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Abstract: The complex power system and trading environment in China has led to higher requirements
for the efficient and stable operation of the electricity market. With the continuous advancement
of power system reforms, regular evaluation of the operation of the market can help us grasp its
status and trends, which is of great significance for ensuring its sustainable development. In order to
effectively evaluate the current operational status of the electricity market, the concept of operation
health degree of power market (OHDPM) is proposed to measure whether the operation is safe,
efficient, and sustainable. This paper establishes an improved model framework based on the
matter-element extension theory for evaluation. In order to effectively avoid information distortion
and loss in the evaluation process, this paper combines the cloud model, matter element extension
theory, ideal point method (IPM), and cloud entropy optimization algorithm to deal with this problem.
The matter-element extension cloud model (MEECM) can clearly represent the characteristics of
the object to be evaluated. IPM is used to determine the weight of the index. For the improved
matter-element extension model, the traditional rules of “3En” and “50% relevance” are taken into
account, and the method of solving the entropy is optimized. Then, for the correlation degree between
the object to be evaluated and the graded normal cloud, the weight vector solved by the IPM is
used to weigh the cloud correlation degree, which can give a reliable evaluation result. The health
evaluation index system of power market operation includes 16 sub-indicators in five categories:
supply side, demand side, coordinated operation, market security, and sustainable development.
In the empirical analysis, the OHDPM situation in Y Province was evaluated in May 2019. The results
prove that the OHDPM level is medium, and the importance and health level of each index are given.
The reliability of the power system, transaction price stability, Lerner index, residual proportion of
producers, and user satisfaction have a greater impact on the health status. Finally, in order to verify
the validity and stability of the model, different methods are used to evaluate the evaluation objects,
and the advantages of OHDPM evaluation based on the model framework proposed in this paper
are proven.

Keywords: operation health degree of power market (OHDPM); matter-element extension cloud
model (MEECM); sustainable development; cloud model; cloud entropy; health level

1. Introduction

Electricity plays an indispensable role in human economic and social development [1]. In order
to break the monopoly of the power industry, promote the development of the industry, and foster
structural transformation and industrial upgrading, a new round of power system reform was launched
in 2015. The main objective of this reform was to establish a market structure and system with effective
competitiveness, and improve the operational efficiency of the electricity market [2], while at the
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same time strengthening the overall planning and scientific supervision of electricity, and improving
the level of security and reliability of electricity. By the end of 2018, the market-oriented trading
electricity was about 2.1 trillion kilowatt-hours, accounting for nearly 40% of total electricity sales in
China [3], and some other achievements have been made. However, the installed capacity of non-fossil
energy power generation is 770 million kilowatts, accounting for 40.8% of the total installed capacity of
China’s power generation, which also increases the risk of stable operation of the electricity market.
The problems of unstable operations, of the desire for clean energy consumption, and the need to
ensure clean development of coal and electricity should not be overlooked [4,5]. Faced with the
complex and multidimensional operational environment of the electricity market, regular evaluation
of the operational situation is helpful to grasp the existing problems in the development in a timely
manner [6,7]. Therefore, it is necessary to consider all aspects of power market operation and evaluate
its situation to help government departments, power regulatory authorities, power exchange centers,
and market players to grasp the current market development situation in a timely manner, so as to
ensure that China’s power industry achieves sustainable development [8].

Based on the above, the purpose of OHDPM evaluation is clarified, and the concept of OHDPM is
put forward on the basis of analyzing the operational efficiency of the power market [9]. OHDPM
is the ability of the system to achieve optimal operations and resource optimization and remain
competitive in the power market, which is based on the security of the power system and the security
of the market economy, under the combined effect of moderate regulation and free competition,
through market-oriented means. OHDPM is a comprehensive judgment on the efficiency, security,
stability, and sustainability of market operations, which can provide a reference for future development.

At present, there are many theories and methods to evaluate the construction, benefits,
and risks of the electricity market, such as the theory of structure-conduct-performance (SCP) [10,11],
SWOT analysis [12,13], Porter’s five forces analysis (PFFA) [14,15], the PEST analysis model [16,17],
the system dynamics method [18,19], and so on. Considering the current process of power system
reform and the operation of the power market, this paper evaluates OHDPM from the perspective of
market stability and sustainable development, and establishes an evaluation framework. The evaluation
framework includes five aspects: supply side, demand side, coordinated operation, market security,
and sustainable development. Therefore, the evaluation of OHDPM can be regarded as a multi-criteria
decision-making (MCDM) problem. Compared with other operation evaluation methods in an
electricity-related market, the MCDM technique can consider various factors to comprehensively
calculate quantitative objective data and determine qualitative indicators based on experts’ experience,
which can effectively obtain credible evaluation results [20].

MCDM is widely used not only in research but also in practice. Common methods include
TOPSIS [21], VIKOR [22], the correlation degree method [23], the FMEA method [24,25], the fuzzy
comprehensive evaluation method (FCEM) [26], genetic algorithm [27], the entropy weight method [28],
ANP [29], AHP [30], etc. These methods have specific advantages and applications. In order to make the
results more reliable, some studies introduce linguistic hesitation theory and fuzzy set theory into these
methods to make the evaluation results closer to reality [31,32]. However, it is difficult to overcome
the problem of information distortion during the actual evaluation process. This is because linguistic
information is transformed into real numbers, and uncertain decisions are transformed into precise
categories. To some extent, this violates the original intention of using fuzzy methods [33,34]. When
a single term cannot accurately express the evaluation information of an object, researchers propose
uncertain linguistic variables, but a rough description of the uncertainty of qualitative information is
inevitable, which will also lead to information distortion [35,36]. However, the cloud model is a method
of computing language without the shortcomings of the above methods. It is a description of qualitative
concepts, a development based on probability theory and fuzzy set theory, and allows the membership
degree to fluctuate randomly within a certain range of central values, rather than a fixed number [37].
The cloud model can transform the uncertainty between qualitative concepts and quantitative values,
and has applicability to MCDM problems based on linguistic information [38,39]. Dawei established
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a comprehensive evaluation model of power market operation efficiency based on extension cloud
theory, and introduced credible factors to verify the credibility of the evaluation results [40]. Based on
variable weight theory and normal cloud model, Lv carried out fuzzy comprehensive evaluation of
power quality, and verified the accuracy and validity of the proposed method through an example [41].
At the same time, the cloud model has many applications in other fields, such as power load
forecasting [42], system evaluation [43], risk assessment [44], etc., which verifies the evaluation effect
of the cloud model in practical applications. Nevertheless, the MEECM method is seldom used in the
evaluation of market operations.

We propose the concept of OHDPM and improve the MEECM method based on some theories
to better evaluate the changing OHDPM situation in China. Considering all aspects of the power
market, a comprehensive evaluation index system is established, and an improved MEECM method is
proposed to improve the reliability of the evaluation framework. Specifically, indicators are the basis of
the evaluation system and play a very important role. The traditional combination weighting method,
although it achieves a reasonable distribution of subjective and objective weights, only makes the
weights uniform, and weakens the difference between the main evaluation index and the secondary
evaluation index, which is not fully in line with the actual situation [45]. We use the AHP method to
calculate the subjective weight of the index, and the entropy method to calculate the objective weight
of the index; then the ideal point method (IPM) [46] is used to combine these two methods to better
discharge the interference information, and get a more objective index weight. Then, for the calculation
of the correlation degree in MEECM, different cloud entropy determination methods may lead to
conflicting decision results [47]. Therefore, an adaptive cloud entropy optimization algorithm for
evaluating objects is proposed to improve the MEECM and obtain more accurate operational health
status information.

According to the OHDPM’s evaluation results and index subordinate grade information,
market participants can regularly evaluate and compare the health status of each index, and then
improve the operational efficiency of the market. The main contributions of this paper are as follows:

(1) Combined with the objectives of China’s power system reform and the current stage of electricity
market development, the concept of OHDPM is put forward, and a comprehensive evaluation
index system for measuring OHDPM is established. The index system comprehensively reflects
the operational status of the electric power market from the aspects of supply side, demand side,
coordinated operation, safety, and sustainable development.

(2) In order to realize a reasonable conversion between qualitative information and quantitative
data in the evaluation process, an improved MEECM method is proposed to evaluate the
OHDPM status. We introduce the IPM into the weight determination method of AHP and the
entropy weight method, which better achieves the purpose of seeking the ideal weight by the
comprehensive weighting method. In addition, based on the principle of the “3En” [48] and “50%
relevance” rules [49], the cloud entropy optimization algorithm is used to obtain consistent and
stable evaluation results.

(3) In view of the reliability of the evaluation results, different methods are used to evaluate the
same object, and a credibility factor is introduced to compare the reliability of the results, so as
to verify the effectiveness of the framework structure proposed in the paper. The health status
of each index is given, and the operation of the evaluation object is analyzed as both a whole
and a part. The evaluation results can provide a valuable reference for government departments,
power regulatory agencies, power trading centers, market participants, etc.

This paper consists of six sections. The second section introduces the framework of the evaluation
model, including the basic theory, the improvement principle of the method, and the implementation
steps of the evaluation model. The third section constructs an OHDPM index system from five
dimensions. Then the fourth section carries out the empirical analysis, chooses the electricity
market operation situation of Y Province in May 2019 as the evaluation object, and carries out the
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appraisal. The fifth section is the analysis and discussion of the evaluation results. In the last section,
we draw conclusions.

2. Evaluation Theory and Method of OHDPM

In this section, first, the basic theory of MEECM is introduced. Second, we explain how to use IPM
to determine index weight and how to use the cloud entropy optimization algorithm to improve the
accuracy of entropy. Then, these two methods are applied to MEECM, and the specific implementation
steps of OHDPM evaluation are described in detail.

2.1. Matter-Element Extension Cloud Theory

2.1.1. Cloud Model

The cloud model is an uncertain transformation model from qualitative to quantitative based on
fuzzy theory and probability theory [50]. The cloud model has been proven to be an effective method
for solving uncertainty problems with the advantages of fuzziness and randomness, and has also been
applied to some practical problems [51,52]. The cloud model can use three digital features (Ex, En, He)
to express qualitative concepts [53]. Through the corresponding cloud generator, the transformation
of qualitative concepts to quantitative values can be completely represented, and the fuzziness and
randomness of concepts can be organically combined.

For the cloud eigenvalue, the expected value (Ex) represents the center value of the membership
cloud, which fully reflects the concept of OHDPM classification grade. Entropy (En) is a mathematical
description of the uncertain size of attribute concept, which reflects the randomness of index data
in OHDPM level evaluation process, and effectively portrays the fuzziness and randomness of the
grading boundary in the process of evaluating. Hyperentropy (He) is the entropy of entropy, objectively
describing the degree of correlation between fuzziness and randomness of each evaluation index [54].
In order to visualize the above concepts, a cloud model with numerical characteristics of (0,1,0.1)
and the number of cloud droplets Ncd = 3000 is taken as an example in this paper for drawing.
The diagrammatic sketch is shown in Figure 1.
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2.1.2. MEECM Theory

“” in the matter element evaluation method refers to the name, features, and characteristic value
of things, which can reflect the dialectical relationship between quantity and quality, so it can describe
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the transformation process of objects more closely [55]. Matter elements are generally expressed as
R = (N, C, v), where N is the name of the thing, C is the feature of the thing, and v is the characteristic
value of the feature C, usually expressed as a determined value or numerical interval. When a thing
has multiple attributes, the traditional matter element can be expressed as in Equation (1) [56]:

R =


N C1 v1

N C2 v2
...

...
...

N Cn vn

. (1)

The uncertainties of the normal cloud model are introduced into the traditional matter-element
theory, and the MEECM is obtained as shown in Equation (2):

R =


N C1 (Ex1, En1, He1)

N C2 (Ex2, En2, He2)
...

...
...

N Cn (Exn, Enn, Hen)

. (2)

2.2. Method for Determining the Comprehensive Weight of Indicators Based on IPM

The AHP method is an effective system analysis method put forward by Saaty in the 1970s; it
is a mature subjective weighting method [57], but is vulnerable to the subjective limitation of expert
opinion. The entropy weight method is a measure of the uncertainty of a system state [58]. Using the
intrinsic information of each scheme, the entropy of each evaluation index can be obtained through
the entropy weight method, and then the weight of each index can be obtained. The entropy weight
method is more sensitive to the difference of indicators, that is, the difference of sample data of
indicators has a greater impact on the weight results.

The determination of weights of OHDPM evaluation indicators is a key step in the comprehensive
evaluation process. Because the results of the single weighting method are easily distorted, the AHP
and entropy weight methods are used to combine the indicators, and the method of comprehensive
weighting of indicators based on ideal points is used to solve the problem. Ideal point method (IPM)
is a MCDM method that chooses the best compromise solution from many candidate solutions [59].
The objective and subjective weights are combined by IPM, which not only reflects the subjective
experience of decision-makers, but also makes full use of the original data of indicators, so as to obtain
more real and objective weights of indicators. The basic idea is to minimize the deviation between the
vector objective function and the ideal point of the problem, and then automatically solve the weight of
each index by establishing a mathematical programming model [60]. The specific steps are as follows.

Step 1: Subjective weight calculation of indicators based on AHP.
Let Ci(i = 1, 2, · · · n) denote the evaluation indicators and El(l = 1, 2, · · · L) denote expert groups.

The weight vector of the subjective weighting method is calculated by AHP and expressed by
α = [α1,α2, · · · ,αn], where αi represents the subjective weight of index i.

Step 2: Objective weight calculation of indicators based on the entropy weight method.
The weight vector of objective weighting method is obtained through the entropy weight method,

which is expressed as β = [β1, β2, · · · , βn], where βi represents the objective weight of index i.
Step 3: Constructing the ideal scheme.
Let the ideal values of each index be expressed by u∗i (i = 1, 2, . . . n). If the comprehensive

weight of indicators based on the ideal point is expressed by w = [w1, w2, · · · , wn], wi represents
the weight of index i, and the index value corresponding to the ideal scheme can be expressed by
B∗ = (b1

∗, b2
∗, · · · , bn

∗) = (w1u∗1, w2u∗2, · · · , wnu∗n), where B∗i = b∗i = wiu∗i denotes the weighted value of
index i in an ideal scheme. If the corresponding index values of the schemes to be evaluated are expressed
as ui(i = 1, 2, . . . n), then the subjective evaluation results of the schemes to be evaluated are expressed



Sustainability 2019, 11, 5470 6 of 25

as B(α) = (b(α)1 , b(α)2 , · · · , b(α)n ) = (α1u1,α2u2, · · · ,αnun); similarly, the objective evaluation results of the

schemes to be evaluated are expressed as B(β) = (b(β)1 , b(β)2 , · · · , b(β)n ) = (β1u1, β2u2, · · · , βnun).
Step 4: Calculating the distance between each scheme and the ideal scheme.
The distance between the w-weighted schemes to be evaluated and the ideal scheme is expressed

by Equation (3):

d =

√√ n∑
i=1

(bi − bi∗)
2 =

√√ n∑
i=1

[(ui − ui∗)wi]
2, (3)

where bi represents the weighted value of index i in the scheme to be evaluated.
The smaller d is, the closer the evaluation scheme is to the ideal one. In order to facilitate

calculation, the vectors are united according to Equation (4):

α′ =
α√

α2
1 + α2

2 + · · ·+ α2
n

β′ =
β√

β2
1 + β2

2 + · · ·+ β2
n

w′ =
w√

w2
1 + w2

2 + · · ·+ w2
n

,

(4)

where the united weight vectors are denoted by α′, β′, and w′, respectively. Correspondingly, α′i , β
′

i ,
and w′i denote the united weight values of index i in the three different weight solving methods.

The square of the distance between the schemes to be evaluated and the ideal point corresponding
to the weights of α, β, and w is expressed by d2

(α′)
, d2

(β′)
, and d2

(w′), respectively. The calculation is shown
in Equation (5):

d2
(α′)

=
n∑

l=1

[(ui − ui
∗)α′i ]

2

d2
(β′)

=
n∑

i=1

[(ui − ui
∗)β′i ]

2

d2
(w′) =

n∑
i=1

[(ui − ui
∗)w′i ]

2.

(5)

Step 5: Constructing the minimum deviation model.
In order to take into account both subjective and objective weights, the combination weights

are selected to minimize the weight deviation under subjective and objective combination weights.
A nonlinear programming model of the distance deviation from the combination weight, subjective
weight and objective weight to the ideal scheme is constructed, the deviation is expressed in h(w′),
as shown in Equation (6):

h(w′) =
[
d2
(w′) − d2

(α′)

]2
+

[
d2
(w′) − d2

(β′)

]2

=
n∑

i=1
[(ui − ui

∗)2(w′i
2
− α′i

2)]
2
+

n∑
i=1

[(ui − ui
∗)2(w′i

2
− β′i

2)]
2 (6)

Step 6: Determining the comprehensive weight of indicators.
For the extremum of the function, a Lagrange function is constructed to solve the problem [61],

and then the extreme value of the function w′i =
√

(α′i
2+β′i

2)

2 (i = 1, 2, · · · n) is obtained. By deriving the
h(w′) function, it is found that when w′i takes this value, the first derivative is 0 and the second reciprocal
is greater than 0, so the function h(w′) is convex and the value is the minimum point of it. Through the
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above analysis, it is found that the value is the solution of combination weight. After normalization,
the combination weight can be expressed by Equation (7):

wi =
w′i

n∑
i=1

w′i

(i = 1, 2, · · · n), (7)

where
n∑

i=1
w′i

2 = 1.

2.3. Cloud Entropy Optimization Algorithm

Constructing the graded normal cloud model of indicators is a key step in the health assessment
of power market operations. The traditional extension cloud theory regards hierarchical boundaries as
a double-constrained space [cmin, cmax], and the method for the values of Ex and En is relatively fixed.
However, as a measure of the ambiguity of the concept of state level, the size of cloud entropy En
reflects the acceptable numerical range of the concept of state level, which directly affects the accuracy
of the results of the determination of index level. Based on scholars’ understanding of different angles
of classification, there are two kinds of cloud entropy calculation methods.

2.3.1. Cloud Entropy Computing Method Based on “3En” Rule

The “3En” rule refers to the fact that the elements of cloud droplets located outside the interval
[Ex − 3En, Ex + 3En] are low-probability events, which do not affect the overall characteristics of the
cloud model and can be neglected. According to the rule, adjacent hierarchical extension clouds with
clear boundaries are obtained, as shown in Equation (8) [8]:

En′ =
cmax − cmin

6
. (8)

2.3.2. Cloud Entropy Computing Method Based on “50% relevance” Rule

The rule of “50% relevance” refers to the correlation degree of cloud droplets located at the level
boundary being equal to that of adjacent levels; both are 50%. By using the rule, an extension cloud
with a blurred boundary at adjacent levels is obtained, which indicates that the critical value belongs
to both the upper and lower levels. The calculation formula is as shown in Equation (9) [49]:

En′′ =
cmax − cmin

2.355
. (9)

2.3.3. Cloud Entropy Optimization Algorithms

These two methods adopt different classifications to determine the entropy value of the graded
normal cloud model from different angles, which may lead to conflicting state determination
conclusions. Therefore, we use a cloud entropy optimization algorithm to solve the entropy problem [46],
which guarantees the clarity of the classification and takes into account the principle of fuzziness.

Assuming that the actual measurement data of an evaluation index are represented by xi and its
state level is m, the corresponding m-group hierarchical cloud model is established. (Ex( j))1×m and
(He( j))1×m represent the cloud expectation set and cloud super-entropy set, respectively, (En′( j))1×m
and (En′′( j))1×m are the cloud entropy sets calculated by the above two algorithms, (En( j))1×m is the
optimal cloud entropy set obtained by combinatorial optimization, and j( j = 1, 2, · · ·m) represents the
rank number.

From the cloud correlation degree, function µ(x) can be regarded as a monotonically increasing
function with En′ as its independent variable, so for En′( j)

≺ En′′( j), the minimum correlation degree of
corresponding grade j is the value of µ(x)′( j) under the “3En” rule algorithm, expressed as µ(x)′( j)

min,
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and the maximum correlation degree of corresponding grade j is the value of µ(x)′′( j) under the “50%
relevance” rule algorithm, expressed in µ(x)′′( j)

max. Let the cloud entropy optimization algorithm get
the correlation degree of grade j as µ(x)( j), and use ∆µ(x)( j)

max to express the maximum deviation of
grade j correlation degree. The constructed function is shown in Equation (10):

∆µ(x)( j)
max = (µ(x)′′( j)

max − µ(x)
( j))

2
+ (µ(x)( j)

− µ(x)′( j)
min)

2
. (10)

Then, according to the principle of minimizing the maximum deviation, the sum of the maximum
correlation deviations of the indicator observations xi for the standard hierarchical cloud model of
group m should be minimized. Therefore, a nonlinear decision-making model of ∆µ(x)( j)

max can be
constructed, which is shown in Equation (11): min∆µ(x)max(En) =

J∑
j=1

∆µ(x)( j)
max

s.t.En′( j)
≤ En( j)

≤ En′′( j)
. (11)

By solving the above model, the optimal cloud entropy set En = (En( j))1×m of a single index for
each level is obtained.

2.4. OHDPM Evaluation Method Based on Combination Method

2.4.1. The Grade Limit of OHDPM Evaluation Indicators

Referring to the relevant standards [62] and references [8,40,44], and considering existing research
and expert opinions, we have sorted out the hierarchical boundaries of OHDPM impact indicators.
Based on the experience of power market operation, we propose a hierarchical division method, that is,
the hierarchical I-V corresponds to the lower, low, medium, higher, and high health levels. In addition,
the index data of the evaluation object in the evaluation cycle are calculated and used as the basis
for evaluation.

2.4.2. Establishment of MEECM with OHDPM Grade Limit

The OHDPM evaluation model is constructed by the matter element extension theory, the index
weight determination method based on IPM, the cloud entropy optimization algorithm, and the cloud
model. The concrete implementation steps are as follows.

(1) Determination of the standard cloud [56]:

R0 j =


N j C1 (Ex1, En1, He1) j

C2 (Ex2, En2, He2) j
...

...
Cn (Exn, Enn, Hen) j

, (12)

where R0 j represents the j-th ( j = 1, 2, · · ·m) health level corresponding to the standard OHDPM.
N j denotes the j-th health level; Ci(i = 1, 2, · · · n) represents an indicator for measuring the
OHDPM, that is, the evaluation index. (Exi, Eni, Hei) j is the description of the value standard
cloud of health level j in the evaluation index Ci.
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(2) Determination of the matter element to be evaluated:

R0 =


P C1 (Ex1, En1, He1)

C2 (Exi, Eni, Hei)
...

...
Cn (Exn, Enn, Hen)

, (13)

where P represents an object to be evaluated; (Exi, Eni, Hei) is the cloud description of the object
to be evaluated about its assessment indicator Ci.

(3) Establishing a cloud model of health level boundaries based on various assessment indicators:

Step 1: Determine the expected values of the corresponding indicators for each graded normal
cloud model.

First, the grade boundaries of OHDPM’s evaluation indexes are treated as a special
double-constraint index [cmin, cmax]. Then, considering the randomness and fuzziness of the boundary
information of the evaluation index classification level, the boundary is moderately expanded,
and its parameters are described by ascending and descending semi-normal clouds, as shown in
Equation (14) [8]:

Ex =
{cmin + cmax

2
(1 ≤ j ≤ m) . (14)

When the left or right boundary is not determined, it can be extended appropriately according to
the threshold of the adjacent boundary.

Step 2: Entropy value solution based on the cloud entropy optimization algorithm.
Step 3: Determine the value of hyperentropy.
Let the hyperentropy of index i be expressed as Hei = τ, where τ is a constant that can be adjusted

according to the actual situation.
Because He represents the degree of cloud dispersion, the greater the degree of dispersion, the more

the overall cloud will show a blurred boundary atomization phenomenon. Through a large number of
statistics on the process of cloud atomization in [63], it is concluded that the critical condition of cloud
atomization is He = En/3. When He > En/3, the cloud begins to atomize. Therefore, this principle is
taken into account when selecting τ, and different τ are tested in the graded normal cloud model; the
value that will not cause atomization is chosen as the value of He in this model.

2.4.3. Cloud Association Degree Calculation

The extension cloud correlation degree is a function to evaluate the correlation between a certain
index value and a graded normal cloud model. The index value x is regarded as a cloud drop,
and then a random number En′ with mean En and standard deviation He obeying normal distribution
is generated. Then the cloud correlation degree k between the target to be evaluated and the OHDPM
level extension cloud is calculated, as shown in Equation (15):

k = e−
(x−Ex)2

2En′2 . (15)

Through Equation (15), the extension cloud correlation degree between each index value of the
matter element to be evaluated and the standard grade is calculated, and the comprehensive evaluation
matrix K of OHDPM level is obtained, as shown in Equation (16):

K =


k11 k12 · · · k1m
k21 k22 · · · k2m

...
...

. . .
...

kn1 kn2 · · · knm

. (16)
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In the above formula, ki j is the correlation degree between the i-th (i = 1, 2, · · · n) index of matter
element P to be evaluated and the extension cloud model of the standard grade boundary of grade
j( j = 1, 2, · · ·m) of OHDPM.

2.4.4. Determination of OHDPM Level

Based on the ideal point combination weighting method [58], the comprehensive weights of each
evaluation index of power market operation health are obtained. The comprehensive evaluation
vector of OHDPM level can be obtained by weighting the index weight and cloud correlation degree.
The implementation steps for determining the OHDPM level are as follows.

Step 1: Calculation of comprehensive evaluation vector G.
The calculation of comprehensive evaluation vectors for OHDPM level evaluation is shown in

Equation (17) [54]:
G = wTK = [g1, g2, · · · gm], (17)

where w is the comprehensive weight vector for each evaluation indicator and K is the comprehensive
evaluation matrix.

Step 2: Computation of overall OHDPM evaluation score.
The weighted average method is used to obtain the overall evaluation score once its cloud

digital characteristics are represented by A, B, and C, and the calculation methods are as shown in
Equation (18):

ExZ =

n∑
i=1

gi ∗ Exi

n∑
i=1

gi

, EnZ =

n∑
i=1

gi
2
∗ Eni

n∑
i=1

gi2
, HeZ =

n∑
i=1

gi
2
∗Hei

n∑
i=1

gi2
. (18)

Step 3: Repeatedly calculate the evaluation score to obtain a more reliable evaluation result.
According to the calculation formula of correlation degree, it can be seen that normal random

numbers influence the process of calculating the correlation degree between the index data and the
corresponding graded normal cloud model. Therefore, the average value of the evaluation score is
obtained by repeated calculation, and the discrete degree of the repeated calculation results is analyzed
to judge the fluctuation between the results. The calculation method is shown in Equation (19):

ExZ =
ExZ1 + ExZ2 + · · ·+ ExZT

T

σ =

√√√
1
T

T∑
t=1

(ExZt − ExZ)
2,

(19)

where T is the number of repeated calculations; ExZt is the evaluation score of the health degree
obtained by the t-th operation; and σ is the standard deviation of the result calculated by T times.

The expected value can represent the representative OHDPM evaluation score after multiple
operations, and the standard deviation can reflect the reliability of the operation results. In order to
measure the credibility of the evaluation results, this paper introduces a reliability factor θ. The larger
the value, the greater the dispersion of evaluation scores and the smaller the credibility. It can be
calculated by the formula θ = σ/ExZ [47].

Therefore, the expected value is regarded as the final evaluation score of OHDPM, that is, Z′ = ExZ.

2.4.5. Determination of OHDPM Level

Through the above steps, we can get the comprehensive evaluation vector G; using the principle
of maximum membership degree, we can get the OHDPM level of the object to be evaluated, and the
corresponding specific score value is Z′.
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2.5. Calculation Framework

The model used to evaluate OHDPM is based on the Delphi method, IPM, and the improved
MEECM method. Figure 2 shows a detailed evaluation process consisting of three stages.
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Stage 1: Determine the key evaluation indicators from multiple dimensions, and identify the
characteristics of the objects to be evaluated.

In the first stage, experts’ related fields are selected and included in the evaluation team.
Then, experts are invited to conduct semi-closed questionnaires through the Delphi method, and the
key indicators for evaluating OHDPM are determined.

Stage 2: The weights of indicators are determined based on the comprehensive weight calculation
method of ideal points.

To determine the weights of criteria with IPM, the subjective weight and objective weight of the
index are first calculated by the AHP and entropy weight methods. Then, the ideal scheme of OHDPM
is constructed. Third, the distance between the objective and subjective weight corresponding schemes
and the ideal scheme is established. Fourth, a nonlinear programming model of distance deviation
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from the combination weight, subjective weight, and objective weight scheme to the ideal scheme is
constructed. Finally, a Lagrange function is constructed to solve the programming model, and the final
combination weight is obtained.

Stage 3: Evaluate the OHDPM status by the improved MEECM method.
In this stage, the first step is to determine the level boundaries of OHDPM evaluation indicators,

then calculate the cloud eigenvalues corresponding to each level of OHDPM, and establish graded
normal cloud models of OHDPM. Next, the cloud correlation degree between each index of the
object to be evaluated and the graded normal cloud model is calculated. Finally, the comprehensive
correlation degree between the object to be evaluated and each level is calculated, and the OHDPM
level is determined according to the principle of maximum membership degree.

The hybrid evaluation model, which combines the index weighting method of IPM and the
improved MEECM method, has three advantages for evaluating OHDPM. The hybrid evaluation model,
which combines the index weighting method of the ideal point and the improved MEECM method,
has three advantages when evaluating OHDPM. First, the framework allows the membership degree
to fluctuate randomly within the range determined by the central value, and achieves a reasonable
transformation from qualitative concept to quantitative expression. Second, the comprehensive weight
determination method based on ideal points is different from the traditional weighting method.
It does not weigh the subjective and objective weights linearly, but realizes the optimal weight of
adaptive adjustment according to the actual situation of the index. Finally, by improving the cloud
entropy optimization algorithm and taking into account two kinds of cloud entropy calculation rules,
the phenomenon of contradictory evaluation results is avoided, and evaluation results with high
reliability are produced. Therefore, the hybrid model is suitable for dealing with practical problems.

3. Index System for OHDPM

Assessing OHDPM is similar to assessing people’s physical health, which requires different
indicators. The evaluation index system is very important in the OHDPM evaluation process, so it is
necessary to establish an index system that can reflect the inherent characteristics of power market
operation. The evaluation of OHDPM is mainly to analyze whether the current electricity market has
achieved effective competition, maximizing social welfare and optimizing the allocation of resources.
Therefore, the evaluation index system is established from five aspects: supply side, demand side,
coordinated operation, market security, and sustainable development, hoping to fully reflect the
operational health of a power market.

3.1. Construction of OHDPM Evaluation Index System

For the supply side, the scale, quantity, and concentration of such market participants can reflect
the degree of competition and operation of power market. For the demand side, it mainly includes
power selling companies, retail market users, wholesale market users, etc. The operational status
of the demand-side market can be assessed by users’ satisfaction with the services provided in the
current electricity market and their willingness to participate in relevant activities. For coordinated
operation indicators, the electricity market provides a forum for supply-side and demand-side
transactions, and the two sides choose different forms of power commodity ownership to exchange by
appropriate trading methods. The indicators affecting the coordinated operation of the power market
are analyzed from two aspects: power trading and market construction. For market security indicators,
market security includes power system security and market economy security, which are the necessary
conditions to ensure the normal operation of the power market. Sustainable development indicators
can reflect the characteristics of sustainable development in energy, the environment, and the economy.

After consulting the literature, 23 indicators were initially identified as alternative indicators.
The index system is shown in Table 1.
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Table 1. Preliminary evaluation index system of OHDPM.

Criteria Subcriteria Index

Supply side
Market structure

• Herfindahl-Hirschman index (HHI)

• Top 4

• Residual supply index of the maximum
supplier (RSI1)

• Lerner

Market Benefits
• Producer surplus proportion

• Linkage index of power price and
generation cost

Demand side Demand-side market effect

• User satisfaction

• User’s initiative to participate in
demand response

• Proportion of direct electricity transactions to
total electricity consumption

Coordinated operation
Market transactions

• Ratio of declared supply-demand

• The proportion of market-oriented transactions

• Trans-provincial and cross-regional
transaction proportion

Market construction
• Indicators setting for market transactions

• Horizontal of market supervision

Market security

Power system security • Power system reliability

Market economy security
• Transaction rate of high-priced auction

• Ratio of zero quotation

• Stability of transaction price

Sustainable development

Energy security
• Ratio of coal supply to demand

• Fuel diversity index

Environmental sustainability
• Proportion of clean energy generation

• Emissions per unit of power generation

Economic sustainability
• Ratio of electricity consumption to gross

domestic product (GDP) annual growth rate
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3.2. Determination of OHDPM Evaluation Index System

Six groups of experts were invited to conduct a questionnaire survey on the OHDPM indicators
system and qualitative indicators in a subsequent case analysis. The relevant information of the expert
groups is shown in Table 2.

Table 2. Main characteristics of expert groups.

Features E1 E2 E3 E4 E5 E6

Affiliation
Supply-side power

generation
enterprises

Demand-side
power purchase

enterprises

Electric power
trading agency

Electric power
dispatching

agency

Research
institutions Government

Experience
(years) ≥4 ≥3 ≥3 ≥7 ≥8 ≥7

Education Bachelor’s or above Bachelor’s or
above

Bachelor’s or
above

Bachelor’s or
above Doctorate Master’s or

above
Age 29–45 30–43 35–45 36–54 36–57 35–49

A semi-closed questionnaire survey was conducted with the Delphi method for the preliminary
established evaluation index system. The results of each round were sent to the expert groups as
a reference, and the steps were repeated until consistent results were obtained. The screened evaluation
index system is shown in Table 3, in which indexes C6, C7, C10, C11, and C12 are qualitative and the
others are quantitative.

Table 3. Evaluation index system of OHDPM.

Symbol Index Description Nature

C1 • HHI HHI measures market power by the sum of the
market share of each supplier in the market. Quantitative

C2 • Top 4
Top 4 refers to the market share of the largest m
suppliers in the electricity market, which
reflects the degree of market concentration.

Quantitative

C3 • RSI1
RSI refers to the sum of the market share of the
total supply capacity of all suppliers except the
maximum supplier in a certain period of time.

Quantitative

C4 • Lerner Lerner index is a measure of market power by
comparing electricity price with marginal cost. Quantitative

C5 • Producer surplus proportion

The proportion of producer surplus refers to
the proportion of producer surplus in the total
market surplus. The existence of market power
will lead to market failure, price will be
affected, consumer surplus will be reduced,
producers will earn excess profits, and then the
proportion of producer surplus will increase.

Quantitative

C6 • User satisfaction

Customer satisfaction is the evaluation of
products and services provided by power
supply enterprises by power users, which can
include the satisfaction of power supply,
maintenance, emergency repair, power supply,
metering and charging, etc.

Qualitative
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Table 3. Cont.

Symbol Index Description Nature

C7
• User’s initiative to

participate in
demand response

Power users are willing to adjust their
electricity consumption behavior according to
price signals or incentive mechanisms under
different power consumption conditions.

Qualitative

C8
• The proportion of

market-oriented transactions

It refers to the percentage of electricity
generated in the whole region that participates
in market competition and trading.

Quantitative

C9
• Trans-provincial and

cross-regional
transaction proportion

It refers to the percentage of electricity
transacted across provinces and regions in the
total market transactions.

Quantitative

C10
• Indicators setting for

market transactions

It is an important aspect of market construction.
It can be evaluated from three aspects: trading
variety, ancillary service market, and balanced
electricity price model.

Qualitative

C11
• Horizontal of

market supervision

It is the basic principle that market construction
should follow. It can be analyzed from the
degree of market participants’ free
participation in transactions and the proportion
of power users’ free choice of power suppliers.

Qualitative

C12 • Power system reliability

It means that the power system has enough
generating capacity and transmission capacity
to meet the peak load requirement at any time,
and can ensure the safety under accident
conditions and avoid cascading reactions
without causing uncontrolled and large-scale
blackouts.

Qualitative

C13 • Stability of transaction price

Refers to the change of electricity transaction
price during the evaluation period, which can
be divided into normal and abnormal price
fluctuations.

Quantitative

C14 • Fuel diversity index

IT refers to the sum of energy sources other
than coal power, such as water, natural gas,
nuclear power, wind power, photovoltaic
power generation, biomass power generation
and so on.

Quantitative

C15
• Proportion of clean

energy generation

It is measured by the ratio of clean energy to
total power generation in the statistical range.
Clean energy mainly includes renewable
energy and new energy created by new
technologies, such as nuclear energy and
hydrogen energy.

Quantitative

C16
• Ratio of electricity

consumption to GDP annual
growth rate

The value of this index is equal to the ratio of
electricity consumption to the average annual
growth rate of GDP.

Quantitative

4. Empirical Analysis

The electricity market situation in Y province of China in May 2019 was selected as the evaluation
object. The data of each evaluation index were obtained by combining the collected data, the operational
data of the local power grid, and the operational evaluation given by experts, as shown in Table 4.
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Table 4. Grade limits of OHDPM and actual data of indicators.

Index
Grade

I II III IV V Actual Data

C0 [1,1.5] [1.5,2.5] [2.5,3.5] [3.5,4.5] [4.5,5] -
C1 [2500, -] [2000,2500] [1500,2000] [800,1500] [0,800] 1395.8100
C2 [0.65, -] [0.65,0.50] [0.40,0.50] [0.30,0.40] [0,0.30] 0.5390
C3 [0,1.0] [1.0,1.2] [1.2,1.4] [1.4,1.6] [1.6, -] 1.1800
C4 [0.35, -] [0.25,0.35] [0.25,0.15] [0.05,0.15] [0,0.05] 0.2066
C5 [0.70,1] [0.65,0.70] [0.60,0.65] [0.55,0.60] [0,0.55] 0.4246
C6 1 2 3 4 5 4
C7 1 2 3 4 5 3
C8 [0.9,1.0] [0.8,0.9] [0.7,0.8] [0.6,0.7] [0.5,0.6] 0.5026
C9 [0,0.2] [0.2,0.25] [0.25,0.3] [0.3,0.35] [0.35,0.4] 0.2114

C10 1 2 3 4 5 3
C11 1 2 3 4 5 3
C12 1 2 3 4 5 4
C13 [0.06, -] [0.06,0.05] [0.04,0.05] [0.03,0.04] [-, 0.03] 0.0420
C14 [0,0.15] [0.15,0.25] [0.25,0.35] [0.35,0.45] [0.45,1] 0.9207
C15 [0,0.10] [0.10,0.20] [0.20,0.35] [0.35,0.50] [0.50,1] 0.9150
C16 [1.1, -] [0.9,1.1] [0.7,0.9] [0.4,0.7] [0,0.40] 0.8000

4.1. Determining the Grade Limits of OHDPM Evaluation Indicators

The grade limitation and index data of indexes are obtained as shown in Table 4. Because the
indicators C6, C7, C10, C11 and C12 are not easy to be expressed by direct operation data, expert scoring
method is used to evaluate the operation of the indicators, and the classification boundaries of the
health level of power market operation are consistent. The index ranks are lower, low, medium,
higher and high from left to right.

4.2. Extension Graded Normal Cloud Model for OHDPM Evaluation Indicators

4.2.1. Computation of the Graded Cloud Eigenvalues of OHDPM and Its Assessment Indicators

According to Equation (14), the Ex calculation results can be obtained. According to the cloud
entropy optimization algorithm, the grade limit cloud model of each evaluation index is obtained.
By trying out several data points in the range of cloud entropy, it is found that the graded normal cloud
map distribution is more suitable when He is 0.05, so it may be better to make He = 0.05. The grade
limit cloud model of the OHDPM evaluation index is shown in Table 5.

Table 5. Grade limit cloud model of OHDPM evaluation index.

[Ex, En, He] Grade

I II III IV V

C0 [1,0.296,0.05] [2,0.296,0.05] [3,0.296,0.05] [4,0.296,0.05] [5,0.296,0.05]
C1 [2750,147.8235,0.05] [2250,147.8235,0.05] [1750,147.8235,0.05] [1150,206.9535,0.05] [400,236.518,0.05]
C2 [0.825,0.1035,0.05] [0.575,0.0445,0.05] [0.45,0.0295,0.05] [0.35,0.0295,0.05] [0.15,0.0885,0.05]
C3 [0.5,0.296,0.05] [1.1,0.059,0.05] [1.3,0.059,0.05] [1.5,0.059,0.05] [1.7,0.059,0.05]
C4 [0.4,0.0295,0.05] [0.3,0.0295,0.05] [0.2,0.0295,0.05] [0.1,0.0295,0.05] [0.025,0.0145,0.05]
C5 [0.85,0.0885,0.05] [0.675,0.0145,0.05] [0.625,0.0145,0.05] [0.575,0.0145,0.05] [0.275,0.163,0.05]
C6 [1,0.296,0.05] [2,0.296,0.05] [3,0.296,0.05] [4,0.296,0.05] [5,0.296,0.05]
C7 [1,0.296,0.05] [2,0.296,0.05] [3,0.296,0.05] [4,0.296,0.05] [5,0.296,0.05]
C8 [0.95,0.0295,0.05] [0.85,0.0295,0.05] [0.75,0.0295,0.05] [0.65,0.0295,0.05] [0.55,0.0295,0.05]
C9 [0.1,0.059,0.05] [0.225,0.0145,0.05] [0.275,0.0145,0.05] [0.325,0.0145,0.05] [0.375,0.0145,0.05]

C10 [1,0.296,0.05] [2,0.296,0.05] [3,0.296,0.05] [4,0.296,0.05] [5,0.296,0.05]
C11 [1,0.296,0.05] [2,0.296,0.05] [3,0.296,0.05] [4,0.296,0.05] [5,0.296,0.05]
C12 [1,0.296,0.05] [2,0.296,0.05] [3,0.296,0.05] [4,0.296,0.05] [5,0.296,0.05]
C13 [0.08,0.012,0.05] [0.055,0.003,0.05] [0.045,0.003,0.05] [0.035,0.003,0.05] [0.015,0.009,0.05]
C14 [0.075,0.0445,0.05] [0.2,0.0295,0.05] [0.3,0.0295,0.05] [0.4,0.0295,0.05] [0.725,0.163,0.05]
C15 [0.05,0.0295,0.05] [0.15,0.0295,0.05] [0.275,0.0445,0.05] [0.425,0.0445,0.05] [0.75,0.1475,0.05]
C16 [1.2,0.059,0.05] [1,0.059,0.05] [0.8,0.059,0.05] [0.55,0.0885,0.05] [0.2,0.1185,0.05]
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4.2.2. Graded Normal Cloud Model Map of OHDPM

According to the digital characteristics of the five grades of index C0, the distribution of the
OHDPM graded normal cloud is shown in Figure 3.

Sustainability 2019, 11, x FOR PEER REVIEW  17 of 26 

4.1. Determining the Grade Limits of OHDPM Evaluation Indicators 

The grade limitation and index data of indexes are obtained as shown in Table 4. Because the 

indicators C6, C7, C10, C11 and C12 are not easy to be expressed by direct operation data, expert 

scoring method is used to evaluate the operation of the indicators, and the classification boundaries 

of the health level of power market operation are consistent. The index ranks are lower, low, medium, 

higher and high from left to right. 

4.2. Extension Graded Normal Cloud Model for OHDPM Evaluation Indicators 

4.2.1. Computation of the Graded Cloud Eigenvalues of OHDPM and Its Assessment Indicators 

According to Equation (14), the Ex  calculation results can be obtained. According to the cloud 

entropy optimization algorithm, the grade limit cloud model of each evaluation index is obtained. By 

trying out several data points in the range of cloud entropy, it is found that the graded normal cloud 

map distribution is more suitable when eH  is 0.05, so it may be better to make e = 0.05H . The 

grade limit cloud model of the OHDPM evaluation index is shown in Table 5. 

4.2.2. Graded Normal Cloud Model Map of OHDPM 

According to the digital characteristics of the five grades of index C0, the distribution of the 

OHDPM graded normal cloud is shown in Figure 3. 

 

Figure 3. Graded normal cloud model map of OHDPM. 

The horizontal axis represents the domain of evaluation scores, and the vertical axis represents 

the membership degree. Each cloud droplet has its corresponding eigenvalues ( , , )Ex En He . These 

blue, orange, yellow, purple, and green cloud droplets represent the distribution of the graded 

normal cloud model of grades I–V, respectively. 

Figure 3. Graded normal cloud model map of OHDPM.

The horizontal axis represents the domain of evaluation scores, and the vertical axis represents the
membership degree. Each cloud droplet has its corresponding eigenvalues (Ex, En, He). These blue,
orange, yellow, purple, and green cloud droplets represent the distribution of the graded normal cloud
model of grades I–V, respectively.

4.2.3. Computing the Cloud Association Degree

Equation (15) is used to calculate the correlation degree between the index of matter element to be
evaluated and the graded normal cloud model of OHDPM. The comprehensive evaluation matrix K of
OHDPM grade is obtained, which is shown in Table 6 for convenience of representation.

Table 6. Relevance between the element to be evaluated and the graded normal cloud model.

Correlation
Grade

I II III IV V Membership Degree

C1 0.000000 0.000000 0.056735 0.493888 0.000142 IV
C2 0.000061 0.827517 0.024537 0.000058 0.000000 II
C3 0.099540 0.757552 0.005731 0.000000 0.000000 II
C4 0.000396 0.017691 0.993838 0.003835 0.008493 III
C5 0.000000 0.000000 0.015984 0.000000 0.741235 V
C6 0.000000 0.000000 0.003599 1.000000 0.020015 IV
C7 0.000001 0.003385 1.000000 0.001148 0.000000 III
C8 0.000000 0.000000 0.000000 0.415032 0.093720 IV
C9 0.000220 0.902563 0.340724 0.391456 0.000000 II
C10 0.000000 0.001169 1.000000 0.024272 0.000000 III
C11 0.000000 0.004303 1.000000 0.008932 0.000000 III
C12 0.000000 0.000001 0.001123 1.000000 0.001030 IV
C13 0.745383 0.838146 0.999400 0.972900 0.973824 III
C14 0.000000 0.000000 0.000000 0.000000 0.603834 V
C15 0.000000 0.000000 0.000000 0.000000 0.477893 V
C16 0.001171 0.244635 1.000000 0.045300 0.000465 II
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4.3. Determination of Comprehensive Weight of Indicators

In order to obtain more accurate evaluation results, experts in power-related fields were invited to
evaluate the operation of power market in Y province in May 2019. After several rounds of collation
and feedback, more consistent and objective evaluation results were obtained. Then, the entropy
weight method and AHP were used as the basic data, and the real and objective index weights were
obtained by the index comprehensive weighting method based on ideal points, as shown in Table 7.

Table 7. Weights of OHDPM evaluation index.

Index
Weight Type

Subjective Weight Objective Weight Combination Weights Rank

C1 0.051613 0.062414 0.046253 10
C2 0.044605 0.062393 0.043273 12
C3 0.067209 0.062428 0.057124 7
C4 0.098484 0.062495 0.097383 3
C5 0.085839 0.062652 0.07838 5
C6 0.087660 0.062392 0.080740 4
C7 0.017532 0.062392 0.039327 15
C8 0.032136 0.062392 0.040356 14
C9 0.017387 0.062393 0.039324 16
C10 0.057341 0.062392 0.049502 9
C11 0.044138 0.062392 0.043113 13
C12 0.107122 0.062700 0.112586 1
C13 0.107122 0.062620 0.112551 2
C14 0.074745 0.062442 0.064623 6
C15 0.059594 0.062457 0.051076 8
C16 0.047473 0.062426 0.044389 11

4.4. Determination of OHDPM Level

4.4.1. Computing the Comprehensive Evaluation Vector G of OHDPM

The value of the comprehensive evaluation vector represents the comprehensive cloud correlation
between OHDPM status and graded normal cloud model in Y province during the assessment period.
G = (0.002474, 0.004487, 0.041300, 0.004314, 0.000000) is calculated by Equation (18).

4.4.2. Calculating the Score of OHDPM

The weighted average method is used to get the evaluation score of OHDPM, and the results of
three replications are 2.8562, 2.8542, and 3.8603. In order to ensure the credibility of the results, the
number of repetitions in this round was set to 500, that is, T = 500. In addition, because of Eni = 0.296
(i = 1, 2, 3, 4, 5), He =0.05, EnZ is a fixed value of 0.296, and HeZ is a fixed value of 0.05, so the cycle
does not affect the calculation results.

The expected value of the circular calculation is ExZ = 2.8547, the standard deviation is
ExZ = 0.0296, and the credibility factor is σ = 0.0049. Therefore, the final OHDPM evaluation
score is 2.8547. The results of OHDPM in May 2019 in this province can be expressed as cloud digital
eigenvalues (2.8547, 0.296, 0.05).

4.4.3. Determination of OHDPM Level

Based on the above results, a comprehensive evaluation vector G can be obtained, and the health
status of the province’s electricity market in the evaluation cycle can be compared with the standard
grades, as shown in Table 8.
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Table 8. Comprehensive cloud association degree.

Grade I II III IV V

Comprehensive cloud
correlation 0.002474 0.004487 0.041300 0.004314 0.000000

5. Findings and Discussion

5.1. Analysis of Evaluation Results of OHDPM in Y Province

According to the data in Table 8 and the principle of maximum membership degree, it is concluded
that the OHDPM level of the province in this evaluation cycle is medium. The results can be expressed
more clearly with a cloud image, as shown in Figure 4.
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Figure 4 shows the distribution of OHDPM evaluation results in Y province. It can be seen that
the distribution of cloud droplets in OHDPM evaluation results during the evaluation cycle is close to
that of grade III, which proves that the health status of OHDPM is medium.

According to the cloud correlation data of each index and the standard health level in Table 6,
the health level of each index can be judged. In order to analyze the health level and weights of each
index more intuitively, the radar chart drawn by combining the data from Tables 6 and 7 is shown in
Figure 5.



Sustainability 2019, 11, 5470 20 of 25

Sustainability 2019, 11, x FOR PEER REVIEW  22 of 26 

provincial and cross-regional electricity transactions should be increased in the future, to give full 

play to the advantages of regional clean energy. 

 

Figure 5. Weight and health level of indexes. 

5.2. Comparison of the Results of Different Evaluation Methods 

OHDPM evaluation is taken as an MCDM problem, and FCEM is a mature and widely used 

method in the evaluation process at present. Therefore, FCEM [36,64] is selected to evaluate the 

evaluation object, and the results are taken as a reference to prove the rationality of the method 

proposed in this paper. In addition, in order to verify the effectiveness and advancement of the 

proposed cloud entropy optimization algorithm, MEECM based on the “3En” rule, the “50% 

relevance” rule, and the cloud entropy optimization algorithm rule are used to evaluate the status of 

OHDPM on the basis of the weight determined by the IPM. The results are shown in Table 9. 

Table 9. Comparison of results from different methods. 

Evaluation Model Expect Assessment Results Credibility Factor 

Fuzzy Comprehensive Evaluation [36] 3.3075 III - 

Fuzzy Comprehensive Evaluation [64] 2.7194 III - 

“3En” rule 2.6952 III 0.0107 

“50% Relevance” Rule 2.7643 III 0.0095 

Cloud Entropy Optimization 2.8547 III 0.0049 

As can be seen from Table 9, first, the expected values based on FCEM are 3.3075 and 2.7194, 

respectively, indicating that the level of OHDPM in Y province in May 2019 is III. The evaluation 

results of EMMCM method based on the “3En” rule, the “50% relevance” rule, and cloud entropy 

optimization algorithm are 2.6952, 2.7643, and 2.8547, respectively, indicating that the health level is 

also III, which shows that the introduction of the EMMCM method into OHDPM evaluation is 

reasonable. Second, the evaluation scores of the different FCEM have some deviations, which shows 

that the application scope of fuzzy comprehensive evaluation is limited by the characteristics of 

experts’ subjective experience. Finally, the credibility factors of the evaluation results of MEECM 

method corresponding to the above three cloud entropy algorithms are 0.0107, 0.0095, and 0.0049, 

respectively. The smaller the credibility factor is, the smaller the dispersion degree of the conclusion 

is and the greater the reliability of the result is, so the evaluation result of the MEECM method 

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

C11

C12

C13

C14

C15

C16

Index weight Health level

Figure 5. Weight and health level of indexes.

Compared with the overall situation of OHDPM in Y province expressed in Figure 4, Figure 5
shows the situation affecting the indicators of OHDPM. In the radar chart shown in Figure 5, dotted lines
represent the weight of 16 indicators, that is, the importance of influencing the development of the
power market is represented by dotted lines, and the importance of dotted lines increases from inside
to outside. The solid line represents the OHDPM level of 16 indicators, and the grade is higher as you
move from inside to outside. In addition, the larger the area surrounded by the solid line, the higher
the level of operational health of the market.

Power system reliability (C12), transaction price stability (C13), Lerner index (C4), producer surplus
ratio (C5), and customer satisfaction (C6) are the five most important indicators, as shown in Figure 5.
The importance of indicators C12 and C13 is much greater than that of the other indicators, as they have
great impacts on OHDPM. The health level of indicator C12 is IV, which indicates that the reliability of
the power system in Y province is higher. Indicator C13 is in grade III, which shows that the declaration
behavior of market participants involved in the transaction is rational. The fluctuation of electricity
transaction price is within a reasonable range, and will not cause economic security problems because
of the excessive fluctuation of the market price. The health level of indicator C4 is III, which indicates
that the competition in the electricity market in this province is quite high. The state level of indicator
C5 is V, which represents that the deviation degree between the price and cost of electricity transaction
in the province is relatively small. No power generation enterprises in the market obtain excess profits,
there is no strong market power behavior, there is reasonable concentration and market equilibrium,
and the overall interests are relatively large. Index C6 is in IV, which shows that the electricity sales
companies, retail market users, and wholesale market users in this province are satisfied with the
operation of the electricity market.

On the whole, Top 4 (C2) and RSI1 (C3) on the supply side have a health level of II. There may
be oligopoly in the market. Although there is no excess profit from the power market in this month,
it needs to be monitored in future transactions. The health level of demand-side indicators is III
and IV, which indicates that users are more enthusiastic in participating in market transactions and
responding to demand. From the perspective of coordinated operations, the cross-provincial and
cross-regional transaction rate (C9) is still at a low level. However, according to the power production
structure of the province, clean energy accounts for a large proportion, and there is a large proportion
of interprovincial and interregional planned power transmission, resulting in a low transaction
rate, indicating that the degree of market openness still needs to be further strengthened. For the
level of market security, the province’s electricity market security is relatively high. For sustainable
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development, the environmental sustainability is optimistic, but the ratio of electricity consumption to
GDP annual growth rate (C16) is II, which shows that the future electricity consumption is not ideal
and the development space of electricity demand is small. Therefore, we suggest that cross-provincial
and cross-regional electricity transactions should be increased in the future, to give full play to the
advantages of regional clean energy.

5.2. Comparison of the Results of Different Evaluation Methods

OHDPM evaluation is taken as an MCDM problem, and FCEM is a mature and widely used
method in the evaluation process at present. Therefore, FCEM [36,64] is selected to evaluate the
evaluation object, and the results are taken as a reference to prove the rationality of the method
proposed in this paper. In addition, in order to verify the effectiveness and advancement of the
proposed cloud entropy optimization algorithm, MEECM based on the “3En” rule, the “50% relevance”
rule, and the cloud entropy optimization algorithm rule are used to evaluate the status of OHDPM on
the basis of the weight determined by the IPM. The results are shown in Table 9.

Table 9. Comparison of results from different methods.

Evaluation Model Expect Assessment Results Credibility Factor

Fuzzy Comprehensive Evaluation [36] 3.3075 III -
Fuzzy Comprehensive Evaluation [64] 2.7194 III -

“3En” rule 2.6952 III 0.0107
“50% Relevance” Rule 2.7643 III 0.0095

Cloud Entropy Optimization 2.8547 III 0.0049

As can be seen from Table 9, first, the expected values based on FCEM are 3.3075 and 2.7194,
respectively, indicating that the level of OHDPM in Y province in May 2019 is III. The evaluation
results of EMMCM method based on the “3En” rule, the “50% relevance” rule, and cloud entropy
optimization algorithm are 2.6952, 2.7643, and 2.8547, respectively, indicating that the health level
is also III, which shows that the introduction of the EMMCM method into OHDPM evaluation is
reasonable. Second, the evaluation scores of the different FCEM have some deviations, which shows
that the application scope of fuzzy comprehensive evaluation is limited by the characteristics of experts’
subjective experience. Finally, the credibility factors of the evaluation results of MEECM method
corresponding to the above three cloud entropy algorithms are 0.0107, 0.0095, and 0.0049, respectively.
The smaller the credibility factor is, the smaller the dispersion degree of the conclusion is and the
greater the reliability of the result is, so the evaluation result of the MEECM method corresponding
to the cloud entropy optimization algorithm is the most reliable. Therefore, the improved EMMCM
method proposed in this paper can improve the reliability and accuracy of the evaluation.

6. Conclusions

Under the continuous reform of China’s electric power system, the evaluation of OHDPM level
is of great significance to the operations and future development of the electric power industry.
With the increasingly sense of competition between the use of resources and the health of the
environment, the competition among the main bodies of the electricity market is becoming more and
more fierce. There is no perfect evaluation system to measure the operational health of the electricity
market. Therefore, this paper establishes an evaluation framework that can effectively evaluate
the operations of the electricity market. First, according to the current concept and trend of power
market development, the evaluation system of OHDPM is established from five aspects: supply side,
demand side, coordinated operation, market security, and sustainable development. Then, OHDPM is
evaluated by using an evaluation model based on the cloud model to improve the matter-element
extension structure, although with the usual shortcomings of the general evaluation model, such as
strong subjectivity of results and easy distortion of information. The model uses IPM based on AHP
and the entropy weight method to determine the comprehensive weight of indicators. Taking into
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account the “3En” and “50% relevance” rules, the cloud model is improved by using the cloud entropy
optimization algorithm. Then we calculated the correlation degree between the object to be evaluated
and the graded normal cloud model, determined the health degree grade of each index to measure the
health degree, and finally obtained the OHDPM level of Y Province in May 2019 as III by the weighted
average method. According to the calculation results of the evaluation model, the operation situations
of each index in the provincial electricity market were analyzed, and corresponding suggestions were
put forward. In order to verify the reliability of the final results, “fuzzy comprehensive evaluation,”
the “3En” rule, the “50% relevance” rule, and the cloud entropy optimization cloud model were used to
evaluate and compare the credibility factors. The results showed that the improved cloud model based
on the cloud entropy optimization algorithm was more reliable and suitable for OHDPM evaluation,
which extends the application of the MCDM technique. In future research, more suitable methods can
be introduced to evaluate the proposed OHDPM concept, and the results can be further compared
with the hierarchical results of the OHDPM evaluation framework proposed in this paper. In addition,
it is necessary to update the OHDPM evaluation index system according to the different stages of
power market development.
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