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Abstract: Power grid investment behavior (PGIB) is a necessary prerequisite to ensure safe and reliable
power supply. The supervision of PGIB is an important measure to reduce electricity price. It helps to
release the dividends of the new power system reform and promote the sustainable development
of the power industry. However, for a long time, China’s regulation of PGIB was relatively weak,
lacking clear supervision awareness and effective supervision methods. On the basis of clarifying the
contents of PGIB supervision, this paper establishes an evaluation index system for the compliance of
PGIB from the government supervision perspective, involving four dimensions and 14 secondary
indicators. Furthermore, a hybrid evaluation model based on the combined decision-making trial
and evaluation laboratory method (DEMATEL-ANP), analytical network process method, and vague
set is proposed. The results reveal that the control over cost and efficiency of the PGIB in China is not
enough. According to the results, this paper puts forward the indicators that close attention should
be paid to and the work priorities in China’s supervision of PGIB, which has certain practical value
for the implementation of new power system reform and the sustainable development of Chinese
power industry.
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1. Introduction

Power grid investment behavior (PGIB) is the core business of power grid enterprises, the basis
of the stable operation of power systems, and also an important guarantee for social and economic
development. The scientific supervision of PGIB can contribute to rationalizing the transmission and
distribution price system, as well as reducing the price of electricity consumption, thereby promoting
the optimal allocation of resources and stimulating the vitality of the real economy [1].

In March 2015, a new round reform of power system in China was launched, which established
the reform plan of “promoting the marketization of generation and sale side, and strengthening
government supervision of the power grid link” [2]. For PGIB, the task of “strengthening the
supervision of investment behavior, cost, and investment operating efficiency of power grids” was
clearly presented [3]. Since the implementation of the new power reform, the process of the power
market construction steadily advanced, and obvious marketization effects was achieved on the power
generation side and power sale side [4]. However, the supervision of the monopoly link to the power
grid is insufficient [5].

After the new power reform, scholars chose different subjects and perspectives to study the
related issues of the development of China’s power industry. There were many studies focused on
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the marketization of the power industry. Around the theme of irrationality in the electricity pricing
mechanism, Reference [6] used the fundamental theory of electricity economics to analyze the pricing
methods and the forms of China’s power market with the reform of electric power industry, and pointed
out the characteristics and main problems of China’s existing tiered electricity pricing. Reference [7]
proposed an inter-regional electricity transaction model to illustrate the new pricing mechanism.
Reference [8] constructed transmission reliability indices and a unified cross-regional transmission
pricing model based on the cross-regional electricity trading, electrical regime, and price polices in
China. There were also many scholars that studied the theme of transaction mode and operation
strategy of the power retailers and generators in the electricity market. Reference [9] constructed a
master—slave game model considering bilateral contract transactions between multiple generators
and large consumers, and gave the solution of Nash equilibrium solution of the game, such that both
generators and consumers can benefit from participating in the game. Reference [10] considered
China’s new electricity reform and related policies as a prerequisite, carried out a depth analysis of
the power generation and sales companies bidding model, and put forward a game strategy of a
single sales company and multiple power producers that considered network constraints based on the
principle of dark auction in game theory.

In addition to the marketization of power industry, as the main cost of power grid enterprises, PGIB
has an importantimpact on the approval of transmission and distribution prices, which should be strictly
monitored by the government. However, at present, whether from the perspective of government or
academic research, attention to the supervision of PGIB is relatively limited. Specifically, from the
perspective of government functions, the supervision of the electric power industry in China is mainly
carried out by the National Development and Reform Commission (NDRC), the State-Owned Assets
Supervision and Administration Management Commission of the State Council (SASAC), the National
Energy Administration (NEA), and other auxiliary departments. Among them, the SASAC is the
owner of the power grid enterprise assets; thus, its supervision aims at maintaining and increasing the
value of state-owned assets, and does not involve industrial supervision. As a national macro-control
department, the NDRC'’s supervision of the power industry is mainly based on industry strategic
planning and terminal supervision such as electrovalence, but does not focus on the PGIB. The NEA
is responsible for the formulation and implementation of industry specific policies, but there is no
systematic regulatory document for the regulation of PGIB. However, the above-mentioned regulatory
authorities are yet to form a synergistic supervision of PGIB [11]. In addition, China’s power grid
enterprises have high administrative level and monopoly status, which increase the information
asymmetry between the government and enterprises, bring many obstacles to the implementation of
regulatory policies, and lead to the high cost of power grid enterprises and the difficulty of rationalizing
the pricing mechanism of power transmission and distribution [3].

From the perspective of academic research, the studies were mainly related to the macro description
and analysis of the current situation and development direction of supervision. Reference [12] pointed
out that the current situation of China’s energy legislation could not meet the requirements of
coordination of economic, security, and ecological objectives of power regulation. Reference [2]
argued that China’s regulatory capacity should be comprehensively enhanced from three aspects:
(1) strengthening the incentive supervision of transmission and distribution links, (2) vigilance against
market forces, and (3) strengthening the overall planning of electricity reform and environmental
policies. The abovementioned researches did not provide a feasible regulatory approach for the
supervision of PGIB.

Evaluating the investment behavior of the power grid is an effective way to grasp the actual
situation of power grid investment and to implement the regulatory policy. At present, there are many
studies on comprehensive evaluation, and the methods of empowerment models and evaluation models
are relatively rich. Reference [13] illustrated the application of fuzzy ANP (analytic network process)
along with fuzzy cost analysis in selecting research and development (R&D) projects. Reference [14]
proposed a new completion method for an incomplete pairwise comparison matrix (iPCM) based on
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the decision-making and trial evaluation laboratory (DEMATEL) method. Reference [15] proposed a
smartphone improvement for promoting the product value to satisfy the customers’ needs with a hybrid
a hybrid Multiple Criteria Decision Making (MCDM) model, which combines DANP (DEMATEL-based
ANP) and Vlse Kriterijumska Optimizacija Kompromisno Resenje (VIKOR). In Reference [16], the fuzzy
comprehensive evaluation theory was adopted for multi-factor assessment of environmental quality
in two commercial swine buildings using real measurement data. The above researches lay a good
methodological foundation for the study of this paper. However, most of the researches on power grid
project evaluation were based on serving enterprise decision-making, and chose a certain angle, such
as risk [17-19], technology [20-22], and economy [23-25], to carry out. There is still a lack of relevant
research from the perspective of government supervision to assess whether the power grid investment
projects are reasonable and whether the cost is compliant, i.e., compliance with PGIB.

From the above literature review, the following can be found:

1) The marketization of the power industry and the supervision of PGIB are both important tasks
of China’s new power reform. However, the former was paid more attention, while research on the
latter is relatively inadequate.

2) In a limited number of researches on the supervision of PGIB, scholars mainly described the
current situation and problems of supervision, but did not propose effective supervision methods.

3) Comprehensive evaluation is an effective way to implement supervision, and researches of the
theoretical system are substantial. However, there is a lack of relevant literature to judge whether the
PGIB meets the regulatory requirements from the perspective of government supervision.

Therefore, in the context of strengthening the supervision on PGIB, this paper clarifies the
content of supervision on investment behavior of power grid, which provides premise hypothesis and
evaluation basis for the establishment and application of evaluation model. On this basis, an evaluation
index system is constructed, which involves four evaluation dimensions, that is, construction scale,
cost level, operating efficiency and investment benefit, which can fully reflect the situation of PGIB.
Furthermore, a hybrid evaluation model based on DEMATEL-ANP and vague set techniques is applied
to accomplish the evaluation of a certain power grid investment project. On a whole, the contributions
of this paper include the following;:

1) From the perspective of government supervision, the content of supervision of investment
projects is clarified in this paper, and an index system for scientific evaluation of whether the PGIB
meets the regulatory requirements is constructed accordingly. The research results can enrich the
existing researches on the supervision of PGIB and have certain practical value for the implementation
of regulatory policies.

2) By using DEMATEL-ANP and a fuzzy evaluation method based on vague set, a hybrid
evaluation model is constructed, which can fully consider the correlation among the indicators, and is
applicable to China’s current situation where it is difficult to collect relate information of PGIB.

The rest of this paper is organized as follows: Section 2 describes the concept and content of
the supervision of PGIB; Section 3 introduces the evaluation index system and the proposed hybrid
evaluation model; Section 4 represents the evaluation results of two certain PGIB projects, and carries
out the sensitivity analysis of evaluation results to verify the feasibility and stability of the model;
finally, Section 5 summarizes the research contents and findings of this paper.

2. The Concept and Contents of the Supervision of Power Grid Investment Behavior

2.1. The Concept of the Supervision of PGIB

Before China’s Power Industry Reform in 2002, the investment types of power grid enterprises
could be divided into two categories: main business investment and auxiliary business investment.
The main business refers to the transmission, distribution, and delivery of electric power, and
supply-related power services. The auxiliary business refers to non-core businesses relative to the
main business. Accordingly, the asset types of power grid enterprises can be roughly divided into
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three categories, i.e., non-commercial assets, power-assisted enterprises, and diversified enterprises.
Among them, non-commercial assets refer to welfare units established within the grid enterprises,
such as schools, hospitals, and canteens; power-assisted enterprises include the units of power design,
construction, repair, and power equipment manufacturing; diversified enterprises refer to hotels, real
estate, and securities that are invested in and operated by power grid enterprises [26,27].

As for PGIB, this paper defines it as the investment behavior for the new construction, expansion,
and technical upgrading of power transmission and transformation projects in the monopolistic
power grid link, including the planning, equipment acquisition, construction, and operation of power
grid projects.

For power grid enterprises, the PGIB is the core business, and enterprises have a relatively great
right to independent investment to a certain extent. However, for the whole society, the PGIB is an
important guarantee for the safety and reliability of electricity consumption and an important pillar
to promote the healthy development of society. Meanwhile, it directly affects the level of electricity
price and is a key link to realize the optimal allocation of resources in the whole society. Therefore, it is
necessary to supervise the PGIB.

The concept of PGIB supervision is given in this paper; that is, in order to ensure the scientific,
rational, and efficient implementation of PGIB, regulators regulate and restrict the PGIB of enterprises
according to relevant laws and regulations.

2.2. The Contents of the Supervision of PGIB

The basic function of PGIB is to guarantee power supply. The goal of the new power reform in
China is to establish a market system of the power industry, reduce power cost, and rationalize the
price formation mechanism [3]. Around the above two points, as a basic task of the power reform in
China, the supervision of PGIB should follow three basic principles, i.e., “guaranteeing reliable power
supply”, “promoting industry development”, and “releasing the dividend of electricity reform”.

In addition, although the Chinese government is yet to formulate relevant documents on the
supervision measures for PGIB, it conducted a spot check on typical PGIB and published a regulatory
report. For example, the Supervision Report on Investment Effectiveness of 10 Typical Ultrahigh
Voltage (UHV) Alternating Current (AC) Power Grid Projects in Zhejiang and Fujian Province, which
was issued by the NEA in April 2018 [28], supervised and reviewed 10 typical PGIB projects in terms
of planning implementation, operation effectiveness, and investment efficiency.

Therefore, according to the tasks of the new power reform, the principles of the supervision of
PGIB, and the contents of the supervision report issued by the government, this paper clarifies the
contents of supervision of PGIB in light of several aspects.

(1) Supervising the scale of power grid investment projects

The reasonable scale of grid investment projects should satisfy the regional load demand, ensure
safe and reliable power supply, leave a certain margin for regional economic development and load
growth, and not lead to excessive investment, which can avoid the waste of social resources and the
increase in power supply costs [29]. To supervise the scale of power grid investment projects, on
one hand, governments should manage the investment planning of power grids, so as to make the
construction of power grids adapt to economic and social development; on the other hand, governments
need to ensure that the grid investment behavior matches grid planning.

In the past, the Chinese government delegated the function of power grid planning to power
grid enterprises and third-party organizations, and the government was responsible for examination
and approval. As China enters the stage of high-quality development, economic growth is gradually
shifting from a scale—speed type to a quality-benefit type. The growth rate of electricity demand
exceeds expectations and the elasticity coefficient of electricity fluctuates sharply. In order to ensure
the rationality and safety of power grid planning, the government should take the initiative to assume
the leadership of power grid planning, and accurately predict power demand [30].
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Furthermore, the government should examine and verify the completed power grid projects.
Regulators should evaluate whether the project construction matches the power grid planning and
whether the project scale matches the local economic and social development.

(2) Supervising investment cost of power grid

Controlling the investment cost of power grids is not only the inherent requirement of improving
the efficiency and management of power grid enterprises, but also the necessary premise of forming a
scientific and reasonable transmission and distribution pricing system [31].

Because Chinese power grid enterprises have monopoly characteristics, and they invest many
auxiliary businesses, the monopoly power extends to competitive sectors. Although a relatively perfect
bidding management method was formulated for the construction process of power grid projects,
there are many auxiliary power enterprises invested in by power grid enterprises participating in
equipment procurement and construction. The monopoly extension of power grid enterprises leads to
the market-oriented link transforming into a channel for the transmission of internal interests of power
grid enterprises, which leads to the high investment cost of power grids.

Therefore, it is a key content of China’s PGIB supervision to deepen the government supervision
of the project construction process, strengthen the supervision of equipment procurement, construction,
and other links, and curb the irregularities and uneconomical phenomena in the investment behavior
of power grids.

(3) Supervising investment efficiency of power grid

For along time, China’s power grid enterprises had the motivation to make large investments, and
the audit of power grid investment projects was relatively loose. Therefore, it failed to fully consider
and actively adapt to the changes in power demand, and paid insufficient attention to the operational
efficiency after the completion of the project. Moreover, the government’s supervision of the efficiency
of power grid investment was only carried out in some regions, and an effective supervision system is
yet to be formed, resulting in the excessive and inefficient PGIB being difficult to contain. For example,
Reference [28] clearly pointed out that the maximum power and transmission efficiency of some
projects is not up to expectation, and the operating efficiency needs to be further improved.

Based on this, when the power grid project’s construction process is completed and put into
operation, it is indispensable to improve the supervision of its operating efficiency. This can help the
government more intuitively grasp the basic operation of power grid investment projects and, to a
certain extent, reflect the rationality of power grid planning, project investment scale, and transmission
and distribution costs.

(4) Supervising investment benefit of power grid

Power grid investment has strong social attributes, and the protection and promotion of regional
power supply services is a fundamental value of power grid projects. Therefore, from the perspective
of government supervision, evaluating the contribution of grid investment projects to the upgrading
of power supply services, regional economic development, and technological progress of the industry
is an important part of grid investment benefit supervision.

At the same time, with the rapid growth of new energy generation capacity in China, the
phenomena of water abandonment, wind abandonment, and light abandonment became important
problems to be solved urgently for the high-quality development of the power industry. Therefore,
the contribution of power grid project construction to new energy consumption also became another
important part of current power grid investment benefit supervision.

3. Evaluation Model of Power Grid Investment Behavior

3.1. Constructing the Evaluation Index System

Based on the above analysis, this paper constructs an evaluation index system for evaluating the
compliance of PGIB from the perspective of government regulation by selecting four dimensions, i.e.,
project construction scale, project cost level, project operating efficiency, and project investment benefit,
as shown in Table 1.
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Table 1. Power grid investment behavior (PGIB) compliance evaluation index system.

Target Layer Primary Indicator In(():l;;eior Secondary Indicators In(():l;;eior
Matching degree with power grid u
Project u & des . p & 1
: 1 planning
construction scale .
Demand degree of project Ujp
construction
Reasonable degree of project scale U3
Project cost normative index Uy
. Single cost expenditure normative Uy,
The satisfaction Project cost level u, index
degree of power Project cost-saving index Ups
grid project to Maintenance cost-saving index Upy
supervision
pe . . Annual equivalent average load U3z
requirements Project operating u rate
efficienc 3
y Annual maximum load rate Usp
Power supply reliability rate Uss
Contribution degree of power Uy
supply service promotion
. Contribution degree of regional Uy
Project investment .
benefit Uy economic development
Contribution degree of industrial Uys
development progress
Contribution degree of new Uyy

energy absorption

According to Table 1, in the dimension of project construction scale, considering the intrinsic
relationship between social and economic development and the scale of power grid construction, and
the matching degree between the actual situation of project construction and power grid planning [32],
this paper designs three indicators: matching degree with power grid planning, demand degree
of project construction, and reasonable degree of project scale. In view of the dimension of project
cost level, on the one hand, this paper pays attention to financial norms and chooses two indicators:
project cost normative index and single cost expenditure normative index. On the other hand, from
the perspective of cost leanness, two indicators are designed, namely, project cost-saving index and
maintenance cost-saving index [33], so as to stimulate grid companies to reduce investment costs by
comparing project costs with the average level of society. In the project operating efficiency dimension,
three indicators are selected: annual equivalent average load rate, annual maximum load rate, and
power supply reliability rate [34]. Furthermore, the project investment benefit dimension mainly
focuses on four indicators: contribution degree of power supply service promotion, contribution
degree of regional economic development, contribution degree of industrial development progress,
and contribution degree of new energy absorption [35,36].

The index system established above is in agreement with the contents of PGIB supervision, and is
consistent with the focus of the government on PGIB in Reference [28]. The four primary indicators,
from the perspective of scale, cost, efficiency, and benefit, realize the supervision of investment planning,
project construction, and operation of PGIB. At the same time, there is a certain correlation among the
indicators. For example, when the project construction scale is much larger than the demand, the load
rate of the project will be reduced, thus limiting its operation efficiency. Moreover, when the project
cost is too high, the transmission and distribution price will be raised, which will affect the power
supply service promotion and other benefit indicators.
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3.2. Indicator Weight Determination Method Based on DEMATEL-ANP

Based on the certain correlations among the four primary indicators in the above index system.
The improved ANP method (DEMATEL-ANP combination weighting method) is used to determine
the weight of each index [37]. Specifically, the DEMATEL method is used to determine the correlations
between the indicators before using ANP method to determine the indicator weights [38]. Subsequently,
the ANP networks are constructed and the weight can be solved by ANP method, which can overcome
the subjectivity of the traditional ANP method, and improve the objectivity and reliability of the weight
results [39]. The specific steps are as follows:

Step 1: Judge the degree of interaction between the primary indicators. Numbers 0—4 are used
to indicate the influence degree of the primary indicators [40]. Number 0 means no influence, and
number 4 means great influence. On this basis, the direct influence matrix X = [xi f]nxn is constructed,
where X;j represents the influence degree of the first-level index U; on uj1< i<nl<j<n

Step 2: Calculate the standard influence matrix. According to the direct influence matrix X,
the standard influence matrix B is obtained as follows:

1
B= ——xX. 1)
B8y B

The comprehensive influence matrix reflects the causality of the primary indexes in the whole

system [37], and the specific calculation methods are as follows:

7=t = Jim (B4 B2+ B B) = BU-B) @
where [ is the unit matrix.

Step 3: Calculate the centrality and causality of the indicators. On the basis of obtaining the
comprehensive influence matrix T, the sum of elements in each row of T is defined as the influence
degree C, and the sum of elements in each column of T is the influence degree R of the corresponding
index [41]. The calculation formulas are as follows:

n
C=) tj, ®)
j=1

R = ilti]‘. 4)

Furthermore, C + R is defined as the centrality of the indicator, which indicates the position
and function of the system. Similarly, C — R is defined as the causality of the indicator to judge the
interaction between the indicator and other indicators in the system. If the value of C — R is positive,
it means that the indicator has a greater impact on other indicators; thus, it is called the cause factor.
If the value of C — R is negative, it means that the element is greatly affected by other indicators; thus,
it is called the result factor.

Step 4: Draw causality diagram of primary indicators based on the values of C + R and C — R,
which can clearly identify the relationship between first-level indicators and their importance [37].

Step 5: Draw ANP network structure according to causality diagram and combine with the actual
situation of secondary indicators. The ANP network structure consists of a control layer and network
layer. The control layer includes the target layer and criterion layer. The network layer is composed of
element sets (primary indicators) and elements (secondary indicators) dominated by the control layer.
Each element set is not independent, and the elements dominate each other.

Step 6: Construct judgment matrix. Assuming that, in the ANP network structure, the criterion of
target G in the control layeris Sq, Sy, . .., Sy, and the network layer contains elements sets Uy, Uy, ..., Uy,
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the judgment matrix is constructed under the criterion S;. Control layer elements Ss(s = 1,2, ...,m) are
taken as the criteria, and the element u jkinUjis taken as the sub-criteria; then, the indicators in the
element set U; are compared according to the degree of influence on u ;. On this basis, the normalized
eigenvector wfljk), wgk), e, wfr]l ’_() can be obtained, which is called the sort vector of network elements.
The above steps are repeated fork =1,2,...,n j to get matrix Wj; as shown below.

(j1) (jn))
i1 i1
Wij=| = . | ®)
(j1) ™)
i'rll‘ il’li

w w

w

Step 7: Calculate weighted supermatrix. The interacting sorting vectors of all network layer
elements are combined with supermatrix W, which is under the Cs criteria. The weighted supermatrix
is obtained by normalizing each column of W. In the weighted supermatrix, the sum of each column
element is 1. Then, the supermatrix is stabilized, and the limit relative ranking vector is calculated:

klim WK, If the limit converges and the result is unique, column i is the limit relative order of each
— 400

element in the network layer corresponding to element i under the criterion, i.e., the weight value of
each element relative to the highest objective.

3.3. Fuzzy Comprehensive Evaluation Based on Vague Set

Fuzzy comprehensive evaluation mainly uses the principle of fuzzy transformation and maximum
membership degree to deal with the evaluation index quantitatively. The fuzzy comprehensive
evaluation method relatively does not rely on prior data [42]. The PGIB compliance evaluation index
system conducted in this paper contains some qualitative indicators, and the detailed data of the
current PGIB are mostly grasped by the power grid enterprises, shown as a “black box” to the outside
world. In addition, the membership degree of traditional fuzzy theory does not satisfy additivity,
and it is easy to lose intermediate information by taking large or small operations, which leads to
the distortion of evaluation results. Therefore, this paper chooses a fuzzy comprehensive evaluation
method based on vague set.

Vague set is an extension of fuzzy set. Fuzzy set extends the concept of membership to the [0, 1]
interval, but the theory of vague set holds that the membership of every element can be divided
into two aspects: support and opposition, that is, true membership t and false membership f [43].
Assuming that M is a universe and x represents any element, a vague set in M can be represented
by a true membership function t4 and a false membership function f4. Furthermore, t4(x) is the
lower bound of the membership degree of x derived from the evidence supporting x, f4(x) is the
lower bound of the negative membership degree of x derived from the evidence opposing x, and the
uncertainty partis 1 —f4(x) — fa(x). Then, ta(x) and fa(x) can relate the real number in the interval
[0, 1] to each element in U, i.e., ta(x) : M — [0, 1], fa(x) : M — [0, 1].

For the convenience of discussion, this paper records t4(x) as ty and f4(x) as fy, i.e., ty + fx < 1.
If ty = 1 - fy, the vague set degenerates into a fuzzy set;if ty = 1— fy = 0or ty = 1 — fy = 1, the vague
set degenerates into a normal set [44]. Specifically, the steps to evaluate the investment behavior of the
power grid by using the fuzzy comprehensive evaluation method based on vague set are as follows:

Step 1: Set a corresponding evaluation statement rating for each evaluation indicator of PGIB
compliance. Referring to the purpose of evaluating the compliance of PGIB, this paper conducts the
corresponding commentary set V = (Vy, V3, V3, V4, Vs), which contains five grades: (1) completely
meets supervision requirements; (2) relatively meets supervision requirements; (3) barely meets
supervision requirements; (4) relatively cannot meet supervision requirements; (5) completely cannot
meet supervision requirements. Meanwhile, a certain number of experts are invited to choose
appropriate linguistic variables to express their opinions.
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Step 2: Construct the evaluation matrix of the vague set. Experts are invited to judge each indicator
according to the given commentary set. If U, is used to represent any of them, and the commentary set
is V;(j =1,2,3,4,5), the evaluation matrix R based on vague set between the evaluation index system
U and the commentary set V can be constructed.

i "2 - T15
a1 T2 -+ T25

R=| . . . | (6)
Tl Tn2 - Tus

In the formula, r;; denotes the vague value of the commentary rating V; corresponding to the
indicator U;, and r; = [ta,1— fa]. Then, relevant experts are organized to select each index according
to the commentary set. In order to express the hesitation degree of experts more truthfully, experts
are allowed to abstain. For example, 10 experts evaluate a certain index Uj;. If six experts think it
can completely meet supervision requirements, two experts think it can relatively meet supervision
requirements, one expert thinks it can barely meet supervision requirements, and one expert gives up
evaluation, then r; can be r; = ([0.6, 0.7],[0.2, 0.3],[0.1, 0.2], [0, 0.1], [0, 0.1]). The vague evaluation of
all indicators can be obtained accordingly, and then the vague set evaluation matrix of the whole index
system can be constructed.

Step 3: Carry out the comprehensive evaluation based on the vague set according to the weight
W of the index system and the evaluation matrix R of the vague set. Firstly, two basic operational
formulas on vague set are introduced: multiplication and finite operation.

Assuming that k is a real number in the interval [0, 1], and that A and B are both elements of the
vague set, A = [ta, 1 — fal, B = [tg, 1 — fp], then the following applies:

k@A = [kta, k(1 fa)], @)

A®B = [min{l, t4 + tp}, min{1, (1 —fA) + (1 —fB)}] (8)

In the formulas, ® is the operation symbol of multiplication of vague set matrices, and ® is the
finite operation symbol of the vague set. The comprehensive evaluation results based on vague set are
as follows:

F=WQ®R = (Fy,Fy,F3,F4,Fs), )

Fj = (w1 ®7‘1j)@<ﬂ)2®7’2]')@-~@(wn ®7nj)/j = (1/2/3/4/5)' (10)

In the formulas, F is the comprehensive evaluation result based on vague set and F i is the vague
value of the commentary rating V; corresponding to the evaluation object U; [45].

Step 4: Judge the evaluation results according to the principle of maximum degree of membership.
Since the vague value is an interval number, the relative scoring function can be used as the ranking
rule of the membership degree of vague set. The formula is as follows:

tx

J(x) = E A

(11)

Intuitively speaking, without considering abstention, as the proportion of the object to be evaluated
under a certain evaluation grade (t;) in all cases (fy + f) increases, so does the probability that the
subject to be evaluated belongs to the commentary rating. If, considering the influence of the abstention
part, the above formula shows that the abstention part is subdivided infinitely according to the ratio of
ty: fr: (1 =ty — fy), then the unknown information does not affect the judgement of the evaluation
object according to the membership degree of the commentary rating.
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4. Case Study

4.1. Overview of the Cases

In order to better verify the applicability of the above evaluation model, this paper selected two
power grid investment projects. Project 1 was the Xi-Zhe power grid project in Reference [28], and
Project 2 was a power transmission and transformation project in Shanxi Province.

Project 1 was an ultra-high voltage project put into operation in 2014. The investment amount
approved by the government was 23.855 billion yuan, the estimated investment of the project was
19.693 billion yuan, and the actual investment was 18.388 billion yuan.

Project 2 was a power transmission and transformation project. The total investment amount was
65.98 million yuan, and its construction included three sub-projects, i.e., the new construction of a
110-kV substation (include two new 40-MVA main transformers, two 110-kV outgoing lines, two 35-kV
outgoing lines, six 10-kV outgoing lines, and four 10-MVar shunt capacitors), the 110-kV line project
(include 46.4-km 110-kV lines and 142 power poles), and the supporting communication engineering
(include 49.3-km optical cables). In the construction, the project adopted the 110-C-8 general substation
design scheme of the State Grid Corporation, and it was located in mountainous and hilly areas with
an elevation between 900 m and 1600 m, where transportation conditions are not good.

The PGIB projects were relatively large, and there were great uncertainties and incompleteness
in the acquisition of indicator data that affected the evaluation results. Therefore, in order to ensure
the smooth implementation of the evaluation work, this paper conducted a questionnaire survey of
experts in related fields to verify and analyze the abovementioned PGIB compliance evaluation model.

4.2. The Results of Indicator Weight

For the above two items, the index weight was the same. Firstly, the relationship between the
primary indicators in the index system established in this paper was analyzed using the DEMATEL
method. For the four primary indicators proposed in this paper, according to expert judgment, the
direct impact matrix was given as follows:

= N O O
= O O -
— O O
O N W W

According to Equations (1) and (2), the comprehensive influence matrix could be calculated as

follows:
0.2783 0.2546 0.7339 0.7583

0.0812 0.0670 0.0975 0.4550
0.3737 0.1083 0.2485 0.4929
0.2167 0.1787 0.2600 0.2133

The centrality (C + R) and causality (C — R) of the primary indicators are shown in Table 2.

Table 2. The centrality and causality of the primary indicators.

Primary Indicators C+R C-R

O] 29749  1.0752
U, 1.3094  0.0921
Us 2.5633 -0.1165
Uy 2.7881 —1.0508

From the comprehensive matrix T and Table 2, it can be seen that there was an influence relationship
between the primary indicators in the evaluation index system constructed in this paper. The indicators
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project construction scale and project cost level were the cause factors, and their impacts on other
indicators were greater than the impacts received by other indicators. Conversely, project operating
efficiency and project investment benefit were the result factors, and their impacts on other indicators
were less than the impact received by other indicators. Based on this, the causality diagram of primary
indicators could be drawn, and the interaction among the four first-level indicators is shown in
Figure 1 [46].
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Figure 1. The correlation between the primary indicators.

According to the causality diagram of the primary indicators and the actual situation of secondary
indicators, the ANP network structure could be drawn as shown in Figure 2 (the interaction among
indicators is specified in Table A1, Appendix A). Then, the weight coefficients w;; of all secondary
indicators could be calculated using the Super Decision software, as shown in Table 3.
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Figure 2. Network hierarchy of the index system.
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From the weight results in Table 3, it can be seen that, among the 14 secondary indicators, the
indicators whose weight value was more than 0.1 were as follows: annual equivalent average load rate
(0.1430) and construction cost social deviation index (0.1134); those whose weight value was between
0.08 and 0.1 were as follows: matching degree with power grid planning (0.0843), demand degree
of project construction (0.0920), and contribution degree of regional economic development (0.0857).
Analysis of the above results showed that weights of primary indicators project cost level, project
construction scale, and project operating efficiency were more than the weight of project investment
benefit, indicating that the investment scale, investment cost, and operational efficiency of PGIB was
more valued from the perspective of government supervision.

Table 3. Analytic network process (ANP) weight results of the secondary indicator.

Secondary Indicators Uq1 U1p Uz Uy Uz
Weight results 0.0843 0.0920 0.0383 0.0631 0.0757
Secondary indicators U3 Uyy Uz Usp Uszs
Weight results 0.1134 0.0752 0.1430 0.0356 0.0745
Secondary indicators Uy Uy Uys Uyy
Weight results 0.0687 0.0857 0.0379 0.0136

4.3. Fuzzy Evaluation Results Based on Vague Sets

4.3.1. Fuzzy Evaluation Results of Project 1

For the selected power grid investment projects, this paper invited relevant officials, scholars,
and experts from government regulatory agencies, universities, professional research institutions,
and project construction units to give the vague evaluation values from the perspective of
government supervision.

In this paper, a total of 20 experts in related fields were invited (the expert information is shown in
Table A2, Appendix A), and each expert gave a satisfaction degree rating of the selected projects to the
regulatory requirements of each evaluation indicator. Among them, as mentioned above, the project’s
satisfaction degree rating was divided into five levels: completely meets supervision requirements (V1),
relatively meets supervision requirements (V2), barely meets supervision requirements (V3), relatively
cannot meet supervision requirements (V4), and completely cannot meet supervision requirements
(V5). On this basis, considering the evaluation results given by all experts, the vague evaluation of
each indicator could be constructed.

Project 1 was firstly taken an example. For the evaluation index Uj; in sub-evaluation index
system Uj, four experts thought that Project 1 completely met supervision requirements, nine experts
thought that the project relatively met supervision requirements, four experts thought that the
project barely met supervision requirements, one expert thought that the project relatively could
not meet supervision requirements, no expert thought that the project completely could not meet
supervision requirements, and two experts abstained. According to the construction rule of vague
set, the corresponding vague value evaluation of the index would be: 11 = (r111, 1112, 1113, 114, "115) =
([0.20, 0.25], [0.45, 0.50], [0.20, 0.25],[0.05, 0.10], [0.00, 0.05]).

Similarly, the vague evaluation of all indicators in the evaluation index system could be obtained,
and the vague set evaluation matrix of the evaluation index system could be formed, as shown in
Table 4 (the expert evaluation results of secondary indicators are shown in Table A3, Appendix A).
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Table 4. Vague value of secondary indicators (Project 1).

Primary Secondary Vague Value of Secondary Indicators
Indicator Indicator a Vs Vs Vs Vs
U1 [0.20, 0.25] [0.45, 0.50] [0.20, 0.25] [0.05, 0.10] [0.00, 0.05]
U, Uy [0.15, 0.25] [0.35, 0.45] [0.25, 0.35] [0.10, 0.20] [0.05, 0.15]
Uy [0.15, 0.20] [0.40, 0.45] [0.30, 0.35] [0.10, 0.15] [0.00, 0.05]
Uy [0.30, 0.35] [0.35, 0.40] [0.25, 0.30] [0.35, 0.40] [0.00, 0.05]
u Uy [0.05, 0.10] [0.15, 0.20] [0.30, 0.35] [0.10, 0.15] [0.10, 0.15]
2 Uy; [0.15, 0.20] [0.30, 0.35] [0.40, 0.45] [0.10, 0.15] [0.00, 0.05]
Upy [0.10, 0.20] [0.20, 0.30] [0.30, 0.40] [0.20, 0.30] [0.10, 0.20]
Uz [0.00, 0.05] [0.15, 0.20] [0.30, 0.35] [0.40, 0.45] [0.10, 0.15]
Us; Us; [0.00, 0.05] [0.10, 0.15] [0.35, 0.40] [0.40, 0.45] [0.10, 0.15]
Us3 [0.00, 0.05] [0.00, 0.05] [0.30, 0.35] [0.45, 0.50] [0.20, 0.25]
Uy [0.05, 0.10] [0.10, 0.15] [0.40, 0.45] [0.40, 0.45] [0.00, 0.05]
U Uy [0.10, 0.15] [0.20, 0.25] [0.35, 0.40] [0.25, 0.30] [0.05, 0.10]
4 Uy [0.10, 0.20] [0.25, 0.35] [0.35, 0.45] [0.10, 0.20] [0.10, 0.20]
Uyy [0.10, 0.20] [0.30, 0.40] [0.30, 0.40] [0.15, 0.25] [0.05, 0.15]

According to Equations (7)—(10), the weighted vague commentary of each indicator of the index
system could be obtained by multiplying the evaluation matrix based on the vague set in Table 4 with
the weight W of the index system. Then, the vague commentary on each satisfaction degree rating
of Project 1 for the regulatory requirements could be calculated through the finite sum calculation,
as shown in Table 5.

Table 5. Comprehensive evaluation result of vague value (Project 1).

Primary Secondary Vague Value of Secondary Indicators
Indicator Indicator 2 Vs, Vs Va Vs
u [0.0169, [0.0379, [0.0169, [0.0042, [0.0000,
u B 0.0211] 0.0422] 0.0211] 0.0084] 0.0042]
1 u [0.0138, [0.0322, [0.0230, [0.0092, [0.0046,
12 0.0230] 0.0414] 0.0322] 0.0184] 0.0138]
U [0.0057, [0.0153, [0.0115, [0.0038, [0.0000,
13 0.0077] 0.0172] 0.0134] 0.0057] 0.0019]
F [0.0364, [0.0855, [0.0514, [0.0172, [0.0046,
1 0.0517] 0.1008] 0.0667] 0.0326] 0.0199]
Uy [0.0189, [0.0221, [0.0158, [0.0032, [0.0000,
U 0.0221] 0.0252] 0.0189] 0.0063] 0.0032]
2 Uy [0.0038, [0.0114, [0.0227, [0.0265, [0.0076,
0.0076] 0.0151] 0.0265] 0.0303] 0.0114]
Uss [0.0170, [0.0340, [0.0454, [0.0113, [0.0000,
0.0227] 0.0397] 0.0510] 0.0170] 0.0057]
Uy [0.0075, [0.0150, [0.0226, [0.0150, [0.0075,
0.0150] 0.0226] 0.0301] 0.0226] 0.0150]
I [0.0472, [0.0825, [0.1064, [0.0560, [0.0151,
0.0674] 0.1026] 0.1265] 0.0762] 0.0352]
Us [0.0000, [0.0215, [0.0429, [0.0572, [0.0143,
Us 0.0072] 0.0286] 0.0501] 0.0644] 0.0215]
Usy [0.0000, [0.0036, [0.0125, [0.0142, [0.0036,
0.0018] 0.0053] 0.0142] 0.0160] 0.0053]
Uss [0.0000, [0.0000, [0.0224, [0.0335, [0.0149,
0.0037] 0.0037] 0.0261] 0.0373] 0.0186]
I3 [0.0000, [0.0250, [0.0777, [0.1050, [0.0328,

0.0127] 0.0377] 0.0904] 0.1176] 0.0454]
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Table 5. Cont.

Primary Secondary Vague Value of Secondary Indicators
Indicator Indicator 2 Vs Vs Va Vs
Uy [0.0034, [0.0069, [0.0275, [0.0275, [0.0000,
U 0.0069] 0.0103] 0.0309] 0.0309] 0.0034]
4 Uy [0.0086, [0.0171, [0.0300, [0.0214, [0.0043,
0.0129] 0.0214] 0.0343] 0.0257] 0.0086]
Uy [0.0038, [0.0095, [0.0133, [0.0038, [0.0038,
0.0076] 0.0133] 0.0171] 0.0076] 0.0076]
Uyy [0.0014, [0.0041, [0.0041, [0.0020, [0.0007,
0.0027] 0.0054] 0.0054] 0.0034] 0.0020]
Fy [0.0034, [0.0069, [0.0275, [0.0275, [0.0000,
0.0069] 0.0103] 0.0309] 0.0309] 0.0034]
F [0.0086, [0.0171, [0.0300, [0.0214, [0.0043,
0.0129] 0.0214] 0.0343] 0.0257] 0.0086]

According to the evaluation results in Table 5 and the scoring function given by Equation (11),
the scoring value of the corresponding commentary rating could be obtained as J; = 0.1074, J = 0.2455,
J3 = 0.3304, J4 = 0.2481, and 5 = 0.0652, where it can be seen that [3 > 4 > [, > J1 > J5. Therefore,
the evaluation result of this power grid investment project was “barely meets supervision requirements”.

Specifically, as shown in Table 6, in the dimension of project construction scale, J1; = 0.0370,
J12 = 0.0868, J13 = 0.0521, J14 = 0.0175, and J;5 = 0.0047, it can be seen that J1o > J13 > J11 > J14 > J15-
Therefore, the evaluation result of the dimension of project construction scale was “relatively meets
supervision requirements”. In the dimension of project cost level, J,; = 0.0482, J» = 0.0842,
Jo3 = 0.1086, Jo4 = 0.0572, and Jr5 = 0.0154, it can be seen that o3 > J2o > Jo4 > Jo1 > J»5. Therefore, the
evaluation result of the dimension of project cost level was “barely meets supervisory requirements”.
In the dimension of project operating efficiency, J3; = 0.0000, J32 = 0.0253, J33 = 0.0787, J34 = 0.1063,
and J35 = 0.0332, it can be seen that J34 > J33 > J35 > J3» > J31. Therefore, the evaluation result of
the dimension of project operating efficiency was “relatively cannot meet supervision requirements”.
In the dimension of project investment benefit, J4; = 0.0174, J5» = 0.0678, J43 = 0.0764, J44 = 0.0559,
and J45 = 0.0089, it can be seen that J43 > 4o > J44 > J41 > J45. Therefore, the evaluation result of the
dimension of project investment benefit was “rarely meets supervisory requirements”.

Table 6. The evaluation rating of each evaluation dimension (Project 1).

Evaluation Rating

Vi Vo V3 V4 Vs

Evaluation Dimension

Whole project v
Project construction scale v
Project cost level v
Project operating efficiency v
Project investment benefit v

In conclusion, from the perspective of government supervision, the overall evaluation result of
Project 1 was “barely meets supervision requirements”. The reason for this evaluation result was
that the evaluation result of the dimension of project operating efficiency was “relatively cannot meet
supervision requirements”. In the regulatory report released by the government, it was pointed out
that the utilization hours of the Project 1 were low, and there were outages during operation. Therefore,
the evaluation result in this paper is consistent with the description of Project 1 in the regulatory report.
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4.3.2. Fuzzy Evaluation Results of Project 2

Similar to the evaluation process of Project 1, the vague set evaluation matrix of the evaluation
index system could be formed, as shown in Table 7 (the expert evaluation results of secondary indicators
are shown in Table A4, Appendix A).

Table 7. Value of secondary indicators (Project 2).

Primary Secondary Vague Value of Secondary Indicators
Indicator Indicator Vi Vs, Vs Vs Vs
U1y [0.25,0.35] [0.20, 0.30] [0.20, 0.30] [0.15, 0.25] [0.10, 0.20]
Uy Uy [0.30, 0.35] [0.25,0.30] [0.20, 0.25] [0.15, 0.20] [0.10, 0.15]
Uz [0.25, 0.35] [0.20, 0.30] [0.20, 0.30] [0.15, 0.25] [0.10, 0.20]
Uy [0.10, 0.20] [0.25,0.35] [0.40, 0.50] [0.10, 0.20] [0.05, 0.15]
u Uy, [0.20, 0.25] [0.45, 0.50] [0.20, 0.25] [0.10, 0.15] [0.00, 0.05]
2 Uy [0.05, 0.20] [0.15, 0.30] [0.45, 0.60] [0.15, 0.30] [0.05, 0.20]
Upy [0.05, 0.15] [0.40, 0.50] [0.30, 0.40] [0.15, 0.25] [0.00, 0.10]
Uz [0.20, 0.25] [0.35, 0.40] [0.20, 0.25] [0.10, 0.15] [0.05, 0.10]
Us Usz, [0.15, 0.25] [0.45, 0.55] [0.20, 0.25] [0.10, 0.20] [0.00, 0.10]
Uss [0.30, 0.35] [0.40, 0.45] [0.20, 0.25] [0.05, 0.10] [0.00, 0.05]
Uy [0.10, 0.20] [0.40, 0.50] [0.15, 0.35] [0.20, 0.40] [0.05, 0.15]
u Uy [0.20, 0.35] [0.35, 0.50] [0.15, 0.30] [0.10, 0.25] [0.05, 0.20]
4 Uy [0.05, 0.10] [0.20, 0.25] [0.45, 0.50] [0.20, 0.25] [0.00, 0.05]
Uy, [0.05, 0.15] [0.10, 0.20] [0.55, 0.65] [0.15, 0.25] [0.05, 0.15]

Then, vague commentary on each satisfaction degree rating of Project 2 for the regulatory
requirements could be calculated through the finite sum calculation, as shown in Table 8.

Table 8. Comprehensive evaluation result of Vague value (Project 2).

Primary Secondary Vague Value of Secondary Indicators
Indicator Indicator Vi Vs, Vs Va Vs
u [0.0211, [0.0169, [0.0169, [0.0126, [0.0084,
u 1 0.0295] 0.0253] 0.0253] 0.0211] 0.0169]
1 u [0.0276, [0.0230, [0.0184, [0.0138, [0.0092,
12 0.0322] 0.0276] 0.0230] 0.0184] 0.0138]
u [0.0096, [0.0077, [0.0077, [0.0057, [0.0038,
13 0.0134] 0.0115] 0.0115] 0.0096] 0.0077]
F [0.0583, [0.0475, [0.0429, [0.0322, [0.0215,
1 0.0751] 0.0644] 0.0598] 0.0491] 0.0383]
u [0.0063, [0.0158, [0.0252, [0.0063, [0.0032,
21 0.0126] 0.0221] 0.0316] 0.0126] 0.0095]
U, U [0.0151, [0.0341, [0.0151, [0.0076, [0.0000,
2 0.0189] 0.0379] 0.0189] 0.0114] 0.0038]
u [0.0057, [0.0170, [0.0510, [0.0170, [0.0057,
23 0.0227] 0.0340] 0.0680] 0.0340] 0.0227]
u [0.0038, [0.0301, [0.0226, [0.0113, [0.0000,
24 0.0113] 0.0376] 0.0301] 0.0188] 0.0075]
E) [0.0309, [0.0969, [0.1140, [0.0422, [0.0088,

0.0655] 0.1316] 0.1486] 0.0768] 0.0435]
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Table 8. Cont.

Primary Secondary Vague Value of Secondary Indicators
Indicator Indicator a Vs Vs Vs Vs
U [0.0286, [0.0501, [0.0286, [0.0143, [0.0072,
u 31 0.0358] 0.0572] 0.0358] 0.0215] 0.0143]
3 u [0.0053, [0.0160, [0.0071, [0.0036, [0.0000,
32 0.0089] 0.0196] 0.0089] 0.0071] 0.0036]
u [0.0224, [0.0298, [0.0149, [0.0037, [0.0000,
33 0.0261] 0.0335] 0.0186] 0.0075] 0.0037]
F [0.0563, [0.0959, [0.0506, [0.0216, [0.0072,
3 0.0707] 0.1103] 0.0633] 0.0360] 0.0216]
u [0.0069, [0.0275, [0.0103, [0.0137, [0.0034,
41 0.0137] 0.0344] 0.0240] 0.0275] 0.0103]
Uy u [0.0171, [0.0300, [0.0129, [0.0086, [0.0043,
42 0.0300] 0.0429] 0.0257] 0.0214] 0.0171]
U [0.0019, [0.0076, [0.0171, [0.0076, [0.0000,
43 0.0038] 0.0095] 0.0190] 0.0095] 0.0019]
u [0.0007, [0.0014, [0.0075, [0.0020, [0.0007,
44 0.0020] 0.0027] 0.0088] 0.0034] 0.0020]
E [0.0266, [0.0664, [0.0477, [0.0319, [0.0084,
4 0.0496] 0.0894] 0.0775] 0.0618] 0.0314]
F [0.1720, [0.3067, [0.2552, [0.1279, [0.0458,
0.2609] 0.3956] 0.3492] 0.2236] 0.1347]

According to the evaluation result in Table 8, the scoring value of the corresponding commentary
rating could be obtained as J; = 0.1888, [, = 0.3367, J3 = 0.2817, J; = 0.1414, and 5 = 0.0503, where it
can be seen that J, > J3 > |1 > J4 > J5. Therefore, the evaluation result of this power grid investment
project was “relatively meets supervisory requirements”.

Specifically, as shown in Table 9, in the dimension of project construction scale, 11 = 0.0592,
J1o = 0.0483, J13 = 0.0437, 14 = 0.0327, and [15 = 0.0218, it can be seen that J11 > J12 > J13 > Ji5 > J14-
Therefore, the evaluation result of the dimension of project construction scale was “completely
meets supervision requirements”. In the dimension of project cost level, 1 = 0.0320, J,» = 0.1004,
J23 = 0.1181, Jo4 = 0.0437, and J>5 = 0.0091, it can be seen that 3 > J2o > Jo4 > Jo1 > J25. Therefore, the
evaluation result of the dimension of project cost level was “barely meets supervisory requirements”.
In the dimension of project operating efficiency, J3; = 0.0571, J3, = 0.0973, J33 = 0.0513, J34 = 0.0219,
and [35 = 0.0073, it can be seen that J3p > J31 > J33 > J34 > J35. Therefore, the evaluation result of the
dimension of project operating efficiency was “relatively meets supervision requirements”. In the
dimension of project investment benefit, J4; = 0.0272, J1» = 0.0678, J43 = 0.0487, J44 = 0.0326, and
Jas = 0.0086, it can be seen that [y > Ju3 > Jaa > Js1 > Ja5. Therefore, the evaluation result of the
dimension of project investment benefit was “relatively meets supervisory requirements”.

Table 9. The evaluation rating of each evaluation dimension (Project 2).

Evaluation Rating
V1 Vz V3 V4 V5

Evaluation Dimension

Whole project
Project construction scale v
Project cost level v
Project operating efficiency v
Project investment benefit vV

According to the evaluation result, as a small-scale PGIB project, the construction scale of
Project 2 was well controlled, but the project cost control rarely met the regulatory requirements of the
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government. This proves the reason for the Chinese government taking Shanxi Province as the pilot of
transmission and distribution price reform to strictly control the investment cost of PGIB.

4.4. Sensitivity Analysis

In this part, a sensitivity analysis was carried out to measure the impact of changes in the expert
evaluation of key indicators on the final evaluation results. In order to display the results of sensitivity
analysis more intuitively, different satisfaction degree ratings were assigned corresponding scores, as
shown in Table 10.

Table 10. The score of different satisfaction degree rating.

Satisfaction Degree Rating V3 V, V3 Vy V5
Score 100 80 60 40 20

Then, the evaluation result of Project 2 could be quantified as follows:
R=100x]; +80X Jo +60X J3 +40 X [ +20 X J5. (12)

According to Equation (12), Rp can be calculated as Ry = 69.3757.

Three secondary indicators with the largest weights were selected, that is, U1z, U3, and U1, and
then the expert evaluation result of the corresponding indicators (see Table A3, Appendix A) was
adjusted as follows:

(1) Let NVll = Ny -3, 1\11/51 = Nys + 3 (if Ny1 < 3, let NVll =0, sz1 = Nyp — (3 - NV])), and
calculate the final evaluation score Ry;

(2) Let Nyy2 = Nyq — 2, Nys2 = Nys + 2 (if Nyq < 2, let Nyy2 = 0, Nyo? = Nyp — (2= Nyq)), and
calculate the final evaluation score Ry;

(3) Let Ny13 = Ny — 1, Nys® = Nys + 1 (if Ny = 0, let Ny»® = Ny, — 1), and calculate the final
evaluation score R3;

(4) Let Ny1* = Nyq + 1,Nys* = Nys — 1 (if Nys = 0, let Nyy! = Nyy — 1), and calculate the final
evaluation score Ry;.

(5) Let ]\ﬁ/l5 = Ny + Z,Nv55 = Nys5 -2 (if Ny5 < 2, let Nv55 = O,Nv42 = Nyy — (2 —Nv5)), and
calculate the final evaluation score Rs;

(6) Let NVl6 = Ny1 + 3,NV56 = Nys5 -3 (if Ny5 < 3, let NV56 = O,Nv43 = Nyy — (3 —NV5)), and
calculate the final evaluation score Rg.

The final evaluation score of each scheme is shown in Table 11, and the sensitivity diagram of
selected secondary indicators is described in Figure 3.

Table 11. The score value of each scheme (Project 2).

Secondary Indicators Score Value

Ry R; R3 Ry Rs5 Rg
U1z 68.1640 685679 68.9718 69.7796 70.1835 70.4849
Uy 68.1310 685044 68.8778 69.8735 70.2450 70.6166

Usy 67.4922 68.1201 68.7479 70.0035 70.4720 70.9404
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Figure 3. Sensitivity diagram of selected secondary indicators.

According to Figure 3, among the three secondary indicators selected, U3; had the most obvious
impact on project evaluation results, followed by U23 and Ujz. The result of the sensitivity analysis
was consistent with the weight of the secondary indicators, which verifies the applicability and stability
of the model.

5. Conclusions

With the further advancement of China’s electric power system reform, it will be an urgent task to
promote the healthy development of the electric power industry and the high-quality development of
social economy to strengthen the government’s supervision of the power grid. From the perspective of
government supervision, according to the task of power system reform and the concerned contents
in the government supervision report, this paper clarified the contents of the supervision of PGIB.
Then, an index system for evaluating the PGIB was constructed, which involved four dimensions
called project construction scale, project cost level, project operating efficiency, and project investment
benefit. On this basis, a fuzzy comprehensive evaluation model based on DEMATEL-ANP and vague
set techniques was developed, so as to provide a methodological reference for the government to
implement the task of power grid investment supervision.

Application of the evaluation model was examined in the case study of typical PGIB projects of
China, and the stability of the model was verified by sensitivity analysis. According to the empirical
results, the two projects mentioned above could both meet the requirements of government regulation
in the construction scale, but needed to be improved in the investment cost and operation efficiency.
Problems reflected in the evaluation results basically conformed to the overall situation of the current
PGIB in China, which is characterized by high cost and low efficiency.

Compared with previous research, this paper provided an evaluation model for the government's
supervision of PGIB from the perspective of methodology. The index system constructed in this
paper can cover all aspects of PGIB. The DEMATEL-ANP weight determination method can fully
reflect the correlation among scale, cost, efficiency, and benefit of PGIB. The fuzzy comprehensive
evaluation model can effectively deal with the current situation where the government and society do
not grasp the specific data of PGIB. The evaluation model conducted in this paper can reflect whether
the PGIB project meets the supervision requirements, and provide guidance for the government’s next
supervision work. However, at the same time, it also has some limitations, which are described below.

Firstly, due to the insufficiency of the policy documents on the supervision of PGIB, there were
many qualitative indicators in the index system established in this paper. With the continuous
improvement of regulatory policies, the index system can be expanded and enriched. For example,
according to different voltage levels and project types, the corresponding indicators and calculation
methods can be formulated; through the project investment data, the evaluation indicators of project
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bidding process and construction process can be refined to restrict the internal benefit transmission of
monopoly power grid enterprises, and the quantitative indicators can be added to make the evaluation
results more objective.

Secondly, the method of fuzzy comprehensive evaluation employed in this paper was adapted
to the current phenomenon of insufficient information related to the investment behavior of power
grids in China. However, its evaluation result was greatly influenced by experts, and the objectivity
and accuracy were limited compared with the quantitative evaluation method. Moreover, it played a
limited role in guiding the deep implementation and the specific work of the supervision of PGIB. With
the continuous completion of regulatory data, the quantitative evaluation method for the supervision
of PGIB can be researched, for example, using the matter-element extension method and linear
weighting method to further improve the accuracy of the single project evaluation result. In addition,
the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method and VIKOR
method can be used to evaluate multiple PGIB projects, so as to provide a reference for government
departments to formulate incentive policies

Lastly, the evaluation model in this paper, as well as the case study results, can provide some
method support for the government to strengthen the supervision of PGIB, allowing supervision work
to be carried out. Specifically, the government should put forward supervision measures, and conduct
a general survey of PGIB to carry out statistical analysis of the basic information.

In summary, the government should strengthen the supervision of PGIB as soon as possible, and
curb the over-investment and inefficient investment. Furthermore, with the gradual improvement of
the government’s supervision of PGIB, it will be of great value to research more precise evaluation
methods for further improving the level of government supervision, so as to promote the healthy
development of the power industry.
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Appendix A
Table Al. Influence relationship among secondary indicators.
Secondary Indicator U Influence Relationship
Indicators affected by U;; Indicators affect U;;
U Uyp, Uyz, Upy, Usy, Usp, Uy, Uyp, Uy, Uyy Uyp, Uz, U3y, Usp, Uy, Uygp, Uyz, Ugy
Uz Uiy, Uys, Uz, Usp, Ugy, Usg, Uys, Usg Uiy, Uns, Uz, Usp, Usg, Usp, Uyz, Uss
Uiz Uy, Unz, Usy, Usp, Ugy, Usp Uyy, Uy, Usy, Usp, Uy, Ugp
Uy Upp, Ups, Upy Uy1,Up, Usz, Uy, Uy
Uz Up1, Uz, Upg, Uy, Uss Up1, Ups, Upg, Uy
U3 U1, Uno, Upy, Uy, Ugs Uy, U, Uy, Uy, Uys
Ups Uz, Ups, U3y, Usz, Uy, Uy Uy, Upp, Ups, Ugp, Ugs
Usy Uy, Uyp, Uyz, Uz, Uss, Uy, Uy, Ugy Uy, Uzp, Uss,Usp, Uss, Uyy, Uy, Uy
Usy Uy, Uiz, Uss, Usy, Ugy, Uy, Usg Uy, Usp, Uss, Uz
Usz Uy, Ugp, Usg Usy, Uy, Ugp, Ugs
Uy Uy, Usz, Uss, Uy, Uss, Usp Uiy, Uyz, Uss, Usy, Usp, Uss, Us
Up Uy, Uip, Usz, Upy, Upo, Ups, Ung, Uz, Uss, Uy Uny, Una, Uss, Upa, Uszs, Ung, Usy, Usz, Uss, Ugy, Uss
Uys Uy, Uip, Upy, Ups, UpgUss, Ugp, Uy Uy, Uz, Uz, Ups, Uy, Uyy
Uy Uy, Uz, Uz, Ugs Uy, Uz, Usy, Usp, Uss, Uys
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Table A2. Expert information. NDRC—National Development and Reform Commission; SASAC—
State-Owned Assets Supervision and Administration Management Commission of the State Council;
NEA—National Energy Administration; CEC—China Electricity Council; EPPEI—China Electric Power
Planning and Engineering Institute.

Expert Code Information
Work Unit Work/Research Field
Eq Tsinghua University Electrical Engineering and Automation
E; Tsinghua University Electrical Engineering and Automation
E3 North China Electric Power University Technical Economics
E4 North China Electric Power University Technical Economics
Es North China Electric Power University Project Management
Eg North China Electric Power University Energy Policy
E; NDRC Energy Policy
Eg NDRC Energy Policy
Eg NDRC Electricity Price Supervision
Eqo SASAC Asset Management of Power Grid Enterprises
Eqq SASAC Asset Management of Power Grid Enterprises
Eqp NEA Electricity Price Supervision
Ei3 NEA Energy System and Law
Eqy NEA Energy System and Law
Eis CEC Electricity Law
E1¢ CEC Standard of Electric Power Industry
Eq1y CEC Standard of Electric Power Industry
E1g EPPEI Power Grid Planning
E1i9 EPPEI Power Grid Planning
Exo EPPEI Standardization of Electric Power Planning and Design
Table A3. Expert evaluation results of secondary indicators.
Primary Secondary The Number of Experts
Indicator Indicator Nvi Nvs Nvs Nvi Nys Abstention
Uy 4 9 4 1 0 1
Uy Uy 3 7 5 2 1 2
Uz 3 8 6 2 0 1
Uy 6 7 5 1 0 1
U, Uy, 1 3 6 7 2 1
Uz 3 6 8 2 0 1
Uy 2 4 6 4 2 2
Uz 0 3 6 8 2 1
Us Us; 0 2 7 8 2 1
Uz 0 0 6 9 4 1
Uy 1 2 8 8 0 1
U Uy 2 4 7 5 1 1
4
Uy 2 5 7 2 2 2
Uyy 2 6 6 3 1 2




Energies 2019, 12, 4192 21 of 23

Table A4. Expert evaluation results of secondary indicators.

Primary Secondary The Number of Experts
Indicator Indicator Nvi Nvs Nvs Nva Nvs Abstention
Uqq 5 4 4 3 2 2
U, Uys 6 5 4 3 2 1
Uys 5 4 4 3 2 2
Uy 3 5 8 2 1 1
U, Uy 4 9 4 2 0 1
Uys 1 3 9 3 1 3
Upy 1 8 6 3 0 2
Usy 4 7 4 2 1 2
Uj Uz, 3 9 4 2 0 2
Uss 6 8 4 1 0 1
Uy 2 8 3 4 1 2
U, Uy 4 7 3 2 1 3
Uys 1 4 9 4 0 2
Uyy 1 2 11 3 1 2
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