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ABSTRACT Energy efficiency evaluation of industrial park customers is carried out to help customers
develop optimization strategies and improve the energy efficiency level. The evaluation indexes are proposed
based on pressure-state-response (PSR) model and the redundant indexes are selected by combining principal
component analysis (PCA) and correlation analysis. Thus the dynamic energy efficiency index system
is constructed. The weight of indexes is calculated by the entropy weight method (EWM). An energy
efficiency evaluation model based on improved Grey-technique for order preference by similarity to ideal
solution (TOPSIS) is proposed, which replaces the Euclidean distance by weighted grey correlation degree
and can accurately evaluate customers’ energy efficiency level. An energy efficiency optimization model is
proposed, which can maximize optimization benefits while improving energy efficiency. The validity of the
evaluation and optimization models is verified by the case study of an industrial park.

INDEX TERMS Energy efficiency evaluation, industrial park customers, pressure-state-response model,
Grey-technique for order preference by similarity to ideal solution, energy efficiency optimization.

I. INTRODUCTION
Energy is vital to the existence and development of modern
society. In the last few decades, energy and environmental
issues have become increasingly prominent in global eco-
nomic growth [1]. The improvement of energy utilization
efficiency is an important way to reduce energy consump-
tion intensity and to release the contradiction of energy
supply-demand structure [2], [3]. Statistical data show that
the industry currently consumes approximately 37% of the
total energy used in the world each year, which is more
than any other sector [4]. With the characteristics of high
energy density, high reliability of power supply and strong
uncertainty of energy demand, the industrial park is facing
an urgent contradiction between economic development and
energy conservation. Industrial customers have a lot of energy
consumption equipment and complex energy consumption
situation, so they have certain energy efficiency improvement
potential [5], [6].

Before optimizing the energy efficiency of customers in the
industrial park, it is necessary to carry out effective energy
efficiency evaluation to provide a reference for improving

The associate editor coordinating the review of this manuscript and

approving it for publication was John Xun Yang

energy efficiency. Many studies have exploited methods of
energy efficiency evaluation. With the help of the data envel-
opment analysis (DEA) method, the industrial energy effi-
ciency of 28 administrative regions in China was measured
in [7]. A comprehensive evaluation model provided for the
industrial energy management system (EMS) to fully evalu-
ate the operational level of energy-intensive equipment was
proposed based on the analytic hierarchy process (AHP) and
fuzzy comprehensive evaluation method in [8]. A novel DEA
model based on the affinity propagation (AP) clustering algo-
rithm (AP-DEA) was proposed. Through the AP clustering
algorithm, high influence input data of the energy efficiency
can be obtained. The merits and demerits can be identified
with a high degree of discrimination to obtain better effi-
ciency groups [9]. For high energy consumption users, the
TOPSIS method was used to evaluate economic benefits of
efficiency power plant projects to provide guidance for users
in [10]. A multi-index and multi-working condition energy
efficiency evaluation solution for the ethylene-cracking fur-
nace was proposed based on technique for order preference
by similarity to ideal solution (TOPSIS)-DEA model in [11].
A municipal power grid comprehensive energy efficiency
evaluation system based on TOPSIS method was established
and AHP-entropy weight method (EWM) was adopted to
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determine the comprehensive weight of indexes in [12].
Although existing research focuses on the selection of energy
efficiency evaluation index system and evaluation methods,
indexes proposed in previous papers do not apply to energy
efficiency evaluation of industrial parks, the dynamic logical
relationship between indexes is ignored, and the evaluation
method needs improving. There is a lack of a comprehen-
sive energy efficiency evaluation model for industrial park
customers.

Power efficiency optimization is based on results of energy
efficiency evaluation, taking effective measures to improve
the energy efficiency of users and reduce the energy cost.
Power efficiency optimization measures include load man-
agement techniques, economic means, technical methods.
Load management improves power efficiency through load
control and load dispatch [8], [13], [14]. The economic mean
is to apply dynamic pricing schemes such as Real-Time
Pricing (RTP) and Time-of-Use (TOU) to adjust the power
consumption time of users [15]-[17]. The technical method
is to use harmonic suppression, reactive power compensa-
tion and other optimization technologies to improve energy
efficiency [18]-[20]. But there are some problems when opti-
mization technologies are taken to improve users’ power effi-
ciency. On the one hand, advanced technology and equipment
are blindly used in the optimization process and the invest-
ment cost is ignored, which leads to the inconspicuous benefit
of power-saving. On the other hand, the impact between
objectives is ignored, only considering the optimization of
the single index. Thus, a comprehensive power efficiency
optimization model considering both energy conservation
and investment cost should be established.

This paper proposes a comprehensive energy efficiency
evaluation method for industrial park customers based on
Grey-TOPSIS model and establishes an energy efficiency
optimization model. Firstly, a multi-dimensional energy effi-
ciency index system based on pressure-state-response (PSR)
model is established, which selects indexes from different
dimensions and considers the dynamic relationship between
energy efficiency indexes. With the combination of prin-
cipal component analysis (PCA) and correlation analysis,
redundant energy efficiency indexes are removed to deter-
mine the final evaluation index system. Then, the energy
efficiency evaluation model of park customers is constructed
base on Grey-TOPSIS and the index weight is calculated
by EWM. The TOPSIS evaluation method is improved by
combining the grey correlation degree analysis, and the
grey-weighted correlation degree is used as the new distance
measure to make up for the defects of the Euclidean distance.
In addition, considering the economic and technological fac-
tors, an energy efficiency optimization model is established to
maximize the energy efficiency optimization benefits of cus-
tomers. Finally, the proposed models are used to evaluate and
optimize the energy efficiency of industrial park customers,
and the validity of the models is verified.

The paper is organized as follows. Section II analyzes the
process of energy efficiency evaluation and relevant methods.
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Section III establishes an improved Grey-TOPSIS energy
efficiency evaluation model. Section IV establishes an
energy efficiency optimization model for the industrial park
customer. Section V demonstrates the effectiveness of the
proposed models through a case study of industrial park
customers. Section VI briefly describes the conclusions of
this paper.

Il. ENERGY EFFICIENCY EVALUATION

The energy efficiency evaluation process of the industrial
park is illustrated in Fig. 1, which is divided into three parts.
These parts are data preprocessing, index screening and eval-
uation analysis.

Data preprocessing Index screening
2 g

PCA
Correlation analysis

FIGURE 1. Energy efficiency evaluation process of industrial park
customers.

Evaluation analysis

Establish energy
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A. INDEX SYSTEM BASED ON PSR MODEL

“Pressure—State—Response” (PSR) framework is used to
evaluate the impact of human activities on the ecological
environment. At present, the evaluation based on PSR frame-
work has been widely used in ecological security, economy
and other fields [21], [22]. PSR framework model can rep-
resent the interaction and sustainable development process
between a system and external influencing factors. Based
on the grid background, this study analyzes the composi-
tion of the index system from the perspectives of pressure,
state, and response. The dynamic energy efficiency index
system can reveal the internal and external factors that lead
to the change of energy consumption, reflect the quality of
customers’ energy consumption, and avoid the limitation of
index selection. The relationship between subsystems and
indexes in the PSR model is shown in Fig. 2.

1) PRESSURE INDEX

The pressure index indicates pressure factors that lead to the
change of energy efficiency of users. In this article, the annual
power consumption is defined as the pressure index.

2) STATE INDEX

The state index indicates the actual energy consumption of
customers under the effect of pressure factors, which can
effectively reflect the impact of power quality on customer
energy efficiency level.

3) RESPONSE INDEX
The response index reflects the different degrees of response
results that customers change their original habits and
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FIGURE 2. Pressure-state-response framework.
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promote the healthy development of energy consumption
behavior.

B. CONSTRUCT A STANDARDIZED EVALUATION MATRIX
Before the energy efficiency evaluation, it is necessary to
carry out data preprocessing to unify data types and conduct
dimensionless processing. Original index data is collected to
construct an evaluation matrix ZD:

(D

(1)

ON

STRR ST Zin
(1) (1) (n
D1 L 2on
A . . . . 1)
1 1 1
& @

where Zi(jl) is the j-th index value of the i-th customer.

The energy efficiency indexes are divided into benefit type,
cost type and interval type. Benefit type indicates that the
larger the index value is, the higher the energy efficiency
level of customers is. Cost type indicates that the smaller
the index value is, the higher the energy efficiency level of
customers is. Interval type indicates that when the value is
in a certain range, the energy efficiency level of users is
higher. To facilitate the data processing, the other two types
of indexes are converted into benefit indexes and the matrix
Z* is constructed.

(1) Benefit index:

1
=1 )

(2) Cost index:

Zj; = maxzj — Zgjl) 3
(3) Interval index: The best interval of the index is [a, b].
_ .

1— a%, zgjl) <a
g=11 a<z) <b
2D _
1-— UT zgj-l) >b
M = max{a — min{z|"}, max{z{"} — b} )
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1 L
where zg.) represents the original index value; z;kj represents

the value after positive management.

To avoid the negative influence of different dimensions
on the results, dimensionless processing of Zx is carried out
according to equation (10).

m
2
G =3/ | 2w )
i=1

After data preprocessing, the standardized energy effi-
ciency evaluation matrix Z® is established.

) ) 2 7]
211 %12 et L
2) ) 2
0 2y - 2y

7@ — . . . . (6)
2 2 2
S

where Zlg-z) is the standardized value of the j-th index.

C. ENERGY EFFICIENCY INDEX SCREENING

To ensure the representativeness of energy efficiency eval-
uation indexes, the PSR energy efficiency index system is
screened by combining PCA and correlation analysis.

1) PCA
PCA is a mathematical transformation approach that converts
a given set of related variables into another set of unrelated
variables by the orthogonal transformation [23]. The main
role of PCA is to reduce noise and redundant data (i.e., dimen-
sionality reduction) while preserving all critical information
in the original dataset as much as possible. In this article, PCA
is utilized to screen redundant indexes in the dynamic energy
efficiency index system.

The correlation coefficient matrix of the standardized
matrix Z® is calculated.

R=1r ij]mxm

rj = covZ@Cii), 290 ) ©)
where r;; is the covariance between the data of i-th and j-th
indexes. z2(:, i) and z2(:, J) represent i-th and j-th columns
of the matrix z(?.

Solving the characteristic equation |R — AE,,| = 0,m
characteristic roots are obtained and ranked from largest to
smallest, representing the first to the m-th principal compo-
nent. Generally, the first n (n < m) principal components can
reflect most of the information, so we only need to analyze
the n principal components and remove the index with smaller
principal component coefficients.

The unit eigenvector B; = [Byj,...,Byl7 OF A
G=1,2,...,n) is calculated, then the principal compo-
nent analysis matrix B is constructed according to the unit
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eigenvector.
bii bz ... by
boy by ... by
B= ®)
b1 b cee binn
If the absolute value of b;; (j = 1, 2, . .., n) is much smaller

than that of other elements in the same column, it indicates
that the i-th index has little influence on the whole index
system and can be removed.

2) INDEX SCREENING METHOD

PCA forms several comprehensive variables by recombin-
ing the original variables so that each principal component
can reflect most of the information of the original variable
without repeating the information. The first and second prin-
cipal components extracted by PCA can contain most of
the information, so the composition coefficients of the first
and second principal components are calculated in this article.
The indexes with larger coefficients are reserved and the
secondary indexes are deleted.

Correlation analysis is based on the correlation coefficient
between variables to determine whether there are linear cor-
relation redundant indexes. If the correlation coefficient of
the two indexes is larger, it means that the correlation of
information contained in them is higher, so redundant indexes
should be deleted to avoid information repetition.

When the results of correlation analysis are contrary to
those of PCA, PCA results should be the main results.
If an index is linearly related to multiple indexes, it should
be retained when it accounts for a large proportion in the
composition of principal components.

D. CALCULATE INDEX WEIGHT WITH EWM

The objective difference between index data should be con-
sidered when determining the index weight, to avoid the
influence of subjective preference on the results. EWM is
used to calculate the index weight and objectively quantify
the importance of the index, which introduces entropy in
information theory to evaluate the relative intensity of the
index in the sense of competition [24], [25]. When the index
values of evaluation objects differ greatly, the entropy value
is small, and the information provided by the index is large,
so the weight of the index is also large.

(1) Calculate the entropy of the j-th evaluation index.

m
Hf=—k) fylnfy, 1,2....q ©)
i=1

m
where fij = z;j/ Y zij, k = 1/Inm. If fi; = 0, f;j Inf;; = 0.
i=1

(2) Calculate the entropy weight of the j-th index.
1-H
q
q— ) Hj
j=1

(10)

wj =
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q
where 0 < w; <1, > wj=1.W = [wi,wa, ..., wyl is the
j=1
index weight vector.

E. IMPROVED TOPSIS METHOD

The TOPSIS method is developed for solving multicriteria
decision making problems on the basis that the best alterna-
tive is the one with the shortest distance from the positive
ideal solution and the farthest from the negative ideal solu-
tion [26]-[28]. However, the traditional TOPSIS method has
the following disadvantages:

(1) The traditional TOPSIS method uses Euclidean dis-
tance to calculate the distance between the evaluation object
and the positive and negative ideal solution. If the linear
relationship between the evaluation indexes cannot be consid-
ered, the Euclidean distance will be invalid and the accuracy
of the evaluation result may be affected.

(2) Because of the defect of Euclidean distance, the TOP-
SIS method can not accurately reflect the position of each
scheme. There may be evaluation schemes close to the
positive and negative ideal solutions, so it can not fully
reflect the advantages and disadvantages of each evaluation
scheme.

In order to solve the above problems, this paper improves
the traditional TOPSIS method combined with grey correla-
tion degree to evaluate energy efficiency. The grey correlation
analysis provides a quantitative measure for the change of a
system, which is suitable for dynamic process analysis [29].
The new model uses the weighted grey correlation degree
as the distance measure to replace the original Euclidean
distance.

IIl. IMPROVED GREY-TOPSIS ENERGY EFFICIENCY
EVALUATION MODEL

The energy efficiency evaluation model is established to ana-
lyze the energy efficiency of customers in the industrial park.
The steps of energy efficiency evaluation based on improved
Grey-TOPSIS are as follows.

(1) According to equation (2)-(5) and the screening pro-
cess, the final energy efficiency evaluation matrix Z =
(zij)mxq 18 constructed. ¢ (¢ < n) is the number of energy
efficiency indexes after the index screening and m is the
number of evaluated industrial park customers.

(2) Calculate the positive-ideal alternative Z% and
negative-ideal alternative Z ™.

zZt = {male-j} = {ZT,Z;,---,Z;}
J

7z = {minzij} = {Zf,zz_,-..,z;} (1D
J

where zf, z;r, R z;; represent the index value of positive-
ideal alternative; z; , 2, , ..., z, represent the index value of
negative-ideal alternative.
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(3) Calculate the grey correlation coefficient y ™ and y ~.
grey 14 14

min min
+ L

Zij — Z+‘

Zij — zf‘ + p max max
) i j )

‘Zij —zf’ + p max max ‘Zij —z;r)
l J

Zij—Zj_‘ + p max max Zij_Zj_‘
_ i i J
ylj = — — (]2)
‘Zij—Zj )+,omaxmax‘z,-j—zj )
i

min min
J

where p € [0, 1]; we usually define p = 0.5.

(4) Calculate the distance measure Sl.Jr and S;” of the Grey-
TOPSIS method. The weighted grey correlation degree cal-
culated by weighted sum of the grey correlation coefficient is
used as the distance measure.

q

+ _ ot

S = E WiV
j=1

q
57 =Yy a3
j=1

where, Sl.Jr is the distance from i-th alternative to positive-
ideal alternative, and S;” is the distance from i-th alternative to
the negative-ideal alternative. The index weight is calculated
by EWM.

(5) Measure comprehensive evaluation index D; of
alternative S;

S+
ST 48t
where, the larger the value of Dj, the closer the scheme is to
the positive-ideal alternative.

The energy efficiency evaluation results of customers in
the industrial park are sorted and compared based on D;.
According to the weighted grey correlation degree of energy
efficiency index of each subsystem, the relative closeness
degree of PSR subsystem is calculated, which is used to
analyze the dimensional performance of the customer.

(14)

D;

IV. ENERGY EFFICIENCY OPTIMIZATION

Generally, the more advanced optimization technologies are
used to optimize the key power efficiency factors, the better
the energy-saving effect will be. However, the implementa-
tion of energy efficiency optimization brings an increase in
investment cost, the economic return will gradually approach
the limit value and the economic benefit will be worse. Thus,
customers should consider the investment cost in energy
efficiency improvement and choose the most economical
combination of optimization measures, so as to obtain the
maximum benefits of energy efficiency optimization.

A. ENERGY EFFICIENCY OPTIMIZATION COST FUNCTION

When selecting energy efficiency optimization technology,
factors such as economy and technology should be consid-
ered and not all technologies are suitable for specific opti-
mization objects. Therefore, the best technology combination
should be determined. Without considering the interaction

VOLUME 9, 2021

and compatibility of optimization technologies, energy effi-
ciency optimization cost for i-th index is defined as

m
Ci=) aCl (15)
j=1

where « represents the applicability of the technology; when
its value of is 1, the technology applies to the index. when
its value is 0, the technology does not apply to the index;
C{ represents the cost of optimizing i-th index with j-th
technology; m is the number of optimization technologies.

B. ENERGY EFFICIENCY OPTIMIZATION

REWARD FUNCTION

The weight coefficient of each optimization index should be
considered when calculating the energy-saving of the total

objective. The total energy saving reward of a customer can
be defined as

E= iiE(C{) =Xn:iawipd{ (16)

i=1 j=1 i=1 j=1

where d{ is energy-saving of i-th index optimized by j-th
optimization technology; p is the electricity price; w; is the
weight of index i; E (C{ ) is the energy-saving reward of i-th
index optimized by j-th technology; n is the number of energy
efficiency optimization indexes.

C. ENERGY EFFICIENCY OPTIMIZATION

BENEFIT FUNCTION

The benefit of energy efficiency optimization is defined as
the difference between the energy-saving reward and the
investment cost.

X= Xn: Xm:X(C{) = Xn: iawl‘pd{ —aCl  (17)

i=1 j=I i=1 j=1

where, X (C{ ) is the energy efficiency benefit of i-th index
optimized by j-th technology; X is the total optimization
benefit of the customer.

D. ENERGY EFFICIENCY OPTIMIZATION MODEL

The purpose of energy efficiency optimization is to maximize
the customer’s benefit while saving energy and reducing
consumption.

1) OPTIMIZATION OBJECTIVE OF THE MODEL
The objective of. energy efficiency optimization model is to
pursue the benefit maximization.

n m
max X = max Z Zawipd{ —aC! (18)
i=1 j=1

2) MODEL CONSTRAINTS
The related constraints of the optimization model include
the index weight, the cost and the power-saving. The index
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weight value should be between 0 and 1 and the sum of index
weights of each subsystem is 1.

0<w; <1
n
ZW,‘ =1
ST. = P (19)
C{zo
d{zo

V. CASE STUDY

Energy efficiency evaluation is carried out to analyze typical
customers in an industrial park in Hebei Province and the
energy using condition of the industrial customers is different.
Then the energy efficiency optimization analysis is carried
out for the low energy efficiency user based on the energy
efficiency evaluation results.

A. ENERGY EFFICIENCY EVALUATION

According to the data of 10kV users in an industrial park, the
energy efficiency of 10 customers is evaluated and analyzed
based on the proposed evaluation model.

1) CONSTRUCT ENERGY EFFICIENCY INDEX SYSTEM BASED
ON PSR MODEL

The initial PSR energy efficiency index system of park cus-
tomers is shown in Table 1. According to China energy
efficiency label, the energy efficiency of energy consumption
equipment (R2) is divided into five grades, 1 represents the
best energy efficiency, and 5 represents the worst energy
efficiency.

TABLE 1. Initial PSR energy efficiency index system.

Subsystem  Label Index Type
Annual power consumption
pressure P1 cost
(kWh)
Duration of unqualified voltage
S1 cost
()

state S2 Current unbalance rate cost
S3 Average load rate benefit
S4 Power factor benefit
S5 Average voltage interval

Energy consumption of
R1 unit production valve cost
(kWh/ ¥ 10,000)
Energy efficiency grade of main
energy consumption equipment

response

R2 cost

The standardized energy efficiency index data is obtained
by positive and standardized processing, as shown in Table 2.

2) SCREEN INDEXES

The energy efficiency indexes are screened based on the
data in Table 2. The first and the second principal compo-
nents are calculated for index screening with PCA, as shown
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TABLE 2. Standardized energy efficiency index data.

Pressure State Response

user
Pl S1 S2 S3 S4 S5 R1 R2

—_

0211 0354 0.238 0456 0330 0.046 0.395 0.149

2 0357 0373 0408 0224 0323 0491 0384 0.447
3 0372 0.136 0299 0244 0327 0.000 0.143 0.149
4 0.000 0362 0328 0.158 0313 0.092 0398 0.298
5 0346 0281 0257 0.141 0.320 0.108 0.000 0.298
6 0377 0366 0439 0574 0317 0287 0243 0.447
7 0366 0372 0.000 0.135 0.263 0450 0.161 0.447
8 0296 0365 0216 0.160 0.327 0491 0458 0.298
9 0.379  0.000 0.125 0.249 0313 0.087 0.289 0.000
10 0249 0320 0509 0449 0323 0450 0374 0.298

TABLE 3. Principal component coefficient.

Index First Second
Pl -0.013 -0.236
S1 0.384 0.028
S2 0.228 0.570
S3 0.103 0.631
S4 -0.009 0.066
S5 0.711 -0.293
RI 0.237 0.324
R2 0.478 -0.161

in Table 3. The correlation coefficient between indexes is
shown in Figure 3.

The first and the second principal component coefficients
of power factor (S4) are small (—0.009 and 0.066), so the
redundant index should be eliminated. There is a significant
correlation between S1 and R2, with a correlation coeffi-
cient of 0.810 (>0.75). However, the two indexes should be
retained according to the principle of index selection, because

1. 00

—0.353 -0. 204 0.066 —0.153 0.214 -0.499 0.050

0.75
0.295 QR
- 0.50

0.128 0.271 0.253

P1

55 —~0.353 WL 0.259 0.113 —0. 131

o -=0.204 0.259 RUVY

3 -0.25
é ©-0.066 0.113 (Nl 0.343 -0.034 0.218 0.010
E ; -0.00
;is 3 -~0.153 0. 131 0.343 [EMWN 0. 282 0.329 -0.373
2 --0.25
w9 - 0.214 0.128 -0.034 —0. 282 KN 0. 345
--0.50
= -0.499 0.295 0.271 0.218 0.329 0.345 -0. 034
-0.75

& - 0.050 0.253 0.010 -0.373 {E:ELH-0. 034 W]
' ' | i '

P1 $1 §2 S3 S4 S5 R1 R2

-1.00

Energy efficiency index

FIGURE 3. Correlation analysis results.
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of their large principal component coefficients in PCA. After
the index screening, the final PSR energy efficiency index
system is constructed, which contains 7 energy efficiency
indexes.

3) CALCULATE INDEX WEIGHTS

The final energy efficiency evaluation matrix Z is established
after screening indexes. The weights of energy efficiency
indexes are calculated with EWM, as shown in the vector W.

W =10.073,0.081, 0.104, 0.328, 0.211, 0.100, 0.102]

The weights of the average load rate (S3) is the largest,
while the weight of annual power consumption (P1) is the
smallest.

4) ENERGY EFFICIENCY EVALUATION AND ANALYSIS

Energy efficiency evaluation results of park customers are
calculated based on the improved Grey-TOPSIS evaluation
model, as shown in Table 4. The customer’s comprehensive
energy efficiency level is evaluated by relative closeness (D;).

TABLE 4. Grey-TOPSIS evaluation results.

Customer Si* S D, Rank
1 0.599 0.553 0.520 6
2 0.752 0.456 0.623 3
3 0.477 0.660 0.420 9
4 0.520 0.621 0.456 7
5 0.483 0.653 0.425 8
6 0.835 0.418 0.666 1
7 0.636 0.581 0.523 5
8 0.683 0.509 0.573 4
9 0.471 0.675 0.411 10

10 0.761 0.419 0.645 2

Customer 6 has the highest energy efficiency level (0.666),
and customer 6 has the lowest energy efficiency level (0.411).
The customer’s comprehensive energy efficiency ranking is
6>10>2>8>7>1>4>5>3>9.

The energy efficiency performance of industrial park cus-
tomers in the pressure, state and response subsystem is ana-
lyzed. The evaluation scores and the dynamic performance of
customers in different subsystem dimensions are illustrated
in Fig. 4.

Customer 6 achieves the best performance in the state
and response subsystems of all customers, so the compre-
hensive energy efficiency level of customer 6 is better than
the other park customers. Further energy-saving measures
can be taken to optimize the response index and improve
its energy efficiency, because response indexes can generate
feedback on pressure and state subsystems. Customer 9 has
low evaluation scores in all three subsystems, and the state
system score is the lowest among 10 customers. There is still
room for improvement in the state and response subsystem
of customer 9. The state score of customer 2 is slightly low,
which leads to a lower comprehensive energy efficiency level
compared with customer 6. The response system performance
of customer 2 is good, which improves its comprehensive
energy efficiency level, and finally gets a higher ranking.
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FIGURE 4. Performance in subsystem dimensions.

Besides, there are differences in the performance of users
in PSR subsystems, resulting in their different comprehen-
sive energy efficiency evaluation results. The customers with
better response performance obtain higher comprehensive
energy efficiency evaluation results, which shows that opti-
mizing the response dimension index is the most effec-
tive measure to improve energy efficiency level. Therefore,
customers should pay attention to the performance of the
response subsystem.

The above analysis verifies that the energy efficiency index
system based on the PSR model is scientific and feasible.
Based on the improved Grey-TOPSIS energy efficiency eval-
uation model, the comprehensive energy efficiency level of
customers in the industrial park can be effectively evaluated,
which can provide a reference for energy efficiency optimiza-
tion. Moreover, the performance of PSR subsystems can be
analyzed to find the factors influencing the energy efficiency
level.

5) ENERGY EFFICIENCY EVALUATION ADAPTABILITY
ANALYSIS OF EVALUATION MODEL

Different evaluation methods are used to evaluate the energy
efficiency of industrial customers. The evaluation ranking of
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TABLE 5. Results of different evaluation methods.

Customer
Method 1 2 3 4 5 6 7 8 9 10
Ranking
AHP 6 3 9 7 8 1 5 4 10 2
Fuzzy 6 3 9 7 81 5 4 10 2
TOPSIS 6 3 9 7 8 1 4 5 10 2
Theproprosed ¢ 5 g 5 g 1 5 4 0 2
model

the proposed model is compared with the other three methods,
as shown in Table 5.

The evaluation results of different evaluation models are
basically consistent, which verifies the effectiveness of the
new evaluation model proposed in this paper.

Compared with the TOPSIS method, customers 7 and
8 have different energy efficiency ranking. Because
Euclidean distance in TOPSIS can not accurately reflect the
location of each scheme, the weighted grey correlation degree
measurement distance in the improved model can accurately
reflect the distance measurement relationship between each
scheme and the optimal scheme. Therefore, the evaluation
results of the new model are more reasonable.

In the fuzzy evaluation method, the evaluation is more
dependent on subjective experience and lacks a detailed
analysis of indexes. The proposed model makes full use of
the data of PSR dynamic energy efficiency index, combines
objective data with subjective information, and can sense the
dynamic changes of customers in pressure, state and response
dimensions.

B. ENERGY EFFICIENCY OPTIMIZATION AND ANALYSIS

According to the result of the evaluation and investigation,
customer 10 with improvement space is chosen for energy
efficiency optimization. The annual electricity consumption

of customer 10 is 9.55 million kWh, and the electricity price
is 0.7¥/kWh.

1) ENERGY EFFICIENCY OPTIMIZATION INDEXES
According to the preliminary research, there are 10 energy
efficiency optimization indexes in terms of power informa-
tion and power quality. The optimization indexes and weights
are shown in Table 6. The information about energy efficiency
optimization technology is illustrated in Table 7.

2) ENERGY EFFICIENCY OPTIMIZATION TECHNOLOGY
Different energy efficiency optimization technologies are
selected to optimize these indicators. According to the
energy-saving technology and equipment price, the cost of
energy efficiency optimization is determined. The power-
saving rate of optimization technology is the middle value of
the energy-saving experience in Table 7. The energy-saving
rate, energy-saving value and investment cost of relative
technologies are shown in Table 8. The applicability of
optimization indexes and technologies is shown in Table 9.
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TABLE 6. Energy EFFICIENCY Optimization index.

Type Symbol Index Weight
Ay Voltage 0.3078
A Current 0.1128
Power A Power factor 0.2402
Information Ay Active power 0.1508
Three-phase voltage
Ats phase difference 0.1884
Az Voltage unbalance factor ~ 0.2882
Ax Total time of unqualified 0.2569
) voltage
Power quality Ass Total time of overload 0.1849
Aoy Voltage deviation 0.0910
Ags Harmonic distortion 0.1690

TABLE 7. Energy EFFICIENCY Optimization technology.

Symbol Technology Energy-saving

experience

Si Reactive power 10%-20%

compensation

Sz Variable frequency 20%-50%

S3 Electromagnetic balance 20%-30%

Sa Harmonic suppression 5%-20%

Ss Phase Control Voltage 20%-30%

Se Energy storage 10-30%

TABLE 8. Energy-saving rate, energy saving amount and cost of
optimization technology.

Energy saving Energy saving Cost
Technology e (%) (10,000 kWh)  (¥10,000)
S 15 143.25 18
S, 35 334.25 30
S3 25 238.75 30
S4 12.5 119.375 20
Ss 25 238.75 15
Se 20 191 25

3) SINGLE-INDEX OPTIMIZATION

The cost, reward and benefit of each technology for optimiz-
ing the single index are calculated to support customers to
select the best combination of energy efficiency optimization
schemes. The optimization results of the single index are
shown in Fig.5. The ranking of single-index optimization
benefits is shown in Table 10.

As shown in Fig. 5, when the customer uses different tech-
nologies to optimize the single index, the energy efficiency
optimization benefits obtained are different, with positive
or negative values. Thus, customers can gain benefits or
may lose money when the single energy efficiency index is
optimized.

When the single index is optimized, the benefits of 18
schemes are greater than 0, which indicates that customers
can obtain benefits when they adopt these optimization

VOLUME 9, 2021



H. Zhao, J. Li: Energy Efficiency Evaluation and Optimization of Industrial Park Customers

IEEE Access

TABLE 9. Applicability of optimization indexes and technologies.

Optimization technology
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TABLE 10. Ranking of single-index benefit.

Benefit Ranking of benefit
X(CL>X(C)>X(C)>X(C3)>X (C)>X(C)
X(C)>0  >X(C3)>X(C3)>X(Cl)>X(Cy)>X(CH)>X(CYy)
>X (CI)>X(CH)>X (C)>X (Ca,)>X (Cl)>X(Chy)
X(C)<0 X(C3)>X (C5)>X(Cl)>X (Cr)>X (CYy)
’ >X(C35)>X(C)>X(Ch)>X(C)
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—®— cost
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FIGURE 5. Cost, reward and benefit of optimizing single index.

technologies. X (C123) is the largest in Table 10, which indi-
cates that the customer can obtain the maximum single-index
benefit when using optimization technology 2 to optimize
indicator A13. Therefore, the variable frequency technology
(S2) should be used priorly to optimize the power factor index
(A13) and then the phase-control voltage technology (Ss) is
adopted to optimize the index.

4) COMPREHENSIVE OPTIMIZATION
According to the ranking of single-index optimization bene-
fit, the schemes are combined to optimize energy efficiency.
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According to equation (16)-(18) in the energy efficiency
optimazition model, the cost-reward and cost-benefit changes
of multi-index optimization are shown in Fig. 6.
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FIGURE 6. Results of comprehensive optimization.

With the increase of customers’ investment cost in
energy efficiency optimization, the energy-saving reward also
increases and tends to the extreme value gradually, which
indicates that when the energy-saving reaches the extreme
value, the customer’s power-saving will not increase even if
more advanced optimization technology is adopted.

With the increase of investment cost, the benefit gradually
increases, reaches the maximum value and then decreases,
which shows that the economy of energy efficiency opti-
mization gradually becomes bad. According to equation (18),
the optimization result can be obtained. The highest point of
the cost-benefit curve is (425, 196.567), which indicates that
when the investment cost is 4.25 million yuan, the customer
10 can get the maximum benefit (1.96567 million yuan) of
energy efficiency optimization.

The results of the case study verify the correctness and
effectiveness of the proposed optimization model. The case
analysis shows that the reasonable and economic combination
of energy efficiency optimization technologies can improve
energy efficiency and bring economic benefits to customers.
Thus, the competitiveness of industrial park customers is
improved by maximizing the benefit of energy efficiency
optimization.

VI. CONCLUSION

This paper proposed the energy efficiency evaluation model
based on improved Grey-TOPSIS and the optimization model
for industrial park customers. Firstly, the dynamic energy
efficiency evaluation index system was established based
on PSR model and the indexes were screened with the
combination of PCA and correlation analysis, which made the
evaluation index system more scientific. The Grey-TOPSIS
evaluation model was proposed to evaluate the energy effi-
ciency level of industrial park customers. The improved
model can more accurately reflect the internal changes of
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each evaluation scheme and make up for the deficiency
of European distance in the traditional TOPSIS. Then,
the energy efficiency optimization model was proposed to
pursue the maximization of customer benefits while improv-
ing energy efficiency. Finally, the comprehensive energy effi-
ciency level of industrial park customers and their perfor-
mance in PSR subsystem dimension were evaluated, and
the energy efficiency optimization of customer 10 with
improvement space was analyzed. The case study verified the
effectiveness of the proposed models.

Future work needs to consider the mutual influence and
compatibility of different energy efficiency optimization
technologies and improve the model of energy efficiency
optimization.
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