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Abstract

:

Under the new round reform of electricity market in China, a large amount of electricity sales companies has emerged in some provinces, and the reform of transmission and distribution tariffs is also in progress. Electricity grid corporations are required to update their operational strategies and improve comprehensive performance to adapt to the fierce competition in the electricity market. Considering this, a novel MCDM (multi-criteria decision making) model integrating Fuzzy-Delphi, the best-worst method (BWM), the entropy weight calculation approach, and the VIKOR method is established in this investigation to assess the comprehensive performances of five selected provincial electricity grid corporations. The comprehensive performance assessment indicator system is constructed in accordance with Fuzzy-Delphi approach, composed of 21 significant sub-criteria from the aspects of profitability capacity, development capacity, safety production capacity, electricity supply reliability, outstanding service provision, energy conservation, and environmental protection. The sub-criteria weights are computed by combining subjective weights determined by BWM and objective weights computed by the entropy weight calculation approach. The comprehensive performance evaluation model is established based on VIKOR. As the electricity grid corporation A is superior in profitability capacity (especially in electricity sales amount) and safety production capacity criterion, it is superior over other four electricity grid corporations. The established novel MCDM is practical and rational, which is applicable for electricity grid corporations’ comprehensive performance evaluation.
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1. Introduction


The electricity industry is a significant supporting industry, which has a great influence on national economic growing and energy security [1,2]. As a critical part of the entire power industry chain, power grid corporations undertake the important responsibility of connecting the power generation and power consuming terminals, which plays a primary role in electric grid construction, stable electricity supply, and electric universal service [3,4,5,6]. In the period of ‘12th Five-Year Plan’ of China, the total amount of investment on electricity grid construction reached 1.99 trillion Yuan, and the electricity sales amount achieved 21 trillion kWh [7]. Although China ranks the top in several aspects including electricity supply reliability, electricity grid interconnection, electricity generation capacity, and renewable energy installed capacity at present [8,9,10,11], electricity grid corporations of China are facing great challenges from social, economic, and environmental perspectives owing to the global economic turbulence, Chinese economic downturn, electricity system reform, and the worsening of environmental pollution. Such situations require electricity grid corporations to improve their performance in enhancing profitability capacity and operational efficiency, ensuring safety generation and credibility electricity supply, reducing energy consuming and pollutants emissions, and providing outstanding service.



In 2015, Chinese central government issued a series of documents called ‘No.9 Document on Electricity System Reform’ which marked the beginning of a new round of electricity system reform [12]. ‘No.9 Document’ aimed at regaining the commodity attribute of electricity, constructing a competitive power market, and accelerating the orderly and valid development of electricity system through establishing market oriented management and operating mechanisms [13,14]. It also requires electricity grid corporations to manage the transmission, as well as distribution electricity networks, which have the nature of monopoly, and connect orderly with electricity generation corporations and electricity sales corporations, which hold the nature of competition. Based on this, both risks and challenges will be brought to electricity grid corporations considering electricity marketization [6,15]. Furthermore, ‘No.9 Document’ also proposed that the distribution and transmission tariffs need to be determined on the basis of ‘allowable cost added rational profit’, which can also promote electricity grid corporations to improve asset management and operating performance.



Due to the reforming of electricity system, electricity sales corporations have emerged in several cities including Beijing, Chongqing, and Shanxi, which broke the monopolistic nature of electricity grid corporations that were treated as the only source to purchase electricity before electricity system reform. Since the electricity grid corporations of China primarily earn their profits via selling electricity, the emergence of electricity sales corporations will bring a negative impact on electricity grid corporations. Hence, on the purpose of ensuring economic earnings and sustainable development, electricity grid corporations should enhance operating management and provide outstanding services. Therefore, under such market contexts, electricity grid corporations should get better acknowledgements of comprehensive performance of their corporations, find weak aspects, and put forward novel management strategies to achieve sustainable development in new policies and fierce competition market environment.



In this research, the comprehensive performances of several electricity grid corporations are evaluated under the context of electricity system reform. Currently, to our best knowledge, literatures on electricity grid corporations’ performance evaluation are hard to find. Yan and Tao [16] investigated the operating efficiency of electricity supply enterprises of China using dynamic network slacks based evaluation method. You et al. [7] evaluated the operation performance of electricity grid corporations from economic, social, and environmental perspectives based on an MCDM technology. Currently, the MCDM technique is widely employed in comprehensive evaluation studies, such as evaluating the performance of green suppliers and selecting the optimal one [17,18,19], prioritizing renewable energy sources [20,21,22], and wind farm location selection [23,24,25]. Meanwhile, the MCDM technique utilized in comprehensive evaluation investigations is generally based on the methods including the technology of order preference by similarity to an ideal solution (TOPSIS) [26,27,28,29], Vlsekriterijumska Optimizacija I Kompromisno Resenje (VIKOR) [30,31], analytic hierarchy process (AHP) [32], elimination and choice translating reality (ELECTRE) [33], as well as fuzzy theory [34,35].



Considering the ease of calculation and logical calculation procedure, VIKOR method is utilized in this investigation to establish the comprehensive evaluation model. Moreover, the weights of sub-criteria are computed by an innovative MCDM approach, called the BWM [36,37,38], which is conducted based on pairwise comparisons between various sub-criteria employing numbers 1–9 that is similar to AHP [37]. However, the procedure of BWM is much easier and more consistent than AHP [39,40,41], which only needs to conduct reference comparing that indicates comparing between all sub-criteria and the worst one and between the best sub-criterion and others [36,38]. BWM has been extensively applied in several researching problems [42,43,44,45,46]. Thus, the established integrated MCDM technology applied to assess the comprehensive performance of electricity grid corporations is based on BWM and VIKOR. The primary devotions of this research contain:




	(1)

	
The comprehensive evaluation index system on assessing electricity grid corporations’ comprehensive performance is constructed on the basis of the Fuzzy-Delphi approach, comprehensively considering the views and knowledge of experts.




	(2)

	
The sub-criteria weights are identified based on the entropy weighting approach and BWM which, integrates the objective data of each evaluated electricity grid corporation and the preference of each expert.




	(3)

	
The comprehensive performance of each selected electricity grid corporation is evaluated based on VIKOR, which can help decision makers get a better acknowledgement of the performance of each aspect and formulate novel market strategies to guarantee the sustainable development of their corporations.









The remaining sections of this investigation are structured as below. Section 2 elaborates basic methodologies of the established novel MCDM model. The comprehensive performance assessment framework is illustrated in Section 3. Section 4 conducts comprehensive performance evaluation in accordance with the established MCDM model step by step. Section 5 discusses the comprehensive performance evaluation results, conducts a comparative analysis, and recommends some policy implications in terms of the comprehensive performance evaluation results. Conclusions are listed in Section 6.




2. Basic Methodologies of the Established MCDM Model


2.1. Fuzzy-Delphi Approach


The Delphi approach, established by Dalky and Helmer, was utilized to obtain credible opinions among experts and has been extensively employed in decision making [47]. The conventional Delphi approach consumes lots of time and it is difficult to achieve consensus, as it requires experts to provide their feedback and revise their opinions via four rounds consultations [48]. After that, the Fuzzy-Delphi approach was constructed to solve the above demerits integrating conventional Delphi approach and the fuzzy methodology. In the Fuzzy-Delphi approach, experts should provide three-point evaluations utilizing triangular fuzzy numbers (TFNs) [49]. The membership function cannot only demonstrate the opinions of experts, but also take all views into consideration that will not miss any information. In terms of the outstanding performance of Fuzzy-Delphi approach, it has been utilized in various researches in screening evaluation indicators [50]. The procedures of Fuzzy-Delphi approach are elaborated as below.



Step 1: Identifying the top limit and bottom limit of the significance range from 0 to 10 of every original sub-criterion in terms of experts’ preference. The greater the number is, the more critical the original sub-criterion is. The top limit demonstrates the positive value, while the bottom limit illustrates the conservative value.



Step 2: Computing the conservative TFN   (  C L i  ,  C M i  ,  C U i  )   and positive TFN   (  P L i  ,  P M i  ,  P U i  )   for every sub-criterion, among which    C L i    and    P L i    are the least values of the conservative value and take positive values,    C M i    and    P M i    represent the geometric average values of the conservative value and take positive values, as well as    C U i    and    P U i   , which mean the greatest values of the conservative value and take positive values in terms of experts opinions.



Step 3: Testing on the consensus of experts’ views and determining the coherent value    G i    of i sub-criterion [50,51].



	(1)

	
For    C U i  ≤  P L i   , views on the significance of i sub-criterion are coherent, the coherent value    G i    is calculated as:


   G i  =    C M i  +  P M i   2  .  



(1)








	(2)

	
For    C U i  >  P L i   , if the grey zone value    Z i  =  C U i  −  P L i    is less than the value    M i  =  P U i  −  C M i   , then the coherent value    G i    is computed as:


   G i  =   [ (  C U i  ×  P M i  ) − (  P L i  ×  C M i  ) ]   [ (  C U i  −  C M i  ) + (  P M i  −  P L i  ) ]   .  



(2)











For    C U i  >  P L i   , if the grey zone value    Z i  =  C U i  −  P L i    is greater than    M i  =  P U i  −  C M i   , experts’ views are not coherent. The procedure needs to return back to Steps 1 and 2. The coherent value    G i    demonstrates the coherent degree obtained by experts in terms of the significance of every indicator. The greater the    G i    becomes, the more critical the indicator is. The rational significant threshold value for testing the significance of every sub-criterion is determined based on the geometric mean data of top limits and bottom limits of all original sub-criteria, which is applied to identify the critical sub-criteria.




2.2. The Best-Worst Method


BWM is a novel MCDM method based of reference comparison, which only needs 2n − 3 (n demonstrates the sub-criteria amount) comparisons (n − 2 comparisons between the best sub-criterion and others, n − 2 comparisons between others and the worst one, and 1 comparison between the best and the worst ones) [36]. The detailed procedure of BWM is illustrated as below.



Step 1: Considering about the research object, an original sub-criteria system   {  S 1  ,  S 2  , … ,  S n  }   needs to be constructed, which aims at comprehensively reflecting the performances of various alternatives.



Step 2: Determine the best and the worst sub-criteria among the original sub-criteria system. The selection of them only considers the significance of each sub-criterion, but not the value.



Step 3: Compare the significance degree between the best sub-criterion and others via the number in the scope of 1–9. The larger the value is, the more vital the best one over others is. The comparison preference can be represented as:


   A B  =  (   a  B 1   ,  a  B 2   , … ,  a  B n    )  ,  



(3)




where    a  B i     implies the comparison preference of the best one over sub-criterion i, and    a  B B   = 1  .



Step 4: Assign the comparison preference value between others and the worst one via the number in the scope of 1–9. The results can be written as:


   A W  =   (  a  1 W   ,  a  2 W   , … ,  a  n W   )  T  ,  



(4)




where    a  i W     demonstrates the comparison result between sub-criterion i and the worst one, and    a  W W   = 1  .



Step 5: Compute the weights   (  w 1 *  ,  w 2 *  , … ,  w n *  )  . To compute the optimal weights of all indicators, we need to minimize the maximum absolute disparity   {  |   w B  −  a  B i    w i   |  ,  |   w i  −  a  i W    w W   |  }   of all sub-criteria, which can be written as 37:


    min     max  i  {  |   w B  −  a  B i    w i   |  ,  |   w i  −  a  i W    w W   |  }       s . t .         ∑ i    w i  = 1          w i  ≥ 0 , f o r   a l l   i .    



(5)







At the aim of simplifying the calculation procedure, Equation (5) can be transferred into a linear form as Equation (6) 37:


      min   ξ       s . t .        |   w B  −  a  B i    w i   |  ≤ ξ , f o r   a l l   i        |   w i  −  a  i W    w W   |  ≤ ξ , f o r   a l l   i         ∑ i    w i  = 1          w i  ≥ 0 , f o r   a l l   i .    



(6)







Through solving the linear Equation (6), the optimum weights   (  w 1 *  ,  w 2 *  , … ,  w n *  )   can be obtained.



Step 6: Test the comparison consensus. Through solving Equation (6), the value of  ξ  can be obtained that is employed in comparison consensus examination. The consensus indicator is determined based on various values of    a  B W     in the scope of 1–9, the values of which are shown in Table 1. The consensus ratio is computed as below:


  C o n s e n s u s   r a t i o =    ξ *    C o n s e n s u s   i n d i c a t o r    



(7)







The lower the    ξ *    is, the lower the consensus ratio is, the more coherent the preferences become.




2.3. Entropy Weight Calculation Method


Entropy weight calculation approach determines the weights of objective sub-criteria based on actual data [52]. The process of entropy weight calculation approach is introduced as below.



Step 1: Standardizing the evaluated values. The evaluated values of j alternative corresponding to i sub-criterion need to be standardized, and then the normalized value    p  i j     is computed as:


   p  i j   =    x  i j       ∑  j = 1  m    x  i j        



(8)




where    x  i j     represents the evaluated values of j alternative corresponding to i sub-criterion, and m is the amount for each alternative.



Step 2: Computing entropy values.    e i    is employed to represent the entropy value which can be obtained by:


   e i  = − k   ∑  j = 1  m    p  i j   ln (  p  i j   )   = −  1  ln m     ∑  j = 1  m    p  i j   ln (  p  i j   )    



(9)







Step 3: Calculating the deviation degree. The deviation degree    g i    of every sub-criterion is calculated as:


   g i  = 1 −  e i   



(10)







Step 4: Calculating the weights of objective sub-criteria. The following equation is utilized to calculate the weights    λ i    of objective sub-criteria:


   λ i  =    g i      ∑  i = 1  n    g i       



(11)








2.4. VIKOR Comprehensive Assessment Model


VIKOR model was constructed for multi-criteria comprehensive evaluation for complex system. It can make out the compromise rankings and alternatives in accordance with the assessment of ‘closeness’ to the ‘ideal values’ [53,54]. The process of VIKOR approach is expressed as below.



Step 1: Standardize the evaluated values of all alternatives. To avoid the impacts of dimension and attribute on assessment, the original values    a  i j     should be standardized. Considering that the index system contains minimum type and maximum type indicators, the standardized values    x  i j     are computed through employing Equations (12) and (13), respectively.




    x  i j   =    a  i j     min  j  (  a  i j   )     max  j  (  a  i j   ) −   min  j  (  a  i j   )     



(12)






    x  i j   =     max  j  (  a  i j   ) −  a  i j       max  j  (  a  i j   ) −   min  j  (  a  i j   )     



(13)





Step 2: Find the negative and positive ideal solutions.    X +    and    X −    are assumed to demonstrate the positive ideal solution and negative one, respectively, which are expressed as:


   {       X +  = (  x i +  ) =  {  (   max  j   x  i j   | i ∈  I 1  ) , (   min  j   x  i j   | i ∈  I 2  )  }         X −  = (  x i −  ) =  {  (   min  j   x  i j   | i ∈  I 1  ) , (   max  j   x  i j   | i ∈  I 2  )  }         



(14)




where    I 1    and    I 2    represent the sets of maximum and minimum type indicators, respectively.



Step 3: Obtain the group benefit data    S j    as well as the individual regret result    R j    of j alternative based on the following two equations.




    S j  =   ∑  i = 1  n      w i  (  x i +  −  x  i j   )    x i +  −  x i −        



(15)






    R j  =   max  i   (     w i  (  x i +  −  x  i j   )    x i +  −  x i −     )    



(16)





Step 4: Compute the compromise sorting result    Q j    of each alternative.    Q j    is taken as the significant evidence in ranking all alternatives that is computed as:


   Q j  =   v (  S j  −  S +  )    S −  −  S +    +   ( 1 − v ) (  R j  −  R +  ）    R −  −  R +     



(17)




where    S −  =   max  j  (  S j  ) ,  S +  =   min  j  (  S j  ) ,  R −  =   max  j  (  R j  ) ,  R +  =   min  j  (  R j  )  , v illustrates the weight of the largest group benefit, and generally we set v = 0.5.



Step 5: Rank all evaluated alternatives by comparing    S j   ,    R j   , and    Q j   . If two conditions below are satisfied, the evaluated alternative with the minimum    Q j    value is the optimal selection.



	(1)

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



where   Q (  A  ( 1 )   )   and   Q (  A  ( 2 )   )   demonstrate alternatives ranking the first and second in accordance with    Q j    values.




	(2)

	
   A  ( 1 )     needs to rank the first in terms of    S j    and    R j    values.







   A  ( 1 )     will be the optimum selection if above two conditions are satisfied. Moreover, if one of the terms is not qualified, some compromise terms are provided:




	(1)

	
If only the first qualification is met, both A (1) and A (2) are the optimal selection.




	(2)

	
If the first term cannot be qualified and only the second one is met, the alternatives that cannot adhere to the first one are the compromise selections.











3. Comprehensive Evaluation Framework


The established MCDM model is utilized to comprehensively evaluate the performance of electricity grid corporations based on Fuzzy-Delphi approach, the BWM, entropy weight calculation approach, and VIKOR assessment models. The procedures are elaborated as below.



Step 1: Select the critical sub-criteria to establish the comprehensive assessment index system in accordance with Fuzzy-Delphi. At this phase, experts from related researching areas are chosen as the consulting group. Original sub-criteria are listed and Fuzzy-Delphi is utilized to pick out the most significant sub-criteria, which can synthetically reflect the characteristics of electricity grid corporations in terms of experts’ preference.



Step 2: Determine the combination weights based on the results of the BWM and entropy weights calculation approach. We utilized the BWM as a subjective weighting approach, which can reflect the opinions of experts, and the entropy weights calculation approach as the objective weighting approach, which can reflect the actual situation of electricity grid corporations. Through calculating subjective weights and objective weights in accordance with these two methods, the final weights of all sub-criteria are obtained via computing the average values of the two methods results.



Step 3: Comprehensively assess the performance of all selected electricity grid corporations utilizing the VIKOR approach. After standardizing the initial decision matrix and finding the positive and negative ideal values of all sub-criteria, VIKOR approach is utilized to discover the optimum alternative in terms of values of    Q j   ,    S j   , and    R j   .



Figure 1 illustrates the overall framework of the established MCDM model on comprehensively assessing the performance of electricity grid corporations.




4. Comprehensive Performance Evaluation Results


4.1. Evaluation Index System Establishment


To make a comprehensive evaluation of electricity grid corporations performance, the assessment index system needs to be established, which contains the most significant sub-criteria and can reflect various characteristics of the evaluated electricity grid corporations. Based on the performance of electricity grid corporations, 40 original sub-criteria were chosen to construct the initial index system from the perspectives of profitability aspect, development capacity, safety production capacity, electricity supply reliability, outstanding service provision, and energy conservation, and environmental protection. To construct the final index system, Fuzzy-Delphi approach was utilized to screen significant sub-criteria in terms of experts’ preferences. Five experts were chosen from corresponding researching areas, including scholars researching on electricity grid corporations operation, as well as governors of electricity grid corporations, to be the members of consulting group. For scholars researching on electricity grid corporations operation, they have a better understanding on how to improve the performance of electricity grid enterprises and can identify the indicators which can pose great significance on the performance of electricity grid enterprises. For governors of electricity grid corporations, they decide the developing direction of electricity grid corporations and master the comprehensive operation situation of electricity grid corporations so that they can comprehensively select the indicators reflecting the performance of electricity grid enterprises.



Firstly, five experts needed to provide their preferences on the significance of 40 original sub-criteria, and at this step, the positive and conservative values of every sub-criterion can be identified. After that, the conservative TFN   (  C L i  ,  C M i  ,  C U i  )   and positive TFN   (  P L i  ,  P M i  ,  P U i  )   for every sub-criterion were computed. Then the values of    G i    can be calculated via Formulae (1) and (2) by comparing    C U i    and    P L i   . Through comparing    G i    with the critical value (which is 4.66), the significant sub-criteria with    G i    higher than 4.66 will be selected to make up the final index system. The Fuzzy-Delphi results are illustrated in Table A1, and the final index system was composed of 21 significant sub-criteria from the aspects of profitability capacity, development capacity, safety production capacity, electricity supply reliability, outstanding service provision, and energy conservation, and environmental protection.



As illustrated in Figure 2, all 21 final sub-criteria were quantitative indicators, and 8 of them were minimum type and 13 of them were maximum type sub-criteria.



For profitability aspect, the core of electricity grid corporations is to create values, thus the comprehensive performance evaluation on electricity grid corporations should focus on profitability aspect. Considering the experts’ preferences, quick ratio, cost of unit electricity transmission and distribution, revenue of unit electricity sales, and electricity sales amount were selected as the sub-criteria to reflect features of profitability aspect of electricity grid corporations. For quick ratio, it indicates the proportion of quick assets to current liabilities, which can reflect debt paying ability to guarantee normal operation. We use cost of unit electricity transmission and distribution to reflect the main business cost and revenue of unit electricity sales, as well as electricity sales amount to represent the main business income of electricity grid corporations.



For development capacity, it is defined as a comprehensive indicator reflecting the critical capability input of electricity grid companies to achieve sustainable development and healthy operation. For electricity grid corporations, they need to input labor force and infrastructure, hence considering about experts’ views, talent equivalent density, scale of line under construction, and signing rate of contracts for electricity supply and consuming were selected to reflect development capacity. For talent equivalent density, it is a key indicator for the electricity grid companies to assess the proportion of senior personnel in the proportion of their human resources. Scale of line under construction can reflect the infrastructure construction of electricity network. Signing rate of contracts for electricity supply and consuming can reflect the market developing level which can reflect the market share of electricity grid corporations.



Safety production is a vital condition for electricity grid corporations to ensure operational efficiency. Considering about the preferences of experts, total number of personal safety events and total amount of electricity grid security events were selected to reflect safety production capacity of electricity grid companies.



For electricity supply reliability, since electric power is the necessary energy in daily life, reliable electricity supply is also a significant factor to assess the performance of electricity grid companies. Therefore, we selected reliability of electricity grid system, proportion of normal state of transmission line, and proportion of voltage transformer normal state to reflect the state of the network in transmission and distribution process.



For outstanding service provision, with the emergence of electricity selling companies, the provision of outstanding service of electricity grid corporations also determine the market share which is also a primary aspect to evaluate the performance of electricity grid corporations. We selected average electricity outage time for urban network users, average electricity outage time for rural network users, customer satisfaction rate, the average time of the urban users’ rush repairs to the site, and the average time of the rural users’ rush repairs to the site as the important sub-criteria to reflect outstanding service provision.



For energy conservation and environmental protection, since the conventional thermal power generation consumed a great amount of fossil fuel resources and generated large amounts of pollutants, ‘No.9 Document’ proposed that the installed capacity of renewable energy and grid connection of renewable energy based electricity generation should be increased. Therefore, to reflect energy conservation and environmental protection capacity of electricity grid corporations, newly increased distributed electricity supply, electricity amount replaced by electric power, the reduction of carbon dioxide emissions from electricity generation trading, and comprehensive line loss rate were selected.




4.2. Sub-Criteria Weights Determination


In this investigation, to comprehensively consider the preferences of experts and the actual data of selected electricity grid corporations, the weights of sub-criteria were determined via combining subjective weighting method BWM and objective weighting method named entropy weight calculation approach.



4.2.1. Subjective Weights Results Determined by BWM


Primarily, five selected experts were required to identify the best and worst sub-criteria. The best one should be the most desirable and critical which can reflect the vital feature of electricity grid corporations, while the worst one should be the opposite one. The best and worst ones picked out by experts are listed in Table 2.



Then experts should determine the comparison results through comparing the best one with others and comparing others with the worst one via utilizing numbers in 1–9. The greater the number is, the more significant of the best one over others. The comparison results are listed in Table A2 and Table A3 in Appendix Section.



Thirdly, we can substitute comparison values into the linear Formula (6), and then we can calculate the optimal weights based on experts’ preferences utilizing BWM through solving Formula (6) using Lingo 9 software. Taking the comparison results of Expert 1 for the example, through substituting concrete values into Formula (6), we can obtain the following equation:


     |   w 4  − 2  w 1   |  ≤ ε    |   w 4  − 2  w 2   |  ≤ ε    |   w 4  − 2  w 3   |  ≤ ε    |   w 4  −  w 4   |  ≤ ε      |   w 4  − 9  w 5   |  ≤ ε    |   w 4  − 9  w 6   |  ≤ ε    |   w 4  − 9  w 7   |  ≤ ε    |   w 4  − 3  w 8   |  ≤ ε      |   w 4  − 3  w 9   |  ≤ ε    |   w 4  − 4  w  10    |  ≤ ε    |   w 4  − 4  w  11    |  ≤ ε    |   w 4  − 4  w  12    |  ≤ ε      |   w 4  − 6  w  13    |  ≤ ε    |   w 4  − 6  w  14    |  ≤ ε    |   w 4  − 5  w  15    |  ≤ ε    |   w 4  − 6  w  16    |  ≤ ε      |   w 4  − 6  w  17    |  ≤ ε    |   w 4  − 8  w  18    |  ≤ ε    |   w 4  − 8  w  19    |  ≤ ε    |   w 4  − 8  w  20    |  ≤ ε      |   w 4  − 7  w  21    |  ≤ ε    |   w 1  − 8  w 7   |  ≤ ε    |   w 2  − 8  w 7   |  ≤ ε    |   w 3  − 8  w 7   |  ≤ ε      |   w 4  − 9  w 7   |  ≤ ε    |   w 5  −  w 7   |  ≤ ε    |   w 6  −  w 7   |  ≤ ε    |   w 7  −  w 7   |  ≤ ε      |   w 8  − 7  w 7   |  ≤ ε    |   w 9  − 7  w 7   |  ≤ ε    |   w  10   − 6  w 7   |  ≤ ε    |   w  11   − 6  w 7   |  ≤ ε      |   w  12   − 6  w 7   |  ≤ ε    |   w  13   − 4  w 7   |  ≤ ε    |   w  14   − 4  w 7   |  ≤ ε    |   w  15   − 5  w 7   |  ≤ ε        |   w  16   − 4  w 7   |  ≤ ε    |   w  17   − 4  w 7   |  ≤ ε    |   w  18   − 2  w 7   |  ≤ ε    |   w  19   − 2  w 7   |  ≤ ε        |   w  20   − 2  w 7   |  ≤ ε    |   w  21   − 3  w 7   |  ≤ ε    



(18)







After obtaining the optimal weights in terms of five experts’ preferences, we can calculate the average values of five set optimum weights with regard to each sub-criterion to achieve the subjective weights, and the results are shown in Table 3. The coherent ratio can be computed through Formula (7) via utilizing the calculated data    ξ *    and coherent indicator displayed in Table 1. As demonstrated in Table 3, the coherent ratios are close to 0, which indicates that the views of experts were coherent.




4.2.2. Objective Weights Results Determined by the Entropy Weight Calculation Approach


Five provincial electricity grid corporations of China were selected as the evaluated objects named by A, B, C, D, and E. The objective data of all sub-criteria with regard to each electricity grid corporation were collected from National Electricity Grid Corporations Yearbook of China in 2017. To calculate the objective weights utilizing entropy weights calculation approach, we needed to standardize the original data of each sub-criterion with regard to every electricity grid corporation employing Formula (12) and (13). The standardized performance values are illustrated in Table A4 in Appendix Section.



Then objective weights were computed via Formula (8)–(11), and the results of objective weights are listed in Table 4.




4.2.3. Final Weights Combining Subjective Weights and Objective Weights


Synthetically taking the preferences of experts and actual data of all electricity grid corporations into consideration, final weights were determined by subjective weights identified by BWM and objective weights calculated by the entropy weight calculation approach through setting the same importance of them. The results of final weights are listed in Table 5.





4.3. Comprehensive Performance Evaluation of Five Electricity Grid Corporations Utilizing VIKOR


On the basis of the final weights obtained above, the comprehensive evaluation model can be denoted:


  B =  (      0.074     0.068     0.470    0   1     1    0.370    0    0.756     0.607       0.347     0.920    1   0    0.320      1    0.139     0.006    0    0.176      1    0.375    0    0.625     0.250      1    0.824    0    0.321     0.203       0.671     0.948    1   0    0.539      1   0    0.500    1   0     1   1   1   0   0      0.896     0.933     0.995    0   1     0   1   1    0.608     0.608       0.553     0.873    1   0   0      0.018    0    0.248     0.513    1      0.033    1   0    0.423     0.764      0   1    0.354     0.497     0.779       0.650     0.650    1   0    0.650       0.768     0.821    1   0    0.821       0.365     0.311    0   1    0.486      0    0.893     0.585     0.944    1      0.883     0.372    0   1    0.460       0.118     0.038    0    0.247    1     )   











Then, we need to find the positive and negative ideal values    X +    and    X −    in accordance with Formula (14).



After that, the group benefit results    S j   , the individual regret results    R j   , as well as the compromise sorting values    Q j    of five electricity grid corporations were computed via Formula (15)–(17). The results of them are illustrated in Table 6.



Then five electricity grid corporations can be ranked through comparing values of    S j   ,    R j   , and    Q j   , and the electricity grid corporation with superiority performance can be discovered. In terms of the results and rankings of    S j   ,    R j   , and    Q j    demonstrated in Table 6 and Table 7, electricity grid corporations A and E satisfied the two qualifications of VIKOR, hence, electricity grid corporation A performed the best among five selected alternatives in terms of two requirements mentioned in Section 2.4. Electricity grid corporations E and B had close performance, which were better than electricity grid corporations C and D.





5. Discussion and Policy Implications


5.1. Discussion about Comprehensive Performance Evaluation Results


The comprehensive performance evaluation of five selected electricity grid corporations were assessed by a novel MCDM model integrating Fuzzy-Delphi, BWM, entropy weight calculation approach, and VIKOR. And the assessment results illustrated that electricity grid corporation A had superior performance over other four electricity grid corporations. To further understand the empirical results, we will conduct a depth discussion on subjective weights, objective weights, and the evaluated values of every electricity grid corporation for every sub-criterion.



For subjective weights determined by BWM, experts exerted more significance on profitability capacity, safety production, and electricity supply reliability. The weight of electricity sales amount reached 0.097 ranking, the first which can reflect the profitability of an electricity grid corporation, followed by the weight of reliability of electricity grid system with 0.092. Considering about the original monopoly position of electricity grid corporations in electricity market, some experts pay less attention on developing capacity of electricity grid corporations, the subjective weights of talent equivalent density, scale of line under construction, and signing rate of contracts for electricity supply and consuming ranked the last three with 0.022, 0.022, and 0.015. However, under the context of electricity market reform, with the emergence of electricity selling enterprises, some experts highlighted the significance of providing outstanding services for electricity consumers, hence, the weight of customer satisfaction rate was relatively high with 0.053.



For objective weights calculated using the entropy weight calculation approach, based on actual data of selected electricity grid corporations, profitability aspect, energy conservation and environmental protection perspective, outstanding service provision criterion, and safety production capacity were emphasized. The objective weight of electricity sales amount also ranked the first with 0.099, followed by comprehensive line loss rate attributed to energy conservation and environmental protection perspective with 0.086. The weights of average electricity outage time for urban network users and total number of personal safety events ranked the fourth and fifth with 0.069 and 0.063, respectively. However, in accordance with the actual data, the reliability of electricity grid system was the least important with objective weight 0.026, which was quite different from subjective weights. Additionally, the objective weights of developing capacity criterion were relatively high.



For final weights integrating subjective weights and objective weights, the weights of sub-criteria attributed to profitability aspect, safety production capacity, and electricity supply reliability ranked at the front, which comprehensively combined experts’ views and the actual development situation of electricity grid corporations. The last one is the signing rate of contracts for electricity supply and consuming with a ranking of 0.22.



In terms of the final weights of all sub-criteria, since the electricity grid corporation A was superior in the profitability aspect (especially in electricity sales amount) and safety production capacity criterion, it had the best comprehensive performance among five selected electricity grid corporations.




5.2. Comparative Analysis


This section conducts a comparative analysis utilizing the existing and commonly used method, which is TOPSIS method, to verify the effectiveness of the established MCDM methodology in this investigation. The basic theory of the TOPSIS is that the selected evaluated object should have the minimum distance from the positive ideal solution and the maximum distance from the negative ideal solution. The procedure of the TOPSIS method is elaborated in [7]. The performance values utilized in the TOPSIS method are listed in Table A4, and the weights of sub-criteria utilized in the TOPSIS method are elaborated in Table 5, combining the subjective weights and objective weights. Then the rankings and results of five electricity grid corporations are illustrated as: A (0.545) > E (0.502) > B (0.485) > C (0.468) > D (0.358). It can be discovered that the ranking results of the TOPSIS method were the same as that of the established MCDM methodology in this investigation. Hence, the effectiveness of the established MCDM methodology can be verified and it is applicable and valid to be utilized in comprehensive performance evaluation of electricity grid corporations.




5.3. Policy Implications


In accordance with the results of the comprehensive performance evaluation of electricity grid corporations, the following policy implications are put forward to improve the comprehensive performance of electricity grid corporations.



	(1)

	
Providing more comprehensive outstanding services to expand market share and increase electricity sales amount. After the new round electricity industry reform, electricity grid enterprises mainly engaged in the purchase and sale of electricity business, such as providing strategy consultation of selling and trading electricity. Meanwhile, to attract more electricity consumers, electricity grid enterprises will provide energy management services. Considering the weight calculation results that highlighted the significance of electricity sales amount and outstanding services, electricity grid corporations should not only guarantee the existing outstanding services, but also carry out different value-added services in accordance with their own characteristics and advantages to meet the demands of various types of consumers, such as customizing electricity saving strategies for users and formulating comprehensive energy utilization plan for enterprises and families using multiple energy sources. Through providing more comprehensive outstanding services, more electricity users are attracted by electricity grid corporations so that the electricity sales amount can be increased and the performance of electricity grid corporations can be improved.




	(2)

	
Optimizing the management of effective assets to improve the profitability of electricity grid corporations. In terms of the weight computation results, the significance of sub-criteria attributed to the profitability of electricity grid corporations were highlighted. The revenue of unit electricity sales and cost of unit electricity transmission and distribution were determined by the permitted income and permitted cost of electricity grid corporations, which greatly depended on the management level of effective assets of electricity grid corporations. Aiming at improving the profitability, the electricity grid corporations should improve the management level of effective assets by eliminating over-aged assets and reducing maintenance costs to decrease permitted cost and increasing investment on effective assets to enhance permitted income so that the profitability can be improved.




	(3)

	
Maintaining the stable operation of electricity network to improve electricity supply reliability. The new round of electricity industry reform encouraged the orderly investment of social capital on an incremental distribution network. In the process of developing the incremental distribution network, the interactive use of the new distribution network and the original network will put forward a severe test for the stable and reliable electricity supply. The electricity grid corporations should make better communication with the operators of the incremental distribution network to clarify the responsibilities of the maintenance and establish a coordination mechanism. Hence, when the equipment and lines of distribution network are out of order, the corresponding maintainers can make urgent repairs to guarantee reliable and stable electricity supply so that the operation performance of electricity grid corporations can be ensured.









6. Conclusions


With the process of the new round reform of electricity market in China, a large amount of electricity sales companies has emerged in some provinces, and the reform of transmission and distribution tariffs are also in progress. Under such new market context, electricity grid corporations are required to update their operational strategies and improve comprehensive performance to adapt to the fierce competition in the electricity market. Considering this, this paper established a novel MCDM model combining Fuzzy-Delphi, the BWM, the entropy weight calculation approach, and VIKOR method to make an evaluation on the comprehensive performances of five selected provincial electricity grid corporations, which can help decision makers get a better acknowledgement of the performance of each aspect and formulate novel market strategies to guarantee the sustainable development of their corporations. The primary conclusions for this investigation are summarized as below.



	(1)

	
The comprehensive performance assessment index system was constructed in accordance with Fuzzy-Delphi approach based on the preferences of experts, which was composed of 21 significant sub-criteria from the aspects of profitability capacity, development capacity, safety production capacity, electricity supply reliability, outstanding service provision, and energy conservation and environmental protection with eight minimum type sub-criteria.




	(2)

	
The sub-criteria weights were computed by combining subjective weights determined by BWM and objective weights computed by the entropy weight calculation approach. The weights of sub-criteria attributed to profitability capacity, safety production capacity, and electricity supply reliability ranked at the front, which comprehensively combined experts’ views and actual developing situation of electricity grid corporations.




	(3)

	
The comprehensive performance evaluation model was established based on VIKOR. Since the electricity grid corporation A was superior in profitability capacity (especially in electricity sales amount) and safety production capacity criterion, it was the best electricity grid corporations with superior comprehensive performance among five selected alternatives, and the ranking results of the established MCDM model were the same as that of the TOPSIS method through comparative analysis.







In accordance with the results of comprehensive evaluation of electricity grid corporations, several policy implications were put forward to improve the comprehensive performance of electricity grid corporations, such as providing more comprehensive outstanding services to expand market share and increase electricity sales amount, optimizing the management of effective assets to improve the profitability of electricity grid corporations, and maintaining the stable operation of electricity network to improve electricity supply reliability.



The established novel MCDM based on Fuzzy-Delphi, the BWM, the entropy weight calculation approach, and VIKOR approach for comprehensive performance evaluation on electricity grid corporations is practical and rational. With the further advancement of the reform for the electricity market, the index system for comprehensive performance evaluation needs to be renewed, and the weights for all sub-criteria need to be adjusted.
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Table A1. The Fuzzy-Delphi approach results.






Table A1. The Fuzzy-Delphi approach results.





	
Criteria

	
Original Sub-Criteria

	
Conservative Value

	
Positive Value

	
Coherent Value




	
     C L i     

	
     C M i     

	
     C U i     

	
     P L i     

	
     P M i     

	
     P U i     

	
     G i     






	
Profitability aspect

	
Total assets turnover days

	
1

	
1.78

	
3

	
4

	
4.57

	
6

	
3.18 < 4.66




	
Total profit

	
1

	
2.46

	
4

	
4

	
5.31

	
6

	
3.89 < 4.66




	
Asset liability ratio

	
1

	
3.17

	
4

	
5

	
6.01

	
7

	
4.59 < 4.66




	
Quick ratio

	
3

	
4.26

	
7

	
7

	
8.21

	
9

	
6.24 > 4.66




	
Cost of unit electricity transmission and distribution

	
3

	
4.57

	
7

	
8

	
9.01

	
10

	
6.79 > 4.66




	
Revenue of unit electricity sales

	
2

	
4.45

	
7

	
8

	
9.23

	
10

	
6.84 > 4.66




	
Electricity sales amount

	
3

	
5.22

	
7

	
8

	
8.84

	
10

	
7.03 > 4.66




	
Development capacity

	
Talent equivalent density

	
3

	
5.47

	
7

	
8

	
9.13

	
10

	
7.30 > 4.66




	
Total labor productivity

	
2

	
3.01

	
4

	
5

	
6.17

	
8

	
4.59 < 4.66




	
Scale of line under construction

	
3

	
4.87

	
6

	
7

	
8.53

	
10

	
6.7 > 4.66




	
Scale of power transformation station under construction

	
1

	
3.02

	
4

	
5

	
6.07

	
7

	
4.55 < 4.66




	
Signing rate of contracts for electricity supply and consuming

	
3

	
5.47

	
7

	
8

	
9.16

	
10

	
7.32 > 4.66




	
Industry expansion capacity

	
2

	
3.12

	
4

	
5

	
5.77

	
7

	
4.45 < 4.66




	
Safety production capacity

	
Total number of personal safety events

	
3

	
5.21

	
6

	
7

	
8.82

	
10

	
7.02 > 4.66




	
Total amount of electricity grid security events

	
3

	
5.29

	
7

	
8

	
9.16

	
10

	
7.23 > 4.66




	
100 days safety record

	
1

	
2.97

	
4

	
5

	
6.12

	
7

	
4.55 < 4.66




	
Total amount of devices security events

	
1

	
2.77

	
4

	
5

	
5.92

	
7

	
4.35 < 4.66




	
Electricity supply reliability

	
Reliability of electricity grid system

	
3

	
4.99

	
6

	
7

	
8.55

	
10

	
6.77 > 4.66




	
Proportion of normal state of transmission line

	
3

	
4.82

	
6

	
7

	
8.73

	
10

	
6.78 > 4.66




	
Proportion of voltage transformer normal state

	
4

	
6.14

	
7

	
8

	
9.11

	
10

	
7.63 > 4.66




	
Central point voltage qualification rate

	
1

	
2.01

	
3

	
4

	
5.16

	
7

	
3.59 < 4.66




	
Average unplanned outage time

	
1

	
2.05

	
3

	
4

	
4.95

	
6

	
3.50 < 4.66




	
Average fault outage time of transmission network

	
1

	
1.95

	
3

	
4

	
5.04

	
6

	
3.50 < 4.66




	
Number of unplanned outage accidents at the access point of the transmission network

	
1

	
2.31

	
4

	
4

	
5.33

	
7

	
3.82 < 4.66




	
Outstanding service provision

	
Average electricity outage time for urban network users

	
3

	
5.69

	
7

	
8

	
9.04

	
10

	
7.37 > 4.66




	
Average electricity outage time for rural network users

	
3

	
5.28

	
7

	
8

	
8.96

	
10

	
7.12 > 4.66




	
Qualified rate of urban comprehensive electricity supply voltage

	
1

	
2.99

	
4

	
5

	
5.87

	
7

	
4.43 < 4.66




	
Qualified rate of rural comprehensive electricity supply voltage

	
1

	
2.02

	
4

	
5

	
6.34

	
8

	
4.18 < 4.66




	
Timely handling rate of customer complaint

	
1

	
2.89

	
4

	
5

	
5.91

	
7

	
4.40 < 4.66




	
Standard rate of customer service expansion time limit

	
1

	
1.34

	
3

	
4

	
5.16

	
7

	
3.25 < 4.66




	
Customer satisfaction rate

	
3

	
5.18

	
8

	
8

	
9.12

	
10

	
7.15 > 4.66




	
The average time of the urban users’ rush repairs to the site

	
3

	
4.96

	
6

	
7

	
8.98

	
10

	
6.97 > 4.66




	
The average time of the rural users’ rush repairs to the site

	
3

	
5.05

	
7

	
8

	
9.12

	
10

	
7.09 > 4.66




	
Energy conservation and environmental protection

	
Clean electricity transmission and loss level

	
1

	
2.01

	
4

	
4

	
5.37

	
6

	
3.69 < 4.66




	
Newly increased installed equipment of renewable energy

	
1

	
1.88

	
3

	
4

	
4.9

	
6

	
3.39 < 4.66




	
Accumulative construction of electric vehicle charging and replacement electricity station

	
1

	
3.01

	
4

	
5

	
6.19

	
7

	
4.6 < 4.66




	
Newly increased distributed electricity supply

	
2

	
5.49

	
7

	
8

	
9.33

	
10

	
7.41 > 4.66




	
Electricity amount replaced by electric power

	
3

	
6.33

	
8

	
8

	
9.11

	
10

	
7.72 > 4.66




	
The reduction of carbon dioxide emissions from electricity generation trading

	
3

	
6.49

	
8

	
8

	
9.14

	
10

	
7.82 > 4.66




	
Comprehensive line loss rate

	
3

	
5.99

	
8

	
8

	
8.97

	
10

	
7.48 > 4.66
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Table A2. Comparison results of the best one over others.






Table A2. Comparison results of the best one over others.





	Expert Number
	1
	2
	3
	4
	5





	The best sub-criteria
	S4
	S4
	S10
	S10
	S15



	Quick ratio
	2
	2
	5
	4
	2



	Cost of unit electricity transmission and distribution
	2
	2
	5
	4
	2



	Revenue of unit electricity sales
	2
	2
	5
	4
	2



	Electricity sales amount
	1
	1
	4
	4
	2



	Talent equivalent density
	9
	8
	9
	8
	9



	Scale of line under construction
	9
	8
	9
	8
	8



	Signing rate of contracts for electricity supply and consuming
	9
	8
	9
	9
	8



	Total number of personal safety events
	3
	9
	3
	2
	3



	Total amount of electricity grid security events
	3
	9
	3
	2
	3



	Reliability of electricity grid system
	4
	3
	1
	1
	5



	Proportion of normal state of transmission line
	4
	3
	2
	3
	5



	Proportion of voltage transformer normal state
	4
	3
	2
	3
	5



	Average electricity outage time for urban network users
	6
	7
	6
	7
	4



	Average electricity outage time for rural network users
	6
	7
	6
	7
	4



	Customer satisfaction rate
	5
	6
	6
	6
	1



	The average time of the urban users’ rush repairs to the site
	6
	7
	6
	7
	4



	The average time of the rural users’ rush repairs to the site
	6
	7
	6
	7
	4



	Newly increased distributed electricity supply
	8
	5
	8
	5
	7



	Electricity amount replaced by electric power
	8
	5
	8
	5
	7



	The reduction of carbon dioxide emissions from electricity generation trading
	8
	5
	8
	5
	7



	Comprehensive line loss rate
	7
	4
	7
	5
	6
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Table A3. Comparison results of others over the worst one.






Table A3. Comparison results of others over the worst one.





	Expert Number
	1
	2
	3
	4
	5





	The worst sub-criteria
	S7
	S9
	S7
	S7
	S7



	Quick ratio
	8
	8
	5
	6
	8



	Cost of unit electricity transmission and distribution
	8
	8
	5
	6
	8



	Revenue of unit electricity sales
	8
	8
	5
	6
	8



	Electricity sales amount
	9
	9
	6
	6
	8



	Talent equivalent density
	1
	2
	1
	2
	1



	Scale of line under construction
	1
	2
	1
	2
	2



	Signing rate of contracts for electricity supply and consuming
	1
	2
	1
	1
	2



	Total number of personal safety events
	7
	1
	7
	8
	7



	Total amount of electricity grid security events
	7
	1
	7
	8
	7



	Reliability of electricity grid system
	6
	7
	9
	9
	5



	Proportion of normal state of transmission line
	6
	7
	8
	7
	5



	Proportion of voltage transformer normal state
	6
	7
	8
	7
	5



	Average electricity outage time for urban network users
	4
	3
	4
	3
	6



	Average electricity outage time for rural network users
	4
	3
	4
	3
	6



	Customer satisfaction rate
	5
	4
	4
	4
	9



	The average time of the urban users’ rush repairs to the site
	4
	3
	4
	3
	6



	The average time of the rural users’ rush repairs to the site
	4
	3
	4
	3
	6



	Newly increased distributed electricity supply
	2
	5
	2
	5
	3



	Electricity amount replaced by electric power
	2
	5
	2
	5
	3



	The reduction of carbon dioxide emissions from electricity generation trading
	2
	5
	2
	5
	3



	Comprehensive line loss rate
	3
	6
	3
	5
	4
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Table A4. The standardized performance values of all sub-criteria with regard to five electricity grid corporations.






Table A4. The standardized performance values of all sub-criteria with regard to five electricity grid corporations.





	Sub-Criteria
	A
	B
	C
	D
	E





	Quick ratio
	0.074
	0.068
	0.470
	0
	1



	Cost of unit electricity transmission and distribution
	1
	0.370
	0
	0.756
	0.607



	Revenue of unit electricity sales
	0.347
	0.920
	1
	0
	0.320



	Electricity sales amount
	1
	0.139
	0.006
	0
	0.176



	Talent equivalent density
	1
	0.375
	0
	0.625
	0.250



	Scale of line under construction
	1
	0.824
	0
	0.321
	0.203



	Signing rate of contracts for electricity supply and consuming
	0.671
	0.948
	1
	0
	0.539



	Total number of personal safety events
	1
	0
	0.500
	1
	0



	Total amount of electricity grid security events
	1
	1
	1
	0
	0



	Reliability of electricity grid system
	0.896
	0.933
	0.995
	0
	1



	Proportion of normal state of transmission line
	0
	1
	1
	0.608
	0.608



	Proportion of voltage transformer normal state
	0.553
	0.873
	1
	0
	0



	Average electricity outage time for urban network users
	0.018
	0
	0.248
	0.513
	1



	Average electricity outage time for rural network users
	0.033
	1
	0
	0.423
	0.764



	Customer satisfaction rate
	0
	1
	0.354
	0.497
	0.779



	The average time of the urban users’ rush repairs to the site
	0.650
	0.650
	1
	0
	0.650



	The average time of the rural users’ rush repairs to the site
	0.768
	0.821
	1
	0
	0.821



	Newly increased distributed electricity supply
	0.365
	0.311
	0
	1
	0.486



	Electricity amount replaced by electric power
	0
	0.893
	0.585
	0.944
	1



	The reduction of carbon dioxide emissions from electricity generation trading
	0.883
	0.372
	0
	1
	0.460



	Comprehensive line loss rate
	0.118
	0.038
	0
	0.247
	1
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Figure 1. The overall framework of the established MCDM model for comprehensively assessing the performance of electricity grid corporations. 
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Figure 2. Final index system for comprehensive performance evaluation on electricity grid corporations. 
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Table 1. Consensus Indicator (CI).
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	     a  B W      
	1
	2
	3
	4
	5
	6
	7
	8
	9





	CI (max    ξ *   )
	0.00
	0.44
	1.00
	1.63
	2.30
	3.00
	3.73
	4.47
	5.23
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Table 2. The best and worst sub-criteria picked out by experts.
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	Expert Number
	The Best Sub-Criteria
	The Worst Sub-Criteria





	1
	Electricity sales amount (S4)
	Signing rate of contracts for electricity supply and consuming (S7)



	2
	Electricity sales amount (S4)
	Total amount of electricity grid security events (S9)



	3
	Reliability of electricity grid system (S10)
	Signing rate of contracts for electricity supply and consuming (S7)



	4
	Reliability of electricity grid system (S10)
	Signing rate of contracts for electricity supply and consuming (S7)



	5
	Customer satisfaction rate (S15)
	Signing rate of contracts for electricity supply and consuming (S7)
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Table 3. Subjective weights computed by BWM.
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	Sub-Criteria
	E1
	E2
	E3
	E4
	E5
	Average Weight





	Quick ratio
	0.092
	0.091
	0.040
	0.047
	0.084
	0.071



	Cost of unit electricity transmission and distribution
	0.092
	0.091
	0.040
	0.047
	0.084
	0.071



	Revenue of unit electricity sales
	0.092
	0.091
	0.040
	0.047
	0.084
	0.071



	Electricity sales amount
	0.152
	0.150
	0.050
	0.047
	0.084
	0.097



	Talent equivalent density
	0.021
	0.023
	0.022
	0.023
	0.019
	0.022



	Scale of line under construction
	0.021
	0.023
	0.022
	0.023
	0.021
	0.022



	Signing rate of contracts for electricity supply and consuming
	0.013
	0.023
	0.014
	0.013
	0.013
	0.015



	Total number of personal safety events
	0.062
	0.020
	0.067
	0.094
	0.056
	0.060



	Total amount of electricity grid security events
	0.062
	0.013
	0.067
	0.094
	0.056
	0.058



	Reliability of electricity grid system
	0.046
	0.061
	0.165
	0.154
	0.033
	0.092



	Proportion of normal state of transmission line
	0.046
	0.061
	0.100
	0.062
	0.033
	0.061



	Proportion of voltage transformer normal state
	0.046
	0.061
	0.100
	0.062
	0.033
	0.061



	Average electricity outage time for urban network users
	0.031
	0.026
	0.033
	0.027
	0.042
	0.032



	Average electricity outage time for rural network users
	0.031
	0.026
	0.033
	0.027
	0.042
	0.032



	Customer satisfaction rate
	0.037
	0.030
	0.033
	0.031
	0.134
	0.053



	The average time of the urban users’ rush repairs to the site
	0.031
	0.026
	0.033
	0.027
	0.042
	0.032



	The average time of the rural users’ rush repairs to the site
	0.031
	0.026
	0.033
	0.027
	0.042
	0.032



	Newly increased distributed electricity supply
	0.023
	0.037
	0.025
	0.037
	0.024
	0.029



	Electricity amount replaced by electric power
	0.023
	0.037
	0.025
	0.037
	0.024
	0.029



	The reduction of carbon dioxide emissions from electricity generation trading
	0.023
	0.037
	0.025
	0.037
	0.024
	0.029



	Comprehensive line loss rate
	0.026
	0.046
	0.029
	0.037
	0.028
	0.033



	ξ*
	0.033
	0.033
	0.036
	0.033
	0.033
	0.034



	Consistency Ratio, CR
	0.006
	0.006
	0.007
	0.006
	0.006
	0.006







Note: E1 represents Expert 1.
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Table 4. Objective weights determined by entropy weight calculation approach.
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	Sub-Criteria
	Weights





	Quick ratio
	0.077



	Cost of unit electricity transmission and distribution
	0.032



	Revenue of unit electricity sales
	0.039



	Electricity sales amount
	0.099



	Talent equivalent density
	0.040



	Scale of line under construction
	0.045



	Signing rate of contracts for electricity supply and consuming
	0.029



	Total number of personal safety events
	0.063



	Total amount of electricity grid security events
	0.058



	Reliability of electricity grid system
	0.026



	Proportion of normal state of transmission line
	0.029



	Proportion of voltage transformer normal state
	0.061



	Average electricity outage time for urban network users
	0.069



	Average electricity outage time for rural network users
	0.058



	Customer satisfaction rate
	0.034



	The average time of the urban users’ rush repairs to the site
	0.028



	The average time of the rural users’ rush repairs to the site
	0.026



	Newly increased distributed electricity supply
	0.039



	Electricity amount replaced by electric power
	0.028



	The reduction of carbon dioxide emissions from electricity generation trading
	0.035



	Comprehensive line loss rate
	0.086
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Table 5. Final weights for all sub-criteria.
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	Sub-Criteria
	Subjective Weights
	Objective Weights
	Final Weights





	Quick ratio
	0.071
	0.077
	0.074



	Cost of unit electricity transmission and distribution
	0.071
	0.032
	0.051



	Revenue of unit electricity sales
	0.071
	0.039
	0.055



	Electricity sales amount
	0.097
	0.099
	0.098



	Talent equivalent density
	0.022
	0.040
	0.031



	Scale of line under construction
	0.022
	0.045
	0.033



	Signing rate of contracts for electricity supply and consuming
	0.015
	0.029
	0.022



	Total number of personal safety events
	0.060
	0.063
	0.061



	Total amount of electricity grid security events
	0.058
	0.058
	0.058



	Reliability of electricity grid system
	0.092
	0.026
	0.059



	Proportion of normal state of transmission line
	0.061
	0.029
	0.045



	Proportion of voltage transformer normal state
	0.061
	0.061
	0.061



	Average electricity outage time for urban network users
	0.032
	0.069
	0.050



	Average electricity outage time for rural network users
	0.032
	0.058
	0.045



	Customer satisfaction rate
	0.053
	0.034
	0.044



	The average time of the urban users’ rush repairs to the site
	0.032
	0.028
	0.030



	The average time of the rural users’ rush repairs to the site
	0.032
	0.026
	0.029



	Newly increased distributed electricity supply
	0.029
	0.039
	0.034



	Electricity amount replaced by electric power
	0.029
	0.028
	0.028



	The reduction of carbon dioxide emissions from electricity generation trading
	0.029
	0.035
	0.032



	Comprehensive line loss rate
	0.033
	0.086
	0.060
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Table 6. VIKOR evaluation results of five electricity grid corporations.
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	Alternatives
	     S j     
	     R j     
	     Q j     





	A
	0.45
	0.07
	0



	B
	0.46
	0.084
	0.29



	C
	0.53
	0.10
	0.67



	D
	0.67
	0.10
	1



	E
	0.47
	0.08
	0.25
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Table 7. Rankings of    S j    ,    R j   , and    Q j    for five electricity grid corporations.






Table 7. Rankings of    S j    ,    R j   , and    Q j    for five electricity grid corporations.





	Alternatives
	     S j     
	     R j     
	     Q j     





	A
	1
	1
	1



	B
	2
	3
	3



	C
	4
	4
	4



	D
	5
	5
	5



	E
	3
	2
	2
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media/file4.png
Quick ratio

N V—

Profitability aspect

Cost of unit electricity transmission and distribution

—

Revenue of unit electricity sales

Electricity sales amount

—

Talent equivalent density

Development capacity

T T T 1

Scale of line under construction

e ey e e Sy’ S
|

—| Signing rate of contracts for electricity supply and consuming

Safety production capacity

Total number of personal safety events

Total amount of electricity grid security events

Electricity supply reliability

—| Reliability of electricity grid system —
——| Proportion of normal state of transmission line i
—| Proportion of voltage transformer normal state —

—| Average electricity outage time for urban network users

—-I Average electricity outage time for rural network users

Outstanding service provision

SN —

——| Customer satisfaction rate

—| The average time of the urban users' rush repairs to the site

—| The average time of the rural users' rush repairs to the site

—| Newly increased distributed electricity supply

Energy conservation and
environmental protection

—| Electricity amount replaced by electric power

The reduction of carbon dioxide emissions from electricity

generation trading

oy g mahony wndheny mniloony endoy ey it iy el ooy oy anchony ko by o
|

—| Comprehensive line loss rate

1

maximum

maximum

w— -

maximum

W —

maximum

maximum

maximum

= = =
= = =
= = =
= = =
= = =

maximum

maximum

maximum

W LA S
=
=
e,
=
=
=






nav.xhtml


  sustainability-10-02130


  
    		
      sustainability-10-02130
    


  




  





media/file2.png
| Fuzzy-Delphi;

Calculate the subjective Calculate the objective
weights of all sub- weights of all sub-
criteria criteria

Find the positive and negative ideal solutions

|

Calculate the group benefit value, the
individual regret value, and the compromise

Obtain the combined

welghts.of ?“ g sorting index for all electricity grid
criteria g
corporations
N

Rank the electricity grid corporations
through comparing the group benefit value,
the individual regret value, and the
compromise sorting index






media/file3.jpg
Prafabiy aspect

Revenus ofwnt cetricty sals

Devcapment cpacit

S otin sdercomsacton =y

_{

._{

I, T

d Tt ot ey } - (e |
L

I

g et o o sty gy s oo - | e |

Satey producion capacty

ST |
T e

| Rty o iy g i - [omimm ]
Elcrcitysuppy sty || Peoportonof ermat e o tammmivion fine |-~ | vwimom |
T T I ey |

Outstandingsevie proviion

] o stcios e | |

o et o wrom e o i v |- (]
-

Newly nressed dtributedcectricty spply

Enerey comervation and
exvironment rotecion

.
[ iy
H

F-{
ety ke poner - |
!

o oo T ey

seneraion tading

o1






media/file1.jpg
T

Sorting ndes for il ectrcty grid
corporaions
T

Rank e cectrctygrid orporations

e comparing the sroup benci valo,

e ndiidua regre value, and
compromise soring index






