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Abstract: At present, there are few studies on the comprehensive evaluation of green power grid development in China, and all aspects of green power grid need to be evaluated. Therefore, this paper studies the green development level of power distribution network. This paper proposes a multi-level fuzzy comprehensive evaluation method, which first needs to classify the influencing factors. Therefore, this paper constructs an indicator system for the evaluation of green development of power distribution network from three dimensions. In order to avoid the influence of subjective factors, this paper adopts the model combining analytic hierarchy process and entropy weight method to give weight to indexes. Finally, five typical regions are selected for empirical analysis. The results show that the model established in this paper can reflect the green development level of power distribution network in each region and put forward relevant improvement suggestions for each region.
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1  Introduction

As China's economic strength continues to grow, all walks of life have higher and higher demands for electricity and power supply. In recent years, countries around the world have paid more and more attention to sustainable economic development. In order to cope with climate change, energy shortage and other problems, countries have begun to actively develop green economy, mainly with the goal of protecting the environment, and further harmonizing the balance between economic and environmental development. According to the annual Development Report of The Power Industry in China 2020 released by the China Electricity Council, the installed capacity of full-caliber power generation across the country reached 2010.06 million kilowatts, an increase of 5.8% over the previous year. Among them, 358.04 million kilowatts of hydropower, an increase of 1.5% over the previous year (30.29 million kilowatts of pumped storage, an increase of 1.0% over the previous year); Grid-connected wind power was 209.15 million kw, up 13.5% over the previous year. The grid-connected solar power generated 204.18 million kilowatts, up 17.1% over the previous year. China's emissions of soot, sulfur dioxide and nitrogen oxide from electric power were about 180,000 tons, 890,000 tons and 930,000 tons, respectively, down about 12.2%, 9.7% and 3.1% from the previous year [1].

It can be seen that China's power grid development mode is changing, and actively realizing the green development of power grid can promote the realization of China's green economic development. At the same time, the gradual implementation of new technologies, such as new energy vehicles and new home appliances, require more consideration of green development factors in the planning and construction of distribution networks. However, so far, there has not been a judging system for the green development level of electric power in the distribution network, and the research mainly focuses on the comprehensive evaluation of distribution network and the evaluation of power green development. Based on this, it is urgent to study the evaluation of the green development level of electric energy in the distribution network, which is helpful to guide the reliability, security and stability of power supply in the regional distribution network.

At present, many scholars have conducted researches on the evaluation of distribution network, focusing on the aspects of power supply quality, power supply reliability and economy. Chen et al. [2] established the price index system from the three aspects of topological structure, economy and reliability, constructed the hybrid multi-attribute evaluation model to evaluate and optimize the distribution network structure, and obtained the optimal network structure suitable for construction under the differentiated demands of different regions. Wang et al. [3] proposed a hierarchical analysis method based on extension cloud to evaluate the economic operation of the distribution network, and proposed an optimization and transformation plan for the distribution network. Xiong et al. [4] made a comprehensive evaluation of distribution networks in 108 counties by using principal component analysis, and concluded the main problems existing in the development of distribution networks. Guang et al. [5] extracted six indexes to evaluate the reliability of distribution network, and found that the sensitivity and proportion of consumers have significant influences on the evaluation results. Chen et al. [6] evaluated the reliability of distribution network and reflected the reliability of distribution network by constructing index system to evaluate the importance of load. Bai et al. [7] constructed indicators from the aspects of economy, quality, safety and environmental protection, and selected different objective functions to comprehensively evaluate the operation mode of distribution network. Sun et al. [8] evaluated the urban distribution network and built an evaluation index system from four aspects, namely reliability, economy, low-carbon and intelligence. Ge et al. [9] established evaluation indexes and evaluation system for quantitative evaluation of distribution network from the aspects of safety and reliability. Luo [10] classified the indicators from the perspectives of technology, economy and green development, and constructed the green power grid evaluation system to evaluate the performance of urban power grid. Xiao et al. [11] set up evaluation index system from the aspects of transmission network and distribution network respectively, and then evaluated the development level of power network through specific indicators. Liu et al. [12] evaluated the development level of power grid through multi-level fuzzy comprehensive evaluation method, and constructed a multi-level power grid evaluation index system from five dimensions of safety, economy, intelligence, coordination and greenness. Yuan et al. [13] conducted a comprehensive evaluation of distribution networks and studied the power supply quality, power grid structure and investment benefits by using analytic hierarchy process.

The research on the effectiveness of green development of power grids mainly focuses on green development evaluation and green development realization path. Hua et al. [14] proposed to achieve green development of the power industry through emission reduction and consumption reduction, to reduce losses in power production and transmission, and to increase the proportion of green energy in the energy structure. Mao et al. [15] evaluated the greening level of power grid engineering from the aspects of technology, economy and green development, and put forward relevant suggestions and measures. Liao et al. [16] studied the green management of electric energy in power grid and established a green evaluation system from the three aspects of power grid, power supply and source network coordination. Zou et al. [17] evaluated the green development of Hainan Power Grid and constructed a multi-factor comprehensive evaluation index to reflect the green development of Hainan Power. Gu et al. [18] studied and established a green development evaluation system and method suitable for power grid, and then classified the indexes that affect the green development process of power grid. Shan et al. [19] analyzed the power market trading mechanism from the perspective of renewable energy generation to promote the development of green power market. Huang et al. [20] evaluated the development of green cities and constructed an index system from three dimensions of environmental quality, green life and green production, including 29 indicators. Qusay et al. [21] evaluated and optimized the grid-connected photovoltaic power generation system in clean energy power generation. Wu et al. [22] proposed a green assessment method from the perspective of economy and resource utilization to evaluate the green development of power grid. Cheng et al. [23] used fuzzy analytic hierarchy process to evaluate urban green electric power, and concluded that the share of renewable energy had a great impact on urban green electric power.

Regarding the evaluation methods of the green development level of the distribution network, some methods such as gray correlation method and fuzzy evaluation method are mainly used. Solomie et al. [24] established a joint optimization model of AHP and maintenance strategy for evaluation. Sanchez-Lozano et al. [25] used grey correlation degree and improved entropy weight method to evaluate the dispatching of distribution network. Faran et al. [26] established a fuzzy evaluation model to evaluate 13 categories of indexes related to power grid energy conservation and emission reduction. Li et al. [27] used the equilibrium-principal component analysis method to realize the quantitative analysis of the planning method through the relative distance model involving standardization. Li et al. [28] provided a three-stage decision making framework based on multi-standard decision making method (MCDM) for evaluation and decision making. Wu et al. [29] determined the development level by the comprehensive score of adaptive neurofuzzy reasoning system (ANFIS) based on principal component analysis. Liu et al. [30] adopted an improved ISM model to select influencing factors, and adopted fuzzy order relation analysis method (G1 method) to make up for the shortcomings of traditional methods. Wu et al. [31] used TiFN-Fuzzy DEMATEL to determine and evaluate weights, and used mixed evaluation method to avoid the uncertainty of decision making. However, all the above evaluation methods of power grid development level have some limitations and depend too much on the judgment of experts. On this basis, the multilevel fuzzy comprehensive evaluation method is introduced. Liu et al. [32] used a combination of quantitative and qualitative analysis, combined the analytic hierarchy process (AHP) and particle swarm optimization (PSO), and used the multi-level fuzzy comprehensive evaluation (FCE) method for evaluation. Xiang et al. [33] used AHP-inverse entropy weight method to give weights and evaluated the distribution network through fuzzy comprehensive evaluation. Chen et al. [34] evaluated transmission network planning based on combinatorial fuzzy comprehensive evaluation. Dehdashti [35] puts forward a new concept of “energy bank” in view of the development status of green power. This concept mainly refers to the collection and storage of energy, which can promote the energy trade between a large number of renewable resources required by electricity and improve the level of green development of power. Mohammadreza et al. [36] mainly studies the energy use efficiency of the supply side of the power system and the penetration rate of green resources. At the same time, the concept of green virtual resources (GVRS) is proposed and the economic efficiency maximization model of micro-grid energy management is constructed for research. Qusay [37] promoted the green development of electricity by studying a renewable energy system, and studied the photovoltaic solar power generation system used in a typical family in Iraq. The results showed that the cost of grid-connected photovoltaic power generation was lower. Muhammad [38] studies intelligent power distribution system. In distributed power generation, a variety of green energy is used to promote the generation of clean energy and improve the green development level of power from the source. In addition, the optimization and coordination management of electric energy are introduced. Schultis et al. [39] makes a comprehensive evaluation of different reactive power control strategies in low-voltage networks with high share of power consumption. The results show that in the transmission and distribution links, the use of power generating inverter to eliminate the violation of feeder voltage will cause disadvantages such as excessive load of distribution transformer and excessive loss of power network.

To sum up, many scholars have obtained some research results centering on the evaluation of distribution network, but failed to accurately evaluate the green development level of electric energy, mainly for three reasons, namely:

1.    The construction of the evaluation index system is based on the reliability and economy dimension, rarely involving the green development dimension, and rarely evaluating the green development level of electric energy in the distribution network.

2.    The construction of the evaluation index system lacks systematization and completeness, and the comprehensive evaluation method also needs to be further optimized. The factor analysis of the green development level is not comprehensive, the evaluation index system of the green development level of electric energy of distribution network is not perfect, and the empirical case study of the green development level of distribution network is not enough.

3.    Existing research mainly focuses on economics, technology, environment, etc., and lacks research on the level of green development at different stages of power generation, transmission and distribution, and power sales. Different stages have different influences on the green development of power distribution network, and the current research rarely constructs the index system from these stages, and the final evaluation result is limited to a certain aspect of the green development of power distribution network.

Based on this, the research innovation points of this paper are mainly reflected in three aspects, specifically described as follows:

1.    Based on the concept of green development of electric energy and the principles of specificity, realizability and relevance, the main impact indicators related to green development of electric energy are extracted from the three links of power generation side, transmission and distribution side and electricity sale side of the distribution network system. The construction of green development index system of power distribution network is helpful to evaluate the green development level of power distribution network more completely and systematically.

2.    A complete evaluation model for the green development level of power distribution network was constructed, and a multi-level fuzzy comprehensive evaluation method was selected on the basis of fuzzy comprehensive evaluation theory to improve the accuracy of evaluation results. In the process of index processing, the method of combining subjective and objective is adopted, and the entropy weight method and the analytic hierarchy method are used to avoid the subjectivity of the processing results.

3.    In order to verify the effectiveness of the proposed evaluation method for the development level of green electric energy in distribution networks, the paper selects distribution networks in five typical regions for example analysis. According to the data obtained from the survey, the green development level of power grid in different stages in five regions is evaluated and compared longitudinally. Then, the green development level of distribution networks in different regions at the same stage is compared horizontally, and the data comparison curve is drawn to more clearly reflect the green development level of power of distribution networks in different regions.

The main content and structure of this paper are as follows. Section 2 combines the characteristics of each stage of the distribution network, constructs an evaluation index system for the green development level of the power distribution network from the three-stage dimensions of the power generation side, the power transmission and distribution side and the power sales side, and provides a detailed explanation of the indicators. The third part describes the method of index weighting, which combines subjective and objective methods to avoid the influence of personal preference on the evaluation results. The fourth part introduces the basic theory of multilevel fuzzy comprehensive evaluation as well as the model construction and calculation process. In the fifth part, 5 typical regions are selected to comprehensively evaluate the green development of electric energy of distribution network, and suggestions are provided for improving the green development level of distribution network. The sixth part summarizes the research results of this paper to provide reference for the follow-up research.

2  Design of Evaluation Index System for Green Development Level of Power Distribution Network

2.1 Selection of Initial Evaluation Index

There are many factors affecting the green development level of electric energy in the distribution network. This paper selects indicators to evaluate the green development level of electric energy from three aspects of the power generation side, transmission and distribution side and electricity sales side of the distribution network system. The specific indicators are explained as follows.

2.1.1 Power Side Indicator

The green environmental protection on the power side refers to the improvement of the power supply. The green development level on the power side can be reflected from three aspects: power access capacity, emission reduction effect and consumption reduction effect. At the generation side, the green level can be improved by adjusting the installed power capacity, increasing the proportion of new energy installed and optimizing the ratio of power structure. In this stage, seven three-level indicators are determined from three aspects: power access capacity, emission reduction effect and consumption reduction effect.

(1) Power access capability

Power access capacity refers to the power supply structure that is connected to the generation side of the distribution network. China has traditionally been based on coal-fired thermal power units, but now it has access to clean energy such as wind and solar energy. By improving the power supply structure, the power supply structure has been transformed from the traditional single thermal power to diversified energy structures such as wind power, photovoltaic power and hydropower. Increasing the installed capacity of clean energy and the proportion of power generation, optimizing the power supply structure ratio, and promoting the development of new energy power generation technologies are conducive to improving the level of green development on the power generation side of the distribution network. The calculation formula for the proportion of electricity generated by clean energy is as follows.

δ is used to represent the proportion of clean energy generation in the total power generation, and the calculation formula is as follows:


δ=∑i=1mQi/Q
(1)

In the formula, Qi represents the generating capacity of Class i renewable energy, and m represents the general category of new energy; Q is the total power generation of each power plant.

(2) Emission reduction effectiveness

Emission reduction effectiveness refers to the emission reduction of carbon dioxide and sulfur dioxide per unit of electricity generated by power plants. The lower the carbon dioxide and sulfur dioxide emissions of power plants, the higher the emission reduction, which means that the higher the carbon emission reduction on the power generation side, the higher the green development of power. At present, the power generation side of China has eliminated the power plants with low efficiency and high pollution, and established the power plants with high efficiency and low pollution. With the increase in the installed capacity of power sources and the addition of clean energy such as wind power and solar energy, the emission reduction effect of the power generation side has been significantly improved, and the green level of the power grid has also increased. The calculation formula of carbon dioxide emission per unit electric quantity of power plant is as follows.

φ is used to represent the unit carbon dioxide emission of power plant, and the calculation formula is as follows:


φ=∑i=1nφi/Q
(2)

where, φi represents the carbon dioxide emission of the i power plant on the power generation side; n represents the total number of power plants on the power generation side; Q is the total output of all the power plants.

(3) Consumption reduction effect

The consumption reduction effect refers to the average power consumption rate of the power plant and the average standard coal consumption of the generator set. The average power consumption rate of power plants is defined as the ratio of power consumption to power generation per unit time. This index can reflect the energy use efficiency of power plants. The lower the average power consumption rate, the higher the energy use efficiency of power plants and the higher the degree of green development. The average standard coal consumption of generator sets mainly reflects the technological progress of the power generation side. The lower the average standard coal consumption, the higher the green development degree. The formula for calculating the average power consumption rate of a power plant is as follows.

The average utility rate of power plant is denoted by λ, and the calculation formula is as follows:


λ=∑i=1nλi/n,λi=(Pi−Ui)/Pi
(3)

In the formula, λi represents the power consumption rate of the power plant i. n represents the total number of power plants. Pi represents the amount of electricity generated by plant i. Ui represents the on-grid capacity of the i power plant.

2.1.2 Transmission and Distribution Side Indicators

Transmission and distribution side is mainly to reduce the loss and improve the clean energy grid to achieve green development. The electricity from power plants is supplied to users through transmission and distribution. In this process, there will be a lot of losses. Therefore, the quality of power lines should be improved, while meeting the requirements for various clean energy to be connected to the power grid, so as to promote the online utilization of green energy. In this stage, six three-level indexes are selected from two aspects of energy structure and line loss management.

(1) Energy structure

Energy structure refers to the utilization of clean energy on the transmission and distribution side. The green development level of the transmission and distribution side is evaluated by studying clean energy online power, clean energy transmission power and energy consumption per unit of GDP. The proportion of clean energy online electricity refers to the proportion of clean energy online electricity in all online electricity, which reflects the dispatching scale of clean energy online electricity in the power grid dispatching center. The higher the proportion is, the more pollution-free clean energy is used in the transmission and distribution side, and the higher the green development level is. The proportion of electricity transmitted by clean energy reflects the power quality of clean energy. The price comparison of clean energy is complicated in dispatching and management, which is likely to cause the problem of abandoning wind and light. Therefore, the higher the proportion of electricity transmitted by clean energy means the higher the power quality and the higher the level of green development. The calculation formula for the proportion of clean energy online electricity is as follows.

γ is used to represent the proportion of clean energy online electricity, and the calculation formula is as follows:


γ=∑i=1nVi/V
(4)

In the formula, Vi represents the on-grid electricity of Class i clean energy and n represents the type of new energy. V represents the total online power of the grid.

(2) Line loss management

Line loss management refers to the loss of electric energy in each link in the transmission and distribution process due to various reasons, mainly including wire heating, electrical equipment damage, etc., these losses are also the main reasons leading to the loss of electric energy. Transmission line loss rate and distribution line loss rate are mainly reflected in the technological development level of transmission and distribution side for reducing network loss. The lower the transmission and distribution loss of the power grid, the more advanced the loss reduction technology in UHV and DC transmission, and the higher the green development level of the power grid. The comprehensive energy saving power quantity is embodied in the principle of energy saving and economy in the transmission and distribution process, which can reduce energy consumption and pollutant discharge to the maximum extent. The higher the comprehensive energy saving power quantity is, the better the green development level will be. The calculation formula of transmission and distribution line loss rate is as follows.

The loss rate of transmission and distribution line is represented by η, and the calculation formula is as follows:


η=Qa−QbQa
(5)

In the formula, Qa represents the total on-grid electricity of the power grid. Qb is the total electricity sold by the grid.

2.1.3 Electricity Sales Side Index

The management of the sales side is aimed at different users, and policies are adopted to encourage users to reduce the power consumption during peak hours. In order to reduce the power loss and increase the load rate, the power consumption in the low valley should be increased and the power consumption mode should be optimized. At the same time, it can reduce the power consumption pressure and power supply cost in peak period, so as to save resources and promote the green development level of power grid.

(1) Green consumption by large industrial users

For large industrial users, the promotion of green development on the electricity sales side is mainly achieved by reducing pollutant emissions and improving energy utilization efficiency. Industrial pollution is one of the main sources of environmental pollution. The main pollutants include industrial wastewater, nitrogen oxides, general industrial solid wastes and soot, etc. Therefore, the sewage treatment rate, the production of industrial solid wastes and the comprehensive emission reduction are selected to evaluate the green consumption level of large industrial users.

(2) Green consumption of general industrial and commercial users

For the general industrial and commercial users, the promotion of the green development of the electricity selling side is mainly reflected in the way of using electricity. With the popularization of the concept of smart electricity, the application of smart electricity and intelligent electrical equipment has played a role in peak shaving and energy saving. Selecting the controllable load ratio of smart electricity to reflect the intelligent regulation and management of multi-energy collaborative energy supply optimization is conducive to improving the utilization efficiency of clean energy. The comprehensive energy consumption per unit product refers to the ratio of the comprehensive energy consumption per unit of energy used to produce a certain product or provide a certain service to the output of the product in the same period during the evaluation period. The comprehensive energy consumption per unit product can directly reflect the energy saving and emission reduction effect of general industrial and commercial users.

(3) Green consumption of resident users

For residential users, it is mainly to guide residents' electricity consumption habits by guiding users to change their electricity consumption patterns and adjust residents' peak and valley electricity prices to reduce electricity consumption. Electric vehicles can save energy and reduce emissions in transportation by "substituting electricity for oil", which is conducive to reducing environmental pollution and increasing clean energy consumption from the consumption side. The higher the clean power consumption rate of electric vehicles, the higher the green development level of electricity selling side. The implementation of clean energy substitution can optimize the energy structure, control the total coal consumption and reduce air pollution. Therefore, the electric heating substitution rate is selected to reflect the green consumption of household electricity. The promotion of smart home is the embodiment of smart power consumption in residents' life, and the smart home load rate reflects the ratio of smart home power consumption to civilian power consumption. The higher the ratio, the higher the controllable load factor of residents’ lives, the stronger the ability of demand-side management to regulate, and the stronger the ability of residents to participate in demand-side response and consume clean energy.

2.2 Construct the Evaluation Index System

On the power generation side, the optimization of energy structure, energy conservation, emission reduction and loss reduction are mainly considered. In terms of power transmission and distribution side, green supply is mainly considered, and indicators are established from the aspects of main network and distribution network in the park. On the electricity selling side, green consumption analysis is mainly carried out from different users' perspectives. In this paper, three indicators of the generation side, transmission and distribution side and electricity sales side are taken as the second-level evaluation factors, and 21 third-level evaluation indicators are set to comprehensively evaluate the green development level of distribution network. The stratification results of the evaluation index for the green development level of electric energy in the specific distribution network are shown in Fig. 1.

2.3 Standardized Treatment of Indicators

In the evaluation of the green level of electric energy in the distribution network, the indexes selected at each stage are complex and diverse, and there is the problem of non-uniform goals, so it is necessary to standardize the indexes. Among the influencing factors of the green development level of electric power in the distribution network, the proportion of clean energy power generation, the proportion of clean energy on-grid power, and the clean power consumption rate of electric vehicles need to be as large as possible. The value of indicators such as unit carbon dioxide emissions of power plants, comprehensive energy consumption per unit product, and transmission line loss rate needs to be as small as possible. The average power consumption rate of power plants and controllable load ratio of smart power use are intermediate indicators, so the indicators need to be standardized.

(1) Positive indicators

For positive indicators, first determine a lower limit xmin based on the actual historical data of each indicator, that is, the historical minimum. Then, in a foreseeable period of time in the future, a maximum expected to be determined as the upper limit xmax, namely the historical maximum. The index standardization formula is as follows:


y=x−xminxmax−xmin
(6)

(2) Reverse indicators

For reverse indicators, first determine an upper limit xmax based on the actual historical data of each indicator, that is, the historical maximum value. Then, a minimum value that is expected to be reached over a period of time in the future is identified as the lower limit xmin. The index standardization formula is as follows:


y=xmax−xxmax−xmin
(7)

(3) Intermediate indicators

For intermediate indicators, the indicators need to be close to a critical value. First, upper limit xmax and lower limit xmin are determined according to the actual historical data of each indicator. Then, over the foreseeable future, determine a moderate value to be desired xmid. For moderate indicators, the indicators are first converted into reverse indicators according to Eq. (8), and then treated as reverse indicators.


x′=|x−xmid|
(8)
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Figure 1: Evaluation index system of green development level of electric energy in distribution network

3  Entropy Weight—Analytic Hierarchy Process Weighting

Since the weight of evaluation index affects the evaluation result of green development level of distribution network, this paper proposes the combined weight method of analytic hierarchy process and entropy weight method. The advantages of subjective weight and objective weight are effectively taken into account, and the subjective and objective grouping method avoids the influence of personal preference on the evaluation results and compensates for the problem of low data quality.

3.1 AHP Weight

AHP is a powerful tool for analyzing the complex large system with multiple objectives, multiple factors and multiple criteria. At present, it has been widely used in project risk assessment, enterprise management assessment and other aspects. The specific weighting steps are as follows:

(1) Establish the index hierarchy

The index hierarchy designed in this paper is the target layer, the criterion layer, the state layer and the bottom layer, namely: the target layer is the evaluation index system of the green development level of electric energy in the distribution network, and the criterion layer is the generation side, transmission and distribution side and electricity sales side, the secondary indicators are power access capacity, emission reduction effect, consumption reduction effect, energy structure, line loss management, green consumption of large industrial users, general industrial and commercial users, and residential users, the third-level indicator is the proportion of electricity generated by clean energy, the proportion of new energy generation capacity, power supply structure ratio, carbon dioxide emission reduction per unit capacity of power plant, sulfur dioxide emission reduction per unit electric quantity of power plant, average power consumption rate of power plants, average standard coal consumption of generator set, clean energy grid, clean energy to deliver electricity, energy consumption per unit of GDP, transmission line loss rate, distribution line loss rate, comprehensive energy saving electricity quantity, sewage treatment rate, industrial solid waste production, comprehensive emission reduction, controllable load ratio of smart power consumption, comprehensive energy consumption per unit product, clean electricity consumption rate of electric vehicles, electric heating lift replacement rate, and smart home load rate.

(2) Construct judgment matrix

The judgment matrix is further constructed for pairwise comparison of elements at the same level or in the same group. Assume that the upper element is Ak and the lower element is B1, B2 and Bn. The judgment matrix is shown in Table 1, and the proportional scale of importance is shown in Table 2.

[image: images]

The matrix satisfies three conditions: (1) bij>0 i=1,2…n j=1,2…n; (2) bii=1 i=1,2…n; (3) bij=1/bji i=1,2…n; j=1,2…n.
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(3) Determine index weight

After the judgment matrix is further constructed, the index weight shall be determined. The determination method of the index weight is as follows:

•   Each column of the judgment matrix is normalized, namely: aij=bij/∑i=1nbij;

•   Add the matrix processed in the first step according to the row, namely: Wi=∑j=1naij;

•   The matrix processed in the second step is normalized, namely: W¯=Wi/∑i=1nWi, W=(W1¯,W2¯,…,Wn¯) is the eigenvector of the matrix in question;

•   Finally, find the maximum eigenvalue of the matrix, namely: λmax=1p∑i=1pAwi¯w¯i.

(4) Consistency check

To further judge the consistency effect of the matrix, when the consistency deviation degree is too large, it will affect the credibility of the weight, so consistency test is needed.

•   Consistency index C.I. calculation is obtained. Its calculation formula is as follows:


C.I.=λmax−nn−1
(9)

C.I. represents the degree of consistency. The smaller the judgment matrix is, the more satisfactory the consistency is. The larger the judgment matrix is, the worse the consistency is C.I. = 0, which is completely consistent.

•   Calculate the mean random consistency index R.I.

The value of R.I. is based on the order of the judgment matrix.


R.I.=λmax′−nn−1
(10)

•   Calculate consistency ratio C.R.


C.R.=C.I.R.I.
(11)

If the random consistency ratio C.R.<0.1, it indicates that it conforms to the consistency test. Otherwise, the judgment matrix is modified and re-assigned according to the importance until the above consistency test is passed.

(5) Calculate the relative weighted weight of each layer index

The relative weight of each layer is calculated to get the weight of the evaluation index of green development level of each layer relative to the target layer.

3.2 Entropy Weight Method Weight

Entropy weight method is a subjective weighting method, which mainly reflects the relationship between indexes and evaluation system through information entropy. The magnitude of information entropy is related to the degree of index change. The smaller the degree of index change, the smaller the information entropy and the smaller the weight, indicating that the information provided by this index is smaller.

(1) The proportion Dji of the j valuation object in the i index is calculated, as shown in Eq. (12):


Dji=xji∑j=1nxji
(12)

where: xji is the original data value of the i index of the evaluation object j.

(2) The information entropy of the i index is calculated, as shown in Eq. (13):


ei=−k∑j=1nDjiIn(Dji)
(13)

where: ei is the information entropy of the i index, k = 1Inn > 0, so it satisfies ei > 0.

Finally, the entropy weight si of the i index is calculated, as shown in Eq. (14):


si=1−ei∑i=1m1−ei
(14)

3.3 Entropy Weight Method—AHP Comprehensive Weight

The combined weighting method of AHP and entropy weighting method combines the subjective flexibility of AHP and the objectivity of entropy weighting method, reduces the possible errors of single weighting method, and makes the weighting result more reasonable. The steps of the subjective and objective combination weighting method based on AHP and entropy weighting method are as follows.

Assuming that the subjective weight of the i index is ci1 and the objective weight of the i index is ci2 the comprehensive weight of the i index is:


ci=αci1+βci2i=1,2,…n
(15)

where: α and β are the subjective and objective weight coefficients respectively, α⋅β≥0; α+β=1; 0≤α≤1, 0≤β≤1.

The subjective weight ci1 obtained by AHP and the objective weight ci2 obtained by entropy weight method were optimized by linear weighting, and the optimal combination coefficient was solved to obtain the combination weight ci which took into account the advantages of subjective weight and objective weight.

In order to obtain the optimal weight ci, the consistent level of subjective and objective weighted attribute values are assumed as shown in Eq. (16).


Fj=∑i=1m(αci1xij+βci2xij)2
(16)

where: αci1xij is the subjective weighted attribute value, βci2xij is the objective weighted attribute value.

In order to minimize the consistent level of subjective and objective weighted attribute values, the linear weighting method was used to establish the optimization model.


minF=min∑j=1nFj=∑j=1n∑i=1m(α∑ci1xij+βci2xij)2
(17)

Lagrange multiplication is used to solve the binary optimization model of weight coefficient α and β, the weight coefficient of the index is solved and substituted into Eq. (17), so as to obtain the combined weight ci.

4  Construction of Multi-Level Fuzzy Comprehensive Evaluation Model for Green Development Level of Power Distribution Network

The evaluation index of green development of electric energy in distribution network involves both qualitative index and quantitative index. In order to quantify the qualitative index, the fuzzy comprehensive evaluation method is adopted for evaluation. The functions and advantages of multi-level fuzzy comprehensive evaluation model in distribution network green evaluation are as follows. When the multi-level fuzzy comprehensive evaluation evaluates the evaluation object, it firstly classifies the influencing factors and constructs the index system from different dimensions, which can make the evaluation more comprehensive. At the same time, in the process of evaluation, the first-level comprehensive evaluation is carried out first, and then the second-level comprehensive evaluation results are carried out, so that the evaluation results are more accurate. In the multi-level fuzzy comprehensive evaluation of the green development level of power distribution network, the influencing factors are firstly classified and the index system is constructed from three dimensions. The establishment of the two-level fuzzy comprehensive evaluation model is conducive to accurate evaluation from three different aspects, so as to obtain the green development level of electric energy of distribution networks in each region.

Since the evaluation index system has three levels of evaluation index, the first level index and the third level index are respectively used for the two-level comprehensive evaluation. The specific steps are as follows.

4.1 First-Level Comprehensive Evaluation Model

(1) Establish factor set, evaluation set and weight set

Based on the established evaluation index system of green development of power grid, {u1,u2,⋯um} is selected as the set of factors and the factors are classified according to the index attributes: {ui1ui2⋯uimi}, where i = 1,2…p, the classification shall meet the following conditions:


m1+m2+…mp=mU1∪U2∪⋯∪Up=U(∀i,j)(i≠j,Ui∩Uj=∅)
(18)

Then, the evaluation set is established. The evaluation set is constructed according to the evaluation grade V={v1,v2,⋯vt}.

Finally, the weight set is established. According to the analytic hierarchy process modified by entropy weight method, the weight of class i index Ui is ai , i=(1,2,⋯t), then the weight set of each category is A=(a1,a2,⋯at). The weight of the j index in class i is aij ,then the weight set of factors isAi=(ai1,ai2,⋯aini), i=(1,2,⋯t).

(2) Construct fuzzy evaluation matrix of single factor evaluation

The required data of F-matrix needs to be in the interval of [0,1], so the data should be de-dimensioned and normalized. It has been processed when the data is weighted, and the F-matrix can be obtained as follows:

Pij=[ pi1(j1)pi1(j2)⋯pi1(jnj)pi2(j1)pi2(j2)⋯pi2(jnj)⋮⋮⋮⋮pini(j1)pini(j2)⋯pini(jnj) ]
(19)

(3) One level comprehensive evaluation

For multilevel fuzzy comprehensive evaluation, according to the index weight set Ai between class i and the above fuzzy evaluation matrix, the F comprehensive evaluation matrix Bi of class i factors can be obtained as follows:


Bi=Ai∘Ri=(ai1,ai2,…aini)∘[r11(i)r12(i)⋯r1s(i)r21(i)r21(i)⋯r2s(i)⋮⋮⋮⋮rni1(i)rni1(i)⋯rnis(i)]=(bi1,bi2,⋯,bis)
(20)

4.2 Secondary Comprehensive Evaluation Model

The F-matrix of the second level comprehensive evaluation can be obtained from the above S-level F comprehensive evaluation matrix, as shown below:


R=[B1B2⋮Bt]=[A1∘R1A2∘R2⋮At∘Rt]=[b11b12⋯b1sb21b22⋯b2s⋮⋮⋮⋮bt1bt2⋯bts]
(21)

After the first level comprehensive evaluation, the result is taken as a factor for the second level comprehensive evaluation. According to the weight set B of the Class i index and the fuzzy evaluation matrix of the two-level comprehensive evaluation, the two-level comprehensive evaluation matrix C can be obtained, as shown in Eq. (22).


C=A∘R=(a1,a2,…at)∘[b11b12⋯b1sb21b22⋯b2s⋮⋮⋮⋮bt1bt2⋯bts]=(c1,c2,…cs)
(22)

4.3 Comprehensive Evaluation Result Analysis

Finally, it is necessary to normalize the evaluation results so as to better analyze the evaluation results.


C′=(c′1,c′2,…c′s)=1∑j=1scj(c1,c2,…cs)
(23)


max{c′j}=max{c1′c2′⋯cs′}
(24)

The final evaluation result is C′, c′j is the percentage of the evaluation object belonging to the j evaluation, according to the principle of maximum membership, max{c′j} is the final evaluation result of the evaluation object.

4.4 The Concrete Calculation Steps of Comprehensive Evaluation

Based on the above calculation steps, from the perspective of sustainable development, Fig. 2 shows the specific process of evaluating the green development level of electric energy in the distribution network.
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Figure 2: Evaluation steps of power green development level of distribution network

5  Empirical Analysis

In order to verify the validity of the model, this paper selects the green power level data of distribution network in 5 regions for empirical research. The main design idea of the case is to first select 5 typical areas, collect relevant data through the combination of field survey and data access, and then conduct standardized processing on the data. After standardized treatment, the evaluation indexes were given weight according to the combination of entropy weight method and analytic hierarchy process. Then, according to the steps of multi-level fuzzy comprehensive evaluation, the factor set, evaluation set and fuzzy evaluation matrix are established. Finally, the first and second level comprehensive evaluation are carried out to get the results.

5.1 Basic Data

In the evaluation index system constructed, the indexes of each layer are numbered. The indexes number of the criterion layer are A, B, C, D, E, F, G, H, I, and the corresponding indexes number of the criterion layer are A1,A2,A3; B1,B2; C1,C2…, etc. Firstly, the raw data of the index is preprocessed, and the combined method of AHP and entropy weight method are used to weight the evaluation index system. At the same time, the original data of evaluation index of green development level of power grid are obtained by combining field investigation and data access, and standardized according to Eqs. (6)–(8). The standardized processing results of the original data are shown in Appendix A.

After standardizing the evaluation index of power grid development level, it is weighted according to entropy weight method and analytic hierarchy process. The weighting results of specific indexes are shown in Tables 3 and 4.

5.2 Index Comprehensive Evaluation Result and Analysis

(1) Establish factor set, evaluation set and index set

Take the selected Region 1 as an example, and its three first-level indicators constitute the factor set U={u1u2u3}={Generation side, transmission and distribution side, sales side}. Then divide the factor set into three categories according to the index, u1={u11u12u13u14u15u16u17}= {the proportion of clean energy generating capacity, the proportion of new energy generating capacity, the ratio of power supply structure, carbon dioxide emission reduction per unit power generation, sulfur dioxide emission reduction per unit power generation, average power consumption rate of power generation plant, average standard coal consumption of generator set}; u2={u21u22u23u24u25u26}= {the proportion of electricity generated from clean energy sources, the proportion of electricity transmitted from clean energy sources, energy consumption per unit of GDP, transmission line loss rate, distribution line loss rate, comprehensive energy-saving electricity}; u3={u31u32u33u34u35u36u37u38} = {sewage treatment rate, industrial solid waste, comprehensive emission reduction, controllable load ratio of smart power consumption, comprehensive energy consumption per unit product, clean power consumption rate of electric vehicles, replacement rate of electric heating, load rate of smart home}.
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The evaluation set is established, and the evaluation set of green development level of electric energy in distribution network is V={v1v2v3v4v5}= {excellent, good, medium, poor, very poor}.

The weight set is established. It can be seen from Table 4 that the weight set of first-level indicators is B = (0.648, 0.230, 0.122).The weight set of the three-level index is B1 = (0.1078, 0.1069, 0.0832, 0.0317, 0.0356, 0.0310, 0.0571), B2 = (0.0830, 0.0735, 0.0461, 0.0374, 0.0388, 0.0345), B3 = (0.0240, 0.0243, 0.0388, 0.0248, 0.0234, 0.0376, 0.0363, 0.0241).

(2) Single factor evaluation F-matrix

27 experts in the power system were selected to evaluate and score the above 21 indicators. After fuzzy processing, the evaluation fuzzy matrix of single-factor u1u2u3 is formed from Eqs. (25)–(27) as follows:


R1=[0.34440.29630.16110.14830.04990.37040.20550.25930.02930.13550.20590.25930.18520.14810.20150.22370.30190.25930.07330.14180.25930.29220.20430.20720.03700.18520.23440.30150.07410.20480.29060.20310.18940.20550.1114]
(25)


R2=[0.30250.10560.23240.18030.17920.40150.34270.23170.024100.25930.29630.22220.18520.03700.29630.18520.10560.17690.23600.15310.27230.28390.28560.00510.09760.14290.31110.27600.1733]
(26)


R3=[0.13960.21590.25950.26720.11780.21030.18070.26070.23000.11830.17560.25360.29860.15370.11860.07960.15490.28320.21900.26330.18760.21190.32780.19320.07950.01590.13400.46560.24890.13560.07990.21980.31960.26420.11650.17330.11500.43240.13400.1453]
(27)

(3) First level comprehensive evaluation

According to the index weight sets B1B2B3 between Categories 1, 2 and 3 and the f-matrix above, the F comprehensive evaluation model M(∙,+) is adopted, and the vector C1 C2 C3 of the F comprehensive evaluation results of factors of categories 1, 2 and 3 can be obtained as shown in Eqs. (28)–(30):


C1=(0.29240.25220.21210.12170.1216)
(28)


C2=(0.27750.22350.23060.16750.1009)
(29)


C3=(0.12560.18860.33590.21470.1352)
(30)

(4) Secondary comprehensive evaluation

According to the results of the first-level comprehensive evaluation, F-matrix of the second-level comprehensive evaluation can be obtained as shown in Eq. (31) below:


R=[0.29240.25220.21210.12170.12160.27750.22350.23060.16750.10090.12560.18860.33590.21470.1352]
(31)

Then, according to the weight set B of the second-level comprehensive evaluation, F comprehensive evaluation model M(∙,+) is adopted, and the second-level comprehensive evaluation result vector is shown as follows (Eq. (32)):


C=(0.23150.23780.26860.14360.1185)
(32)

Suppose the evaluation set V={v1v2v3v4v5}={10080604020}, then, the above second-level evaluation result vector can be converted into the specific score value. The specific score of each first-level index is B1 = 69.44, B2 = 68.18, B3 = 59.09, B = 66.41. Similarly, the comprehensive scores of the other four regions 1, 2, 3 and 4 can be obtained as shown in Table 5.

[image: images]

As can be seen from the evaluation result table, the evaluation result of Region 3 is the best, rated as “excellent” Region 4 is the general level, and Regions 1, 2 and 5 are all medium level. Due to various reasons, the green development level of distribution network in each region is uneven. In order to better compare the advantages and disadvantages of each region in specific links, the levels of each stage are also converted into the number of components, which can be more intuitively reflected, as shown in Table 6 and Fig. 3 below.
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Table 6 shows the number of grade conversion components of each region in a specific link, which can more directly see the difference between the advantages and disadvantages of each region in each stage. As can be seen from Table 6, Zone 1 has a low score in all stages, especially in the stage of electricity sale. Region 2 has a higher score in the transmission and distribution stage, but a lower score in the generation and sale stage. The overall level of green development in Region 3 is relatively high, while the stage of power transmission and distribution is slightly lower. The green development of regional 4 power distribution network is at a medium level. Area 5 has a low score in the electricity sale stage and should be improved. Related changes have been marked in yellow in the article.
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Figure 3: Evaluation results of various indicators

(5) Analysis of evaluation results

The evaluation results obtained by the multilevel fuzzy comprehensive evaluation method can be analyzed in detail by combining with the corresponding charts:

(1) Overall level

From the overall level, the green development level of electric energy in distribution networks in different regions is uneven. Five typical regions were selected as the evaluation objects in this paper, and the evaluation results showed that the green development level of electric energy in Region 3 distribution network was the highest, the overall evaluation level was excellent, and it was better than other regions in many aspects, and the overall score was also high. The development level of green electric energy in Regions 1, 2 and 5 distribution networks is the same, the grade is medium, and the score does not differ much, so it needs to be improved as a whole. On the basis of ensuring safety and reliability, these regions need to improve and enhance the power supply composition at the source side, power construction, power grid operation and terminal power consumption, adopt energy-saving and environmental protection measures and reduce energy consumption to improve energy utilization rate and realize green development.

(2) Sub-index level

From the perspective of first-level indicators, the power generation side has the largest weight, indicating that improving installed capacity of clean energy and power generation capacity on the source side is crucial to promoting the green development level of distribution network. From the power generation side, the score of Region 3 is the highest and that of Region 2 is the lowest among the five regions, which is consistent with the overall evaluation result. Therefore, in order to improve the overall level of development, attention should be paid to the power generation side, optimize the power supply structure, improve the clean technology of electric energy production, and reduce the emission of carbon dioxide. From the perspective of power transmission and distribution side, the score of Region 5 is the highest, Region 4 is equivalent to Region 5, and the other three regions are relatively low. These areas should pay attention to the promotion in the transmission and distribution side, in the construction of power transmission and transformation projects to reduce pollution, improve the clean energy access rate, optimize the distribution of power grid, improve the quality of the line to reduce line loss, promote the full use of green energy. From the point of view of the electricity sales side, the score of Region 3 is the highest, while the scores of Regions 1, 2 and 5 are relatively low. These areas should make improvements for different users, pay attention to optimize the way of electricity use and guide smart electricity use, so as to save energy and protect the environment.

(3) Related suggestions

According to the result of the comprehensive evaluation, for Zone 1, the score in the electricity sale stage is low, so different measures should be taken for the power users. Policies can be adopted to guide the users to use electricity, improve the efficiency of electricity consumption, improve the way of electricity consumption for users, and reduce the cost of power supply. For Zone 2, which also has a low score in the electricity sales stage, measures should be taken for industrial users to mainly reduce energy consumption, and green lighting projects should be implemented. Meanwhile, cooperation should be carried out with energy saving service companies to improve electricity efficiency. For residential users, smart power consumption should be encouraged, power consumption habits should be improved, and load curves should be smoothed to reduce power supply costs. For Area 3, the score is low in the stage of transmission and distribution, so attention should be paid to lifting on the transmission and distribution side. During the construction of power transmission and transformation projects, we should reduce pollution, improve the access rate of clean energy, optimize the grid layout, improve the quality of lines and reduce line losses, so as to promote the full utilization of green energy. For Region 4 and Region 5, the scores in the generation stage and the electricity sale stage are both low. Firstly, the power structure at the source side should be improved. Secondly, measures should be taken for different users to improve the power consumption mode, reduce energy consumption and improve electricity efficiency.

5.3 Comparative Analysis of Different Methods

In order to further verify the flexibility and practicability of the multilevel fuzzy analytic hierarchy process (MFAHP), the author uses the basic fuzzy analytic hierarchy process (FAHP) to evaluate the power green development level of the distribution network in five regions according to the same information set. The comprehensive evaluation results are shown in Table 7.
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Table 7 shows the comprehensive evaluation results of the green development level of power distribution networks in five regions under the two methods. Overall, the evaluation results were similar. However, the evaluation results obtained by the basic fuzzy analytic hierarchy process score relatively high, and the evaluation results of the basic fuzzy analytic hierarchy process obviously do not show the weak links in the green development of power distribution networks in each region. In addition, because FAHP only uses the analytic hierarchy process to assign weights, the weight values are directly given by experience. This does not take into account the uncertainty of the judgment of peer experts. Therefore, the actual change of some index values is easily inconsistent with the expert experience, leading to the flood of key information. The evaluation results can be concluded as follows:

(1) Under the two evaluation methods, the evaluation score of Region 3 is the highest, indicating that the green development level of the distribution network in Region 3 is relatively high on the whole.

(2) In terms of the evaluation of Region 5 and Region 1, the two methods have different results, which may lead to inconsistencies in the results due to subjective problems in the basic fuzzy analytic hierarchy process.

6  Conclusion

In recent years, with the continuous development of green power grid, China has paid more and more attention to the green development of electric energy in power distribution network. This paper mainly carries out evaluation and empirical research on the current green development level of electric energy in power distribution network, and draws the following conclusions through analysis:

(1) This paper summarizes the basic theory of green power grid, analyzes the current situation of the green development of electric energy in distribution network in China, and summarizes the current research status of the green development and comprehensive evaluation method theory of power grid at home and abroad. On this basis, the research framework of this paper is constructed and relevant innovation points are proposed.

(2) A complete set of index evaluation system is constructed from the generation side, transmission and distribution side and electricity sales side, and 21 evaluation indexes of green development are determined. Based on multi-level fuzzy comprehensive evaluation and analytic hierarchy process, the evaluation model of green development of electric energy in distribution network is proposed to comprehensively evaluate the green development level of electric energy in each stage of distribution network.

(3) Combined with the index system and evaluation model established in this paper, and based on the relevant data collected, the distribution networks in 5 regions were selected for empirical analysis to compare the differences between green development in each region. The results show that the green development level of electric energy in the distribution network of Region 3 is the highest, and the rating evaluation is excellent. The shortcomings and future development direction of other regions are found out, and the feasibility of the multi-stage fuzzy evaluation model is further verified. The evaluation results are helpful to comprehensively improve the green development level of electric energy in distribution networks and promote resource conservation and environmental protection.
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Table 3: Weighting results of target and criterion level indicators

Target level indicators Weight Criterion level index Weight
Power generation side 0.648 Power access capability 0.333
Emission reductions 0.135
Consumption effect 0.114
Transmission and distribution 0.230 Energy structure 0.215
side
Line loss management 0.075
Electricity sales side 0.122 Green consumption by large 0.053
industrial users
General industrial and 0.042
commercial users’ green
consumption
Residents green consumption 0.034
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Table Al: Results of data standardization processing

The index name Area 1 Area 2 Area 3 Area 4 Area 5
The proportion of electricity 0.000 0.260 0.661 0.516 1.000
generated by clean energy

The proportion of new energy 0.000 0.346 0.272 0.505 1.000
generating capacity

Power supply structure ratio 1.000 0.597 0.372 0.917 0.000
Carbon dioxide emission reduction 1.000 0.622 0.378 0.919 0.000
per unit of electricity generated by

power plants

Sulfur dioxide emission reduction 1.000 0.682 0.000 0.182 0.864
per unit capacity of power plant

Average power consumption rate of 1.000 0.712 0.633 0.309 0.000
power plants

Average standard coal consumption 1.000 0.833 0.000 0.278 0.667
of generator sets

The percentage of electricity 0.222 0.000 0.278 0.611 1.000
generated from clean energy sources

Proportion of electricity delivered by 0.542 0.000 0.137 0.641 1.000
clean energy

Energy consumption per unit of 0.492 1.000 0.000 0.293 0.950
GDP

Transmission line loss rate 0.000 0.387 0.718 1.000 0.732
Distribution line loss rate 0.000 0.301 0.818 1.000 0.839
Integrated energy saving electricity 0.000 0.546 0.713 1.000 0.213
quantity

Sewage treatment rate 1.000 0.898 0.732 0.000 0.642
Industrial solid waste 0.000 0.563 0.713 1.000 0.842
Integrated emission reduction 0.000 0.304 0.130 1.000 0.406
Controllable load ratio of smart 0.000 1.000 0.422 0.824 0.642
power consumption

Comprehensive energy consumption 0.000 0.928 0.694 0.638 1.000
per unit product

Clean electricity usage rate of 1.000 0.740 0.000 0.337 0.598
electric vehicles

Electrical heating replacement rate 0.099 1.000 0.356 0.000 0.519
Smart home load rate 0.507 0.820 0.627 1.000 0.000
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Table 6: Evaluation results of various indicators

Area Power generation side Transmission and distribution side Electricity sales side
Area 1 69.44 68.18 59.09
Area 2 63.35 74.32 57.43
Area 3 84.13 75.88 83.15
Area 4 74.05 85.82 72.13
Area 5 69.61 84.13 58.37
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Table 4: Weighting results of decision-making indicators

Decision-making indicators Entropy Analytic Comprehensive
weight hierarchy weight
method process

weight

The proportion of electricity generated 0.0484 0.1474 0.1078

by clean energy

The proportion of new energy 0.0531 0.1427 0.1069

generating capacity

Power supply structure ratio 0.0431 0.1099 0.0832

Carbon dioxide emission reduction per 0.0426 0.0244 0.0317

unit of electricity generated by power

plants

Sulfur dioxide emission reduction per 0.0525 0.0244 0.0356

unit capacity of power plant

Average power consumption rate of 0.0444 0.0220 0.0310

power plants

Average standard coal consumption of 0.0461 0.0645 0.0571

generator sets

The percentage of electricity generated 0.0589 0.0991 0.0830

from clean energy sources

Proportion of electricity delivered by 0.0576 0.0841 0.0735

clean energy

Energy consumption per unit of GDP 0.0490 0.0442 0.0461

Transmission line loss rate 0.0409 0.0350 0.0374

Distribution line loss rate 0.0446 0.0350 0.0388

Integrated energy saving electricity 0.0510 0.0235 0.0345

quantity

Sewage treatment rate 0.0356 0.0163 0.0240

Industrial solid waste 0.0367 0.0160 0.0243

Integrated emission reduction 0.0689 0.0187 0.0388

Controllable load ratio of smart power 0.0404 0.0144 0.0248

consumption

Comprehensive energy consumption per 0.0361 0.0150 0.0234

unit product

Clean electricity usage rate of electric 0.0435 0.0337 0.0376

vehicles

Electrical heating replacement rate 0.0682 0.0150 0.0363

Smart home load rate 0.0383 0.0147 0.0241
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Table 7: Comprehensive evaluation value of different evaluation methods

Area Comprehensive evaluation score Sorting result
FAHP MFAHP

Area 1 74.53 66.41 3

Area 2 68.12 64.93 5

Area 3 84.34 80.73 1

Area 4 80.54 75.43 2

Area 5 72.33 68.29 4
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Table 2: Proportional scale ot importance

Scale Meaning

Equally important
Slightly important
Obviously important
Very obviously important
Extremely important
,4,6,8 The middle value of two adjacent judgments
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Table S: Evaluation results of green power level of 5 regional distribution networks

Area Comprehensive evaluation results Grade of evaluation Score
Area 1 [0.2686,0.2378,0.2315,0.1436,0.1185] Medium 66.41
Area 2 [0.1253,0.2363,0.4171,0.2021,0.0192] Medium 64.93
Area 3 [0.4103,0.2915,0.2344,0.0521,0.0117] Excellent 80.73
Area 4 [0.2348,0.4071,0.2744,0.0622,0.0215] General 75.43

Area 5 [0.2435,0.1886,0.3343,0.2063,0.0273] Medium 68.29
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