

	
MG

	
F

	
MG

	
F

	
MG

	
MG

	
MG

	
MG

	
P

	
F

	
MG

	
MP

	
G

	
MP




	
U2

	
E1

	
MG

	
F

	
F

	
E

	
MP

	
F

	
MG

	
MG

	
E

	
F

	
G

	
F

	
G

	
MG

	
MP

	
G




	
E2

	
G

	
MG

	
MP

	
MG

	
F

	
MG

	
MG

	
MG

	
G

	
MG

	
G

	
MG

	
G

	
F

	
G

	
G




	
E3

	
MG

	
MG

	
MP

	
G

	
F

	
G

	
F

	
G

	
G

	
MG

	
MG

	
F

	
E

	
F

	
F

	
E




	
E4

	
G

	
F

	
F

	
G

	
MP

	
P

	
MG

	
G

	
E

	
G

	
MG

	
G

	
G

	
E

	
MG

	
E




	
U3

	
E1

	
VP

	
F

	
MP

	
MG

	
F

	
F

	
VP

	
MG

	
F

	
F

	
MG

	
P

	
F

	
MP

	
F

	
MP




	
E2

	
P

	
P

	
MP

	
MG

	
F

	
F

	
P

	
MG

	
F

	
P

	
MG

	
P

	
F

	
VP

	
P

	
P




	
E3

	
VP

	
VP

	
F

	
F

	
MP

	
P

	
VP

	
F

	
MP

	
MP

	
F

	
MP

	
MP

	
MP

	
MP

	
MP




	
E4

	
P

	
F

	
MP

	
F

	
MP

	
MP

	
P

	
F

	
MP

	
MP

	
MG

	
MP

	
F

	
G

	
F

	
P




	
U4

	
E1

	
MG

	
F

	
F

	
E

	
F

	
F

	
MG

	
MG

	
E

	
F

	
G

	
F

	
G

	
MG

	
MP

	
G




	
E2

	
G

	
MG

	
MP

	
F

	
MG

	
MG

	
F

	
MG

	
G

	
G

	
F

	
MG

	
G

	
MG

	
G

	
G




	
E3

	
G

	
F

	
P

	
G

	
F

	
MG

	
MG

	
E

	
G

	
E

	
MG

	
F

	
E

	
F

	
F

	
E




	
E4

	
G

	
F

	
F

	
G

	
MP

	
P

	
F

	
G

	
MG

	
MG

	
MG

	
G

	
G

	
E

	
MG

	
MP




	
U5

	
E1

	
MG

	
F

	
P

	
VP

	
F

	
F

	
MP

	
F

	
MP

	
F

	
F

	
F

	
G

	
P

	
MG

	
F




	
E2

	
P

	
F

	
MP

	
VP

	
G

	
MP

	
MP

	
MP

	
P

	
F

	
MP

	
P

	
MP

	
VP

	
MG

	
MG




	
E3

	
F

	
MG

	
MP

	
P

	
MG

	
VP

	
F

	
MG

	
P

	
G

	
MP

	
MP

	
MG

	
VP

	
VP

	
MP




	
E4

	
MP

	
MG

	
F

	
VP

	
VP

	
MP

	
MP

	
F

	
P

	
MG

	
P

	
MP

	
F

	
MP

	
F

	
F
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Table 17. The initial fuzzy evaluation matrix for alternatives based on the criteria performance.






Table 17. The initial fuzzy evaluation matrix for alternatives based on the criteria performance.













	
	U1
	U2
	U3
	U4
	U5





	J1
	(3,5,7)
	(6,8,9.5)
	(0,0.5,2)
	(6.5,8.5,9.75)
	(2.25,4,6)



	J2
	(1.75,3.5,5.5)
	(4,6,8)
	(1.5,2.75,4.5)
	(3.5,5.5,7.5)
	(4,6,8)



	J3
	(5,7,8.75)
	(2,4,6)
	(1.5,3.5,5.5)
	(1.75,3.5,5.5)
	(1.25,3,5)



	J4
	(2.5,4.5,6.5)
	(7,8.75,9.75)
	(4,6,8)
	(6.5,8.25,9.25)
	(0,0.25,1.5)



	J5
	(6,8,9.5)
	(2,4,6)
	(2,4,6)
	(3,5,7)
	(3.75,5.25,6.75)



	J6
	(1,2.5,4.5)
	(3.75,5.5,7.25)
	(1.75,3.5,5.5)
	(3.25,5,7)
	(1.25,2.75,4.5)



	J7
	(6,8,9.5)
	(4.5,6.5,8.5)
	(0,0.5,2)
	(4,6,8)
	(1.5,3.5,5.5)



	J8
	(4,6,8)
	(6,8,9.5)
	(4,6,8)
	(6.5,8.25,9.50)
	(3,5,7)



	J9
	(7,8.75,9.75)
	(8,9,10)
	(2,4,6)
	(7,8.5,9.75)
	(0.25,1.5,3.5)



	J10
	(4,6,8)
	(5,7,8.75)
	(1.25,3,5)
	(6,7.75,9)
	(4.5,6.5,8.25)



	J11
	(0.75,2,4)
	(6,8,9.5)
	(4.5,6.5,8.5)
	(5,7,8.75)
	(1.25,3,5)



	J12
	(2,4,6)
	(4.5,6.5,8.25)
	(0.5,2,4)
	(4.5,6.5,8.25)
	(1.25,3,5)



	J13
	(4.5,6.5,8.5)
	(7.5,9,10)
	(2.5,4.5,6.5)
	(7.5,9,10)
	(4,6,7.75)



	J14
	(1.25,3,5)
	(5,6.75,8.25)
	(2.25,3.75,5.25)
	(5.5,7.25,8.75)
	(0.25,1,2.5)



	J15
	(4.25,6,7.5)
	(4,6,7.75)
	(1.75,3.5,5.5)
	(4,6,7.75)
	(2.5,3.75,5.5)



	J16
	(1.5,3.5,5.5)
	(8,9,10)
	(0.5,2,4)
	(6,7.5,8.75)
	(3,5,7)
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Table 18. BNP numbers and objective weights of the evaluation criteria based on Criteria Importance Through Intercriteria Correlation (CRITIC) method.






Table 18. BNP numbers and objective weights of the evaluation criteria based on Criteria Importance Through Intercriteria Correlation (CRITIC) method.
























	
	J1
	J2
	J3
	J4
	J5
	J6
	J7
	J8
	J9
	J10
	J11
	J12
	J13
	J14
	J15
	J16





	U1
	5.00
	3.58
	6.92
	4.50
	7.83
	6.17
	7.83
	6.00
	8.50
	6.00
	2.25
	4.00
	6.50
	3.08
	5.92
	3.50



	U2
	7.83
	6.00
	4.00
	8.50
	4.00
	10.92
	6.50
	7.83
	9.00
	6.92
	7.83
	6.42
	8.83
	6.67
	5.92
	9.00



	U3
	0.83
	2.92
	3.50
	6.00
	4.00
	7.83
	0.83
	6.00
	4.00
	3.08
	6.50
	2.17
	4.50
	3.75
	3.58
	2.17



	U4
	8.25
	5.50
	3.58
	8.00
	5.00
	10.33
	6.00
	8.08
	8.42
	7.58
	6.92
	6.42
	8.83
	7.17
	5.92
	7.42



	U5
	4.08
	6.00
	3.08
	0.58
	5.25
	6.33
	3.50
	5.00
	1.75
	6.42
	3.08
	3.08
	5.92
	1.25
	3.92
	5.00



	     x ¯  j    
	5.20
	4.80
	4.22
	5.52
	5.32
	8.32
	4.93
	6.58
	6.33
	6.00
	5.32
	4.42
	6.92
	4.38
	5.05
	5.42



	    ∑  ( 1 − r )     
	4.82
	9.68
	15.45
	7.09
	9.63
	8.96
	8.08
	8.60
	8.26
	9.64
	13.15
	7.09
	7.54
	5.73
	6.66
	5.31



	  σ  
	2.71
	1.30
	1.38
	2.85
	2.22
	1.98
	2.48
	1.18
	2.92
	1.55
	2.22
	1.73
	1.69
	2.23
	1.07
	2.50



	  D  
	13.03
	12.55
	21.33
	20.23
	21.4
	17.76
	20.08
	10.18
	24.1
	14.95
	29.21
	12.28
	12.78
	12.77
	7.1
	13.29



	    w j o    
	0.05
	0.048
	0.081
	0.077
	0.081
	0.068
	0.076
	0.039
	0.091
	0.057
	0.111
	0.047
	0.049
	0.048
	0.027
	0.05
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Table 19. The Combination weights of evaluation criteria.






Table 19. The Combination weights of evaluation criteria.
























	
	J1
	J2
	J3
	J4
	J5
	J6
	J7
	J8
	J9
	J10
	J11
	J12
	J13
	J14
	J15
	J16





	    w i  s g     
	0.023
	0.007
	0.107
	0.167
	0.066
	0.148
	0.043
	0.013
	0.044
	0.045
	0.107
	0.027
	0.108
	0.046
	0.013
	0.036



	    w j o    
	0.050
	0.048
	0.081
	0.077
	0.081
	0.068
	0.076
	0.039
	0.091
	0.057
	0.111
	0.047
	0.049
	0.048
	0.027
	0.050



	     w ¯  j    
	0.016
	0.005
	0.121
	0.18
	0.074
	0.14
	0.046
	0.007
	0.056
	0.036
	0.166
	0.018
	0.074
	0.031
	0.005
	0.025
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Table 20. The fuzzy positive ideal solutions and negative ideal solutions.






Table 20. The fuzzy positive ideal solutions and negative ideal solutions.










	
	      z ˜  +     
	      z ˜  −     





	J1
	(0.67,0.87,1)
	(0,0.05,0.21)



	J2
	(0.5,0.75,1)
	(0.19,0.34,0.56)



	J3
	(0.57,0.8,1)
	(0.14,0.34,0.57)



	J4
	(0.72,0.9,1)
	(0,0.03,0.15)



	J5
	(0.63,0.84,1)
	(0.21,0.42,0.63)



	J6
	(0.52,0.76,1)
	(0.14,0.34,0.62)



	J7
	(0.63,0.84,1)
	(0,0.05,0.21)



	J8
	(0.68,0.87,1)
	(0.32,0.53,0.74)



	J9
	(0.8,0.9,1)
	(0.03,0.15,0.35)



	J10
	(0.67,0.86,1)
	(0.14,0.33,0.56)



	J11
	(0.6320.84,1)
	(0.08,0.21,0.42)



	J12
	(0.55,0.79,1)
	(0.06,0.24,0.48)



	J13
	(0.75,0.9,1)
	(0.25,0.45,0.65)



	J14
	(0.03,0.03,0.05)
	(0.1,0.25,1)



	J15
	(0.23,0.29,0.41)
	(0.32,0.5,1)



	J16
	(0.8,0.9,1)
	(0.05,0.2,0.4)
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Table 21. Normalized distances of each alternative on criteria.






Table 21. Normalized distances of each alternative on criteria.













	
	U1
	U2
	U3
	U4
	U5





	J1
	0.192
	0.004
	1
	0
	0.316



	J2
	0.598
	0
	1
	0.025
	0



	J3
	0
	0.571
	0.78
	0.761
	1



	J4
	0.254
	0
	0.104
	0.004
	1



	J5
	0
	1
	1
	0.556
	0.465



	J6
	1
	0
	0.451
	0.026
	0.862



	J7
	0
	0.039
	1
	0.07
	0.37



	J8
	0.473
	0.008
	0.473
	0
	1



	J9
	0.004
	0
	0.464
	0.006
	1



	J10
	0.134
	0.026
	1
	0
	0.07



	J11
	1
	0
	0.061
	0.028
	0.708



	J12
	0.316
	0
	1
	0
	0.609



	J13
	0.307
	0
	1
	0
	0.451



	J14
	0.031
	0
	0.008
	0
	1



	J15
	0
	0.001
	1
	0.001
	0.405



	J16
	0.637
	0
	1
	0.051
	0.34
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Table 22. The values of     S i    ,     R i     and     Q i     for the five alternatives.






Table 22. The values of     S i    ,     R i     and     Q i     for the five alternatives.













	
	U1
	U2
	U3
	U4
	U5





	Si
	0.411
	0.146
	0.515
	0.147
	0.747



	Ri
	0.166
	0.074
	0.094
	0.092
	0.18



	Qi
	0.655
	0
	0.403
	0.086
	1
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Table 23. The performance rankings of the five alternatives.






Table 23. The performance rankings of the five alternatives.













	
	U1
	U2
	U3
	U4
	U5





	Si
	3
	1
	4
	2
	5



	Ri
	4
	1
	3
	2
	5



	Qi
	4
	1
	3
	2
	5
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Table 24. The rating results of five alternatives using three methods.






Table 24. The rating results of five alternatives using three methods.
















	
	Fuzzy SAW
	Rank
	Fuzzy TOPSIS
	Rank
	Fuzzy VIKOR
	Rank
	Proposed Method
	Rank





	U1
	0.526
	3
	0.479
	3
	0.256
	4
	0.655
	4



	U2
	0.723
	1
	0.825
	1
	0
	1
	0
	1



	U3
	0.468
	4
	0.378
	4
	0.149
	3
	0.403
	3



	U4
	0.685
	2
	0.758
	2
	0.098
	2
	0.086
	2



	U5
	0.349
	5
	0.158
	5
	0.57
	5
	1
	5
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