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Abstract:



Reasonable distribution network planning is an essential prerequisite of the economics and security of the future power grid. The comprehensive benefit evaluation of a distribution network planning project can make significant contributions towards guiding decisions during the planning scheme, the optimization of the distribution network structure, and the rational use of resources. In this paper, in light of the characteristics of the power distribution network, the comprehensive benefit evaluation index system is constructed considering the influencing factors of technical benefit, economic benefit, and social benefit. To eliminate the influence of subjective factors on the evaluation effects and the uncertainty of the influencing factors effectively, the improved interval analytic hierarchy process is employed to calculate the index weights more simply. Moreover, based on the traditional single-factor extension evaluation, this study proposes a multi-level extension assessment model to evaluate the comprehensive benefit of the power distribution network planning project. The model can not only identify the key factors that affect the evaluation effect of the power distribution network planning project, but also can predict the overall development trend of the project. Finally, using a specific urban distribution network planning project as an example, the findings indicate that the comprehensive benefit grade of this power distribution network planning project is “better” due to the benefit grade variable eigenvalue [image: there is no content], and illustrates that the model is credible and practical to achieve the comprehensive benefit evaluation of the power distribution network planning project.
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1. Introduction


With the rapid expansion of cities in China, the formation of overall planning schemes seems an inevitable trend of urban development. As an indispensable part of urban planning, the status of urban distribution network planning has been significantly enhanced. In the past few years, the transformation and planning of urban distribution network projects have been carried out. However, there are still some urgent problems to be solved in the planning of the power distribution network. For instance, how can we reasonably evaluate the planning results of an urban distribution network? How can we analyze the comprehensive benefit of urban distribution network planning quantitatively? The traditional assessment of an urban distribution network planning project has been mainly the individual evaluations, including reliability [1,2,3,4,5,6], safety [7], power quality [8], risk [9], and efficiency [10]. These studies tend to evaluate the technical level of the power distribution network from different aspects with little attention to the comprehensive benefit assessment of the distribution network planning project. Very little literature refers to the benefit evaluation. For instance, Cheumchit [11] evaluated the benefit of comprehensive planning of the high and medium voltage distribution network. Borchard [12] assessed the benefit of voltage comprehensive planning considering the network costs and power quality. The direct guidance of the construction of distribution networks seems very poor.



Recently, research on the comprehensive evaluation of power distribution network planning projects have been given extensive attention, but the comprehensive benefit assessment seems relatively inadequate. Fan [13] used the fuzzy comprehensive evaluation method to evaluate risk, but the method may be greatly influenced by human subjective factors. Ma [14] and Wang [15] respectively established the evaluation index system considering the preparation work, the whole process, and the operational ability of power grid construction projects, but the complete theory to assess the distribution network planning project was not formed. Yang [16] studied the power network renovation project based on the fuzzy Analytic Hierarchy Process (AHP), and applied the interval number to weaken the human subjective factors on the evaluation results. However, before the fuzzy comprehensive evaluation, the membership degree of each index needs to be determined by the associated experts with great subjectivity. Zhang [17] employed the gray fuzzy theory to evaluate the power network project, but the irrationality of the ideal index system can inversely affect the evaluation results. Therefore, from the previous literature, it can be concluded that there still exists some problems about the comprehensive evaluation of power distribution network planning projects, comprising the incomplete evaluation index system, the irrationality of the determination of weights without considering the uncertainty, fuzziness of experts’ judgment, and the imperfection of the evaluation method.



Regarding the aforementioned issues, this paper implements a comprehensive optimization and adjustment to the evaluation index system based on identifying the type of the object to be evaluated, thus the index system can comprehensively reflect the benefit of the power distribution network planning project. Wang [18] proposed a novel power quality evaluation method based on the interval number theory to achieve the assessment of power quality more precisely. Zeng [19] introduced the interval number theory to solve uncertainty problems, and built an interval-number model for life-cycle energy savings and emission-reduction benefits of wind power projects. The persistent model can deal with the disturbance from uncertainty factors and provide a reliable decision-making basis for the wind power project. In addition, Huang [20] employed the Interval Analytic Hierarchy Process (IAHP) to evaluate the levels of construction safety management. Wei [21] applied the IAHP to perform decision-making regarding power system projects. Therefore, in this paper the interval number theory is introduced to improve the traditional AHP for obtaining the reasonable weights of evaluation indices. Concerning the imperfection of the evaluation method, the extension theory was originally put forward by Cai [22] in 1983. Based on formal logic tools, the rules and methods required to solve the contradiction problem can be analyzed qualitatively and quantitatively. Integrated with objects, with values based on certain characteristics, the extension assessment method can quantify the qualitative indices and obtain the precise quantitative evaluation results by using the correlation function. Consequently, this method has been widely used in a wealth of research regarding evaluations, such as risk evaluation of power projects [23,24], external economic evaluation of wind power engineering projects [25], stability evaluation for high rock slope [26], groundwater quality assessment [27], and comprehensive evaluation of coordination development for regional power grids and renewable energy power supplies [28]. The extension assessment method does not need to judge the membership degree of each index according to the expert’s experience, and can reduce the influence of subjective factors on the evaluation results effectively, thus obtaining scientific and reasonable evaluation results. Therefore, based on qualitative and quantitative analysis, in this study the multi-level extension assessment method is utilized to evaluate the comprehensive benefit of the urban distribution network planning project. In addition, the correlation function and the correlation degree for extension sets are all utilized. Therefore, the problems of uncertainty, fuzziness, and subjectivity in terms of determining the weight, which previously affected the evaluation of the benefit of the power distribution network planning project, are all resolved. The main contributions of this paper are as follows:

	(1)

	
From previous literature, it can be found that the current studies mainly focus on the individual technical or economic level evaluations of the power distribution network planning project, such as reliability, security, power quality, and investment benefit. Therefore, this paper attempts to perform the comprehensive benefit evaluation on the power distribution network planning project considering technical benefit, economic benefit, and social benefit;




	(2)

	
To address the issues of uncertainty, fuzziness, and subjectivity in terms of determining the weight, which strongly affect the evaluation results of the comprehensive benefit of the power distribution network planning project, this paper constructs an improved IAHP method by introducing the interval number to replace the element of judgment matrix and uses a novel approach of consistency testing based on a linear programming model to solve the problem of incomplete consistency of the interval number judgment matrix;




	(3)

	
In order to solve the multi-factor evaluation problem, this study establishes the multi-level extension evaluation method to expand the single-factor extension evaluation model by introducing the index weight, and obtaining the results of the multi-level extension evaluation of the object to be evaluated according to the maximum membership degree law.









The remainder of this paper is structured as follows: Section 2 describes the comprehensive benefit evaluation index system of the power distribution network planning project; Section 3 introduces the principles of the improved IAHP, multi-level extension assessment method, and the evaluation process of the proposed approach; The evaluation method reported in this research is examined by a case study in Section 4; Conclusions about the proposed model are given in Section 5.




2. Comprehensive Benefit Evaluation Index System of the Power Distribution Network Planning Project


2.1. Comprehensive Benefit Evaluation Index System


The establishment of the comprehensive benefit evaluation index system of the urban distribution network planning project plays a pivotal role in conducting a comprehensive benefit evaluation of the project. A reasonable index system has positive implications on the assessment results of the power distribution network planning project. According to the features of the power distribution network and the suggestions of power experts, the comprehensive benefit evaluation index system of the power distribution network planning project can be framed by using the basic principles of AHP. Comprehensive benefits of the power distribution network planning project can be analyzed from the three aspects of technical benefit, economic benefit, and social benefit quantitatively. In order to make the evaluation index system a better fit for real conditions, the selected evaluation indicators include both quantitative indicators and some qualitative indicators that are difficult to quantify. The comprehensive benefit evaluation index system of the power distribution network planning project is listed in Table 1.



Table 1. Comprehensive benefit evaluation index system of the power distribution network planning project.







	
Object

	
First-Level Index

	
Second-Level Index

	
Third-Level Index






	
Comprehensive benefit of urban distribution network planning project [image: there is no content]

	
Technical benefit [image: there is no content]

	
Reliability [image: there is no content]

	
Average interruption hours of customer [image: there is no content]




	
Reliability rate of power supply [image: there is no content]




	
Cable adoption rate [image: there is no content]




	
Safety [image: there is no content]

	
Voltage qualification rate [image: there is no content]




	
“N−1” pass rate [image: there is no content]




	
Power supply radius [image: there is no content]




	
Flexibility [image: there is no content]

	
Capacity-load ratio [image: there is no content]




	
Connection rate of stations [image: there is no content]




	
Economic benefit [image: there is no content]

	
Technical economic benefit [image: there is no content]

	
Integrated network loss rate [image: there is no content]




	
Equipment utilization ratio [image: there is no content]




	
Financial benefit of enterprise [image: there is no content]

	
Net present value [image: there is no content]




	
Payback period of investment [image: there is no content]




	
Social benefit [image: there is no content]

	
Social economic benefit [image: there is no content]

	
Direct contribution rate of GDP [image: there is no content]




	
Social environmental benefit [image: there is no content]

	
Employment rate [image: there is no content]




	
Natural environmental benefit [image: there is no content]

	
Improvement of environment [image: there is no content]











2.2. Analysis of the Benefit Evaluation Index


2.2.1. Technical Benefit


Technical Benefit is defined as the technological improvement after completing the distribution network construction based on the planning. In this study, the technical benefit of the distribution network can be analyzed from the perspectives of reliability, safety, and flexibility.



	(1)

	
Reliability







Reliability includes the average interruption hours of customers, reliability rate of power supply, and the cable adoption rate. Average interruption hours of customers and the reliability rate of power supply can reflect the failure rate of the equipment. Cable adoption rate can represent the level of equipment which affects the reliability of the power supply. The definitions of these indices are described as follows:


[image: there is no content]



(1)




where [image: there is no content] is the average interruption hours of customers; [image: there is no content] is the duration time of each interruption; [image: there is no content] represents the customers of each interruption; [image: there is no content] represents the total interruption of customers.


[image: there is no content]



(2)




where [image: there is no content] is the reliability rate of the power supply; [image: there is no content] is the average interruption hours of customers; [image: there is no content] is the time period of the statistic.


[image: there is no content]



(3)




where [image: there is no content] denotes the cable adoption rate; [image: there is no content] is the length of cable; [image: there is no content] is the line length of corresponding voltage class.



	(2)

	
Safety







Safety contains the voltage qualification rate, “N−1” pass rate, and the power supply radius. The voltage qualification rate can be defined as the ratio of the time of normal voltage to the total time of the voltage monitoring during the measurement period. “N−1” pass rate refers to the phenomenon that any other line does not exceed its normal or emergency limits when the network loses any of its lines. The power supply radius of the following lines refers to the line length between the low-voltage side of the substation (distribution transformer) and the farthest load point of the line to its power supply.



	(3)

	
Flexibility







Flexibility includes the capacity-load ratio and the connection rate of stations. The capacity-load ratio is utilized to measure the coordination of the load and the capacity of the power grid. It can determine whether the capacity can meet the load demand and cannot result in excessive investment. The connection rate of stations is an index which reflects the structure of the distribution network. The outgoing line of the substation has clear advantages in enhancing the structure of the distribution network, load transfer, and in improving the reliability and the economy of the distribution network. The equations of the two indices can be given as follows:


[image: there is no content]



(4)




where [image: there is no content] is the capacity-load ratio; [image: there is no content] is the total capacity of transformer; [image: there is no content] is the peak load.


[image: there is no content]



(5)




where [image: there is no content] is the connection rate of stations; [image: there is no content] is the number of outgoing lines of the [image: there is no content]th substation; [image: there is no content] is the number of lines in connection with the [image: there is no content]th substation in the outgoing line of the [image: there is no content] th substation.




2.2.2. Economic Benefit


Regarding the market economy, economic rationality needs to be paid attention in addition to the technical feasibility of the distribution network. Considering the time value of the capital, the planning scheme should have high economic benefits. Therefore, the economic benefit of the distribution network is evaluated from the aspects of the technical economic benefit and the financial benefit of the enterprise.



	(1)

	
Technical Economic Benefit







Technical economic benefit comprises the integrated network loss rate and the equipment utilization ratio. The integrated network loss rate can be defined as the increment of system loss caused by the increment of electric energy consumption per unit in a specific time and operation mode. Integrated network loss rate, which directly impacts the economic benefit of the distribution network, is an important indicator of the planning design and the operation of the distribution network. There are many methods used in the distribution network loss calculation such as the power flow calculation method, the equivalent resistance method, and the maximum current method. Mining the value of the existing equipment and increasing the utilization ratio of the equipment has strong influences on improving the economic benefit and social benefit of the distribution network. The equipment utilization ratio is the ratio of actual operating indicators of the elements to the rated operating indicators of the elements. The formulas of these indices are given as:


[image: there is no content]



(6)




where [image: there is no content] is the loss of active power; [image: there is no content] is the loss of reactive power; [image: there is no content] is phase angle difference between the [image: there is no content] of the node voltage [image: there is no content] and the [image: there is no content] of the node voltage [image: there is no content]; [image: there is no content] and [image: there is no content] are respectively the corresponding elements of the admittance matrix.


[image: there is no content]



(7)




where [image: there is no content] is the equipment utilization ratio; [image: there is no content] is the actual maximum load of the equipment (MW); [image: there is no content] is the power factor; [image: there is no content] is the rated capacity (MVA).



	(2)

	
Financial Benefit of the Enterprise







Net present value and the payback period of investment constitute the financial benefit of the enterprise. Net Present Value (NPV), which is most frequently used in the equipment Life Cycle Cost (LCC) method, can reflect the return of the capital effectively. If NPV is negative, then the project is not desirable. Conversely, if the NPV is positive, then the investment income may be higher as the NPV becomes larger. The payback period of investment represents the time required to offset the total investment of the project after completion of the project, which is the indicator of the turnover rate of the capital. The two indices can be defined by:


[image: there is no content]



(8)




where [image: there is no content] is the added value of the [image: there is no content] th year; [image: there is no content] is the cost for equipment maintenance in the [image: there is no content] th year; [image: there is no content] is the present value; [image: there is no content] is the final value; [image: there is no content] is the discount rate.


[image: there is no content]



(9)




where [image: there is no content] is the payback period of investment; [image: there is no content] and [image: there is no content] are the cash inflow and cash outflow of the [image: there is no content] th year; [image: there is no content] is the interest rate.




2.2.3. Social Benefit


The continuous development of power supply enterprises and the improvement of service quality can make positive contributions to promoting the development of society and the improvement of people’s living standards. The enhancement of the reliability and the quality of the power supply can be conductive to the increment of economic benefit. The planning and transformation of the distribution network effectively contributes to the conservation of energy, resources, and the environment. Given the social economy, social environment, and natural environment, this paper analyzes the social benefit of the distribution network.



	(1)

	
Social Economic Benefit







The social economic benefit mainly involves the contribution to the effective growth of the national economy and the optimization of the industrial structure. Gross Domestic Product (GDP), which has a close relationship with electricity sales, is an important index to measure the overall level of economic development. Thus, in this paper the direct contribution rate of the GDP is applied to identify the influence of distribution network planning on the national economy. The annual revenue of electricity sales can be estimated by using the annual load forecasting of the specific power distribution network planning project and the corresponding electricity price. The GDP can be estimated using the method proposed by Abeysinghe [29]. The formula is:


[image: there is no content]



(10)




where [image: there is no content] is the direct contribution rate of the GDP; [image: there is no content] is the annual revenue of electricity sales; [image: there is no content] is the GDP of the corresponding year.



	(2)

	
Social Environment Benefit







The implementation of power distribution network planning projects, which may promote the development of the power industry and related industries, can bring a significant direct employment benefits and indirect employment benefit. The direct employment benefit is the direct employment opportunities that the project itself can provide. The indirect employment benefit refers to the indirect employment opportunities provided by the supporting or related projects of the distribution network planning project, as well as the additional investment produced by the construction of the project. In this research, the employment rate is used to measure the social environment benefit. The employment rate can be described as follows:


[image: there is no content]



(11)




where [image: there is no content] is the employment rate; [image: there is no content] is the new employment brought by the distribution network planning projects directly and indirectly in the [image: there is no content]th year according to the specific project; [image: there is no content] is the total number of new employment in the [image: there is no content]th year estimated by historical employment data.



	(3)

	
Natural Environment Benefit







The environment quality is a qualitative concept of environmental assessment stemming from the specific needs of humans, which can reflect the human expectations of all elements of the environment. The optimal planning of the power distribution network is conducive to reducing the network loss and saving land area, and achieving the goals of energy-saving and emission reduction, thus obtaining potential natural environment benefit.






3. Comprehensive Benefit Evaluation of Power Distribution Network Planning Based on Improved IAHP and Multi-Level Extension Assessment Method


3.1. Improved IAHP Method


Different indexes have different natures, meanings, and influences on the evaluation system. Index weights reflect their importance in the index system, but the determination of index weight tends to be affected by subjective factors greatly. Therefore, the choice of an appropriate method to determine the index weight is directly related to the rationality of the comprehensive evaluation result.



At present, the methods to determine the index weight mainly include the subjective weighting method and the objective weighting method. Among them, the subjective method can be largely affected by subjective factors. The objective method cannot fully reflect the actual power grid investment and construction projects. Therefore, the improved method or the combination of the subjective and objective weighting methods is usually employed to determine the index weight, in order to reduce the influence of subjective factors on the evaluation results. AHP [30], which was conceived as a practical multi-criteria decision making method, can be applied to analyze the problem which is difficult to describe quantitatively. However, there are some limitations in the application of AHP. For instance, the data obtained by using AHP is “point” data, but the real system seems more flexible. Thus, large errors may be produced using this approach. In addition, the “point” data tends to be inappropriate since incomplete information can lead to uncertain judgments of the experts when making decisions.



Concerning the aforementioned limitations, this paper adopts the IAHP, which was proposed by Wu [31], to determine the relative importance of the benefit index of urban distribution network planning. Using interval number theory, IAHP can be utilized to solve the uncertainty and fuzzy problems under the condition of incomplete information [31]. For instance, Zhang evaluated the relative mining intensity in western China based on IAHP, and obtained high results [32]. Moreover, considering the incomplete consistency of the judgment matrix obtained by the pertinent experts, in this paper the consistency test method based on the linear programming model is applied to improve the IAHP method to provide more complete information for decision makers [33].



3.1.1. Establishment of the Hierarchy Structure of the Benefit Evaluation Index System


In light of the basic principles of AHP, the hierarchy structure is shown in Table 1 through analysis of the influencing factors of the comprehensive benefit of distribution network planning.




3.1.2. Establishment of the Hierarchy Structure of the Benefit Evaluation Index System


On the basis of the reciprocity rule of a 1−9 scale, the relative importance of each evaluation index can be compared and we can obtain the interval number judgment matrix as follows [34]:


A=[[1,1][a12−,a12+]⋯[a1n−,a1n+][a21−,a21+][1,1]⋯[a2n−,a2n+]⋮⋮⋮[an1−,an1+][an2−,an2+]⋯[ann−,ann+]]



(12)




where [image: there is no content] and [image: there is no content] are the upper limit and lower limit of the relative importance of [image: there is no content] and [image: there is no content].



Then, according to the operation rules of interval number theory [35], we obtain [image: there is no content]


A+=[1a12+⋯a1n+a21+1⋯a2n+⋮⋮⋮an1+an2+⋯ann+],  A−=[1a12−⋯a1n−a21−1⋯a2n−⋮⋮⋮an1−an2−⋯ann−]



(13)




where [image: there is no content] is the upper matrix; [image: there is no content] is the lower matrix.



The largest eigenvalue and its corresponding normalized eigenvectors with positive components can be calculated by using the interval eigenvalue method [36]. The equations are as follows:


[image: there is no content]



(14)






[image: there is no content]



(15)




where [image: there is no content] and [image: there is no content] are the largest eigenvalues, and [image: there is no content] and [image: there is no content] are the coefficients of [image: there is no content] and [image: there is no content].




3.1.3. Consistency Test of the Interval Number Judgment Matrix


	(1)

	
Complete Consistency







Based on the definition of complete consistency, if [image: there is no content], [image: there is no content] supports it, then the judgment matrix satisfies the condition of complete consistency, and its eigenvectors corresponding to the maximum eigenvalue can be regarded as the weight of each index. At this point, the standard of the consistency check of the judgment matrix of the traditional AHP is the same as that of the interval number judgment matrix.



	(2)

	
Incomplete Consistency







If the judgment matrix does not satisfy the complete consistency condition, the matrix can be considered as an incomplete consistent judgment matrix. The standard of the consistency check of the interval number judgment matrix is different from that of the traditional IAHP. In order to eliminate the complex computing process of weight, this study improves upon the traditional IAHP [33]. The standard of incomplete consistency check of the improved IAHP is shown in the following equation:


[image: there is no content]



(16)




where [image: there is no content] represents the consistency of the interval number judgment matrix, the smaller [image: there is no content], the better the consistency; n is the order of the judgment matrix [image: there is no content]; [image: there is no content] is the relative coefficient of [image: there is no content] and conformance rate ([image: there is no content]); [image: there is no content] and [image: there is no content] are the normalized eigenvectors that correspond to the maximum eigenvalues [image: there is no content] and [image: there is no content]. If the judgment matrix passes the test, the degree of inconsistency is in the permissible range and eigenvectors corresponding to the maximum eigenvalue can be regarded as the weight of each evaluation index.





3.2. Multi-Level Extension Assessment Method


Extension evaluation is one of the important applications of extension theory which was proposed by Cai [22]. Extension evaluation can conduct the qualitative and quantitative analyses by using the correlation function, and determine the rank of the object to be evaluated. However, the traditional extension evaluation is only limited to the evaluation of a single factor. Therefore, when the evaluation object contains a number of indicators and categories, it is necessary to expand the theory of single-factor extension evaluation to solve the problems of multi-factor evaluation. Based on the single-factor extension evaluation, the multi-level extension evaluation method introduces the index weight and can obtain the result of the multi-level extension evaluation of the object to be evaluated according to the maximum membership degree law. The following steps constitute the multi-level extension evaluation method:



	Step 1:

	
Determine Classical Field







All indices can be divided into [image: there is no content] levels and described as the following matter-element model. The classical field is represented by [25]:


Rj=(Nj,Ck,Vjk)=[NjC1Vj1C2Vj2⋮⋮CmVjm]=[NjC1<aj1,bj1>C2<aj2,bj2>⋮⋮Cm<ajm,bjm>]



(17)




where [image: there is no content] is the [image: there is no content]th grade of the matter-element model; [image: there is no content] is the [image: there is no content]th grade of the object in classical field; [image: there is no content] is the corresponding value range of [image: there is no content] related to [image: there is no content].



	Step 2:

	
Determine Controlled Field







The controlled field is shown as follows [25]:


Rp=(P,Ck,Vpk)=[PC1Vp1C2Vp2⋮⋮CmVpm]=[PC1<ap1,bp1>C2<ap2,bp2>⋮⋮Cm<apm,bpm>]



(18)




where [image: there is no content] is the object with the grade; [image: there is no content] is the corresponding value range of [image: there is no content] pertinent to [image: there is no content].



	Step 3:

	
Determine the Matter-Element to Be Evaluated







The matter-element to be evaluated can be described as [25]:


R=(N,Ck,Vk)=[NC1V1C2V2⋮⋮CmVm]



(19)




where [image: there is no content] is the matter-element to be evaluated; [image: there is no content] is the value range of [image: there is no content] related to [image: there is no content].



	Step 4:

	
Establish the Correlation Function and Compute the Correlation Degree







Establishing the correlation function can make the correlation degree between the object to be evaluated and the classical field of the matter-element model more accurate without relying on subjective judgment or statistics. The correlation degree can be calculated as follows [25]:


Kj(Vk)={ρ(Vk,Vjk)ρ(Vk,Vpk)−ρ(Vk,Vjk)Vk∉Vjk−ρ(Vk,Vjk)|Vjk|Vk∈Vjk(k=1,2,⋯,m;j=1,2,⋯,n)



(20)




where [image: there is no content] is the correlation degree of the [image: there is no content]th index pertinent to the [image: there is no content]th level; [image: there is no content] is the distance of the classical field of the [image: there is no content]th index pertinent to the [image: there is no content]th level; [image: there is no content] is the distance of the matter-element to be evaluated related to the [image: there is no content]th index and the [image: there is no content]th level with the corresponding classical field; [image: there is no content] is the distance of the matter-element to be evaluated relative to the kth index and the controlled field, and


[image: there is no content]



(21)







	Step 5:

	
Multi-Level Extension Assessment







Using the weight obtained by the improved IAHP method and the correlation degree of the inferior index, the correlation function value of the superior index and the overall object related to jth level can be calculated by formula (22) [25].


[image: there is no content]



(22)




where [image: there is no content] is the weight of [image: there is no content]; [image: there is no content]; [image: there is no content].



According to the maximum membership degree law, the evaluation results of the different indicators, and the object to be assessed can be gained by:


[image: there is no content]



(23)







In addition, in order to reflect the level of the object to be evaluated more accurately, the membership grade of the object to be evaluated can be obtained by calculating the eigenvalue of the grade variable, and then the overall development trend of the object to be evaluated can be determined [25].


[image: there is no content]



(24)






[image: there is no content]



(25)




where [image: there is no content] is the grade variable eigenvalue of [image: there is no content].




3.3. Evaluation Process of the Comprehensive Benefit of Urban Distribution Planning


In this paper, the improved IAHP and multi-level extension assessment methods are employed to evaluate the comprehensive benefit of urban distribution planning. The proposed method does not need to judge the degree of membership of each index according to the experience of experts, and reduces the influence of subjective factors on the evaluation results. Thus, the evaluation results seem more scientific and reasonable. The evaluation process is shown in Figure 1.


Figure 1. Evaluation process of the comprehensive benefit of the power distribution planning project.



[image: Sustainability 08 00796 g001 1024]








4. Case Study


In this paper, a power distribution planning project of one city in China was used to validate the proposed model based on the improved IAHP and multi-level extension assessment methods. The “point” load forecasting method and the growth rate method are utilized to predict the future load demand in this power project. According to the relevant information of the distribution network planning project to be constructed and the relevant equations provided in this study, the actual data of the comprehensive benefit evaluation index is listed in Table 13.



4.1. Classification of Evaluation Index


In light of how the State Grid Corporation of China uses scoring rules for project evaluation classification, the comprehensive benefit evaluation effects of the power distribution network planning project can be classified into four grades: poor, fair, good, and better, corresponding to N = (N1,N2,N3,N4). The score range of each grade is divided as shown in Table 2.



Table 2. Division rule of grades.







	
Evaluation Grade ([image: there is no content])

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]






	
Score range

	
[0, 60]

	
[60, 75]

	
[75, 90]

	
[90, 100]




	
Evaluation effects

	
Poor

	
Fair

	
Good

	
Better










Then, on the basis of the above division rule of grades and the relevant standards [37], the division criteria of the comprehensive benefit evaluation index of the power distribution network planning project can be given as shown in Table 3.



Table 3. Division criteria of the comprehensive benefit evaluation index.







	
Index

	
Grade of Comprehensive Benefit Evaluation Index




	
[90, 100]

	
[75, 90]

	
[75, 90]

	
[0, 60]






	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
≥9h




	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]




	
[image: there is no content]

	
[image: there is no content]
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1 “—” represents that the index does not have a unified scoring standard.









4.2. Determine the Classical Field and Controlled Field


According to the division rules of grades and using the index “A1”as an example, the classical field and the controlled field of the comprehensive benefit evaluation index can be shown as follows:


R1(A1)=[N1A11<0,60>A12<0,60>A13<0,60>] R2(A1)=[N2A11<60,75>A12<60,75>A13<60,75>] R3(A1)=[N3A11<75,90>A12<75,90>A13<75,90>]R4(A1)=[N4A11<90,100>A12<90,100>A13<90,100>] Rp(A1)=[NpA11<0,100>A12<0,100>A13<0,100>]












4.3. Calculate Index Weight and Correlation Degree


The specific score of each evaluation index can be obtained by the actual planning data of the city, which is described in Table 13. For the index without a unified evaluation standard, the score can be determined by the expert scoring method based on the real data of the index. And, the scores of the remaining indicators can be determined according to the criteria and the actual values given in Table 3 and Table 13. The weights of all indices can be obtained according to Table 4, Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11 and Table 12, and the consistency tests of all the judgment matrixes have been checked by using the method involved in this study.



Table 4. The calculation results of the first-level index.
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Interval Weights






	
[image: there is no content]

	
[1, 1]

	
[1/4, 1/3]

	
[4, 5]

	
0.488

	
0.481

	
0.967

	
1.023

	
[0.472, 0.492]




	
[image: there is no content]

	
[3, 4]

	
[1, 1]

	
[6, 7]

	
0.349

	
0.363

	
[0.337, 0.371]




	
[image: there is no content]

	
[1/5, 1/4]

	
[1/7, 1/6]

	
[1, 1]

	
0.081

	
0.078

	
[0.078, 0.080]










Table 5. The calculation results of the “[image: there is no content]” index.
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[1, 1]

	
[1, 2]

	
[4, 5]

	
0.511

	
0.515

	
0.919

	
1.076

	
[0.469, 0.554]
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[1/2, 1]

	
[1, 1]

	
[3, 4]

	
0.371

	
0.381

	
[0.341, 0.410]
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[1/5, 1/4]

	
[1/4, 1/5]

	
[1, 1]

	
0.118

	
0.104

	
[0.108, 0.112]










Table 6. The calculation results of the “[image: there is no content]” index.
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[1, 1]

	
[1/5, 1/3]

	
0.208

	
0.208

	
0.957

	
1.041

	
[0.199, 0.217]
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[3, 5]

	
[1, 1]

	
0.792

	
0.792

	
[0.758, 0.824]










Table 7. The calculation results of the “[image: there is no content]” index.







	

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
Interval Weights
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[1, 1]

	
[5, 6]

	
[2, 3]

	
0.597

	
0.598

	
0.952

	
1.039

	
[0.569, 0.621]
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[1/6, 1/5]

	
[1, 1]

	
[1/5, 1/4]

	
0.091

	
0.087

	
[0.087, 0.090]
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[1/3, 1/2]

	
[4, 5]

	
[1, 1]

	
0.312

	
0.315

	
[0.297, 0.328]










Table 8. The calculation results of the “[image: there is no content]” index.
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Interval Weights






	
[image: there is no content]

	
[1, 1]

	
[1/4, 1/3]

	
[3, 4]

	
0.249

	
0.246

	
0.961

	
1.032

	
[0.240, 0.254]
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[3, 4]

	
[1, 1]

	
[5, 7]

	
0.660

	
0.662

	
[0.634, 0.683]
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[1/4, 1/3]

	
[1/7, 1/5]

	
[1, 1]

	
0.091

	
0.092

	
[0.087, 0.095]










Table 9. The calculation results of the “[image: there is no content]” index.







	

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
Interval Weights






	
[image: there is no content]

	
[1, 1]

	
[3, 4]

	
[4, 5]

	
0.943

	
0.935

	
0.964

	
1.035

	
[0.910, 0.968]
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[1/4, 1/3]

	
[1, 1]

	
[1, 8/5]

	
0.260

	
0.280

	
[0.251, 0.290]
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[1/5, 1/4]

	
[5/8, 1]

	
[1, 1]

	
0.206

	
0.218

	
[0.199, 0.225]










Table 10. The calculation results of the “[image: there is no content]” index.
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[1, 1]

	
[1/3, 1]

	
0.375

	
0.375

	
0.886

	
1.118

	
[0.346, 0.419]
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[1, 3]

	
[1, 1]

	
0.625

	
0.625

	
[0.541, 0.699]










Table 11. The calculation results of the “[image: there is no content]” index.
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[1, 1]

	
[2, 3]

	
0.708

	
0.708

	
0.957

	
1.041

	
[0.678, 0.737]
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[1/3, 1/2]

	
[1, 1]

	
0.292

	
0.292

	
[0.279, 0.304]










Table 12. The calculation results of the “[image: there is no content]” index.
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[1, 1]

	
[3, 4]

	
0.775

	
0.775

	
0.975

	
1.025

	
[0.755, 0.794]
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[1/4, 1/3]

	
[1, 1]

	
0.225

	
0.225

	
[0.219, 0.231]










Table 13. The distance of the third-level index, the classical field, and the basic data.







	
Second-Level Index

	
Interval Weights

	
Third-Level Index

	
Actual Values

	
Scores

	
Interval Weights

	
Distance of the Third-Level Index to be Evaluated Relative to the Classical Field
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[image: there is no content]

	
[0.469, 0.554]

	
[image: there is no content]

	
2 hour

	
83

	
[0.240, 0.254]

	
−0.575

	
−0.320

	
0.467

	
−0.151




	
[image: there is no content]

	
99.96%

	
99

	
[0.634, 0.683]

	
−0.975

	
−0.960

	
−0.900

	
0.100




	
[image: there is no content]

	
50%

	
70

	
[0.087, 0.095]

	
−0.180

	
0.333

	
−0.143

	
−0.210
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[0.341, 0.410]

	
[image: there is no content]

	
94%

	
94

	
[0.910, 0.968]

	
−0.850

	
−0.760

	
−0.400

	
0.400
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93%

	
93

	
[0.251, 0.290]

	
−0.825

	
−0.720

	
−0.300

	
0.300
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2.5 km

	
95

	
[0.199, 0.225]

	
−0.875

	
−0.800

	
−0.500

	
0.500




	
[image: there is no content]

	
[0.108, 0.112]

	
[image: there is no content]

	
1.82

	
97

	
[0.346, 0.419]

	
−0.925

	
−0.880

	
−0.700

	
0.544
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75%

	
71

	
[0.541, 0.699]

	
−0.275

	
0.267

	
−0.121

	
−0.310




	
[image: there is no content]

	
[0.199, 0.217]

	
[image: there is no content]

	
0.7%

	
85

	
[0.678, 0.737]

	
−0.625

	
−0.400

	
0.333

	
−0.250




	
[image: there is no content]

	
55%

	
87

	
[0.279, 0.304]

	
−0.675

	
−0.480

	
0.200

	
−0.188




	
[image: there is no content]

	
[0.758, 0.824]

	
[image: there is no content]

	
46

	
72

	
[0.755, 0.794]

	
−0.300

	
0.200

	
−0.097

	
−0.391




	
[image: there is no content]

	
11.5 year

	
78

	
[0.219, 0.231]

	
−0.450

	
−0.120

	
0.200

	
−0.353




	
[image: there is no content]

	
[0.569, 0.621]

	
[image: there is no content]

	
7.4%

	
86

	
[1.000, 1.000]

	
−0.650

	
−0.440

	
0.267

	
−0.222




	
[image: there is no content]

	
[0.087, 0.090]

	
[image: there is no content]

	
0.084%

	
82

	
[1.000, 1.000]

	
−0.550

	
−0.280

	
0.467

	
−0.308




	
[image: there is no content]

	
[0.297, 0.328]

	
[image: there is no content]

	
62%

	
76

	
[1.000, 1.000]

	
−0.400

	
−0.040

	
0.067

	
−0.368










Moreover, the distance of the third-level index and the classical field can be calculated by using Equation (21), which is displayed in Table 13. Finally, according to the interval weights obtained from the improved IAHP method and the distance of the third-level index and the classical field in Table 13, the evaluation grades and the correlation degree of the object to be assessed, first-level index, and second-level index can be obtained by using Equations (20) and (22), as shown in Table 14.



Table 14. Multi-level extension assessment results for the comprehensive benefit evaluation of the power distribution network planning project.







	
Index

	
Correlation Degrees

	
Interval Weights

	
Grades
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[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]






	
[image: there is no content]

	
[−0.571, −0.551]

	
[−0.432, −0.326]

	
[−0.216, −0.196]

	
[0.024, 0.055]

	

	
4




	
[image: there is no content]

	
[−0.967, −0.881]

	
[−0.818, −0.572]

	
[−0.529, −0.480]

	
[0.190, 0.250]

	
[0.472, 0.492]

	
4




	
[image: there is no content]

	
[−0.203, −0.201]

	
[−0.063, −0.060]

	
[0.050, 0.060]

	
[−0.129, −0.126]

	
[0.337, 0.371]

	
3




	
[image: there is no content]

	
[−0.584, −0.537]

	
[−0.312, −0.287]

	
[0.212, 0.230]

	
[−0.287, −0.263]

	
[0.078, 0.080]

	
3




	
[image: there is no content]

	
[−0.829, −0.796]

	
[−0.705, −0.680]

	
[−0.510, −0.494]

	
[0.010, 0.012]

	
[0.469, 0.554]

	
4




	
[image: there is no content]

	
[−1.259, −1.155]

	
[−1.125, −1.032]

	
[−0.587, −0.539]

	
[0.539, 0.587]

	
[0.341, 0.410]

	
4




	
[image: there is no content]

	
[−0.580, −0.469]

	
[−0.182, −0.160]

	
[−0.378, −0.308]

	
[0.011, 0.021]

	
[0.108, 0.112]

	
4




	
[image: there is no content]

	
[−0.666, −0.612]

	
[−0.441, −0.405]

	
[0.282 ,0.306]

	
[−0.241, −0.222]

	
[0.199, 0.217]

	
3




	
[image: there is no content]

	
[−0.342, −0.325]

	
[0.125, 0.131]

	
[−0.031, −0.029]

	
[−0.392, −0.373]

	
[0.758,0.824]

	
2




	
[image: there is no content]

	
[−0.650, −0.650]

	
[−0.440, −0.440]

	
[0.267, 0.267]

	
[−0.222, −0.222]

	
[0.569, 0.621]

	
3




	
[image: there is no content]

	
[−0.550, −0.550]

	
[−0.280, −0.280]

	
[0.467, 0.467]

	
[−0.308, −0.308]

	
[0.087, 0.090]

	
3




	
[image: there is no content]

	
[−0.400, −0.400]

	
[−0.040, −0.040]

	
[0.067, 0.067]

	
[−0.368, −0.368]

	
[0.297, 0.328]

	
3











4.4. Rate the Comprehensive Benefit of the Power Distribution Network Planning Project


From Table 6, according to the maximum membership degree law, it can be concluded that [image: there is no content]. Thus, the comprehensive benefit of the power distribution network planning project belongs to the “better” grade. The grade variable eigenvalue [image: there is no content] represents the comprehensive benefit level deflection degree to its adjacent levels. Use [image: there is no content] and [image: there is no content] to represent the comprehensive benefit level “poor”, ”fair”, ”good”, and “better”, respectively. In this paper, the benefit grade variable eigenvalue [image: there is no content] can be computed by using Equations (24) and (25), which is [image: there is no content]. Therefore, the evaluation result indicates that the comprehensive benefit grade of the power distribution network planning project is “better”, and there is a development trend towards “better”. In addition, from Table 6 it can be seen that the grades of the economic benefit and social benefit of the power distribution network planning project both equals three, related to the “good” level, implying that the basic economic planning target has been achieved. The grade of the technical benefit of the power distribution network planning project is 4, related to the “better” level, which reveals that the technology of the power distribution network planning project has been improved on the basis of the predetermined target and provides some reference for the construction and decision-making of similar power distribution network planning projects.



In addition, from Table 6 the evaluation effect of safety is “better”, which is higher than that for reliability and flexibility, illustrating that safety is the key factor for enhancing the technical benefit. The evaluation effect of operating economic benefit is better than the financial benefit of the enterprise, indicating that the optimization of the power supply region division, adopting the energy-saving equipment, improving the cable using rate, reasonable reactive power compensation, and maximally reducing the integrated network loss all seem very necessary to enhance the financial benefit of the enterprise. And the evaluation effect of the social environment benefit is better than both the social economic benefit and natural environment benefit, implying that the social environment should get more attention with regards to improving the social benefit. Thus, in order to further improve the comprehensive benefit of the power distribution network construction project, it may be reasonable to focus on the safety, operating economic benefit, and social economic benefit.





5. Conclusions


In this paper, a new comprehensive benefit evaluation approach of the power distribution network planning project based on the improved IAHP approach and the multi-level extension assessment method is proposed. First, according to the principle of AHP, the comprehensive benefit evaluation index system can be constructed considering technical benefit, economic benefit, and social benefit. Then, in order to alleviate the impacts of subjective factors on the evaluation results, the interval number is applied to replace the element of judgment matrix. And a novel method of consistency testing based on the linear programming model is put forward to address the issue of incomplete consistency of the interval number judgment matrix. Moreover, combined with the experience of power experts and quantitative analysis, a comprehensive benefit evaluation method on the basis of multi-level extension assessment theory is formulated to accommodate the flexible characteristic of the power distribution network planning project. The feasibility of this proposed approach has been verified by using the analysis of an example and by proposing some measures to improve the comprehensive benefit. The experimental results indicate that the comprehensive benefit grade of the power distribution network planning project is “better” since the correlation degree is [0.024, 0.055] at [image: there is no content] and the benefit grade variable eigenvalue is [image: there is no content]. In brief, this paper offers a new method to solve similar problems of power distribution network construction projects.
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