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Abstract: The integrated electricity—gas energy system (IEGES) coordinates the power system and
natural gas system through P2G equipment, gas turbines and other coupling components. The IEGES
can realize wide-range and long-distance transmission of electricity, heat and natural gas, and truly
realize large-scale cross-regional energy supply in space. At present, the theoretical system applicable
to the comprehensive benefit evaluation of the IEGES has not been established, and the economic,
environmental and social benefits of the system are still at a preliminary study stage. Therefore,
the comprehensive benefit evaluation model of the IEGES is constructed, and the integrated benefit
evaluation indicator system of the IEGES is designed along the investment and planning, energy
supply, equipment operation, power distribution and terminal user. Through the combination of
subjective and objective indicator weighting methods, the weights of each indicator are clarified and
the matter-element extension theory (MEE) is used to improve the technique for order preference by
similarity to ideal solution (TOPSIS), and the comprehensive benefit evaluation model of the IEGES
is established. Finally, taking Beijing Yanqing IEGES, Tianjin Eco-city No. 2 Energy Station and Hebei
IEGES III as an example, the practicability and effectiveness of the evaluation indicator system and
model are verified.

Keywords: integrated electricity-gas energy system; comprehensive evaluation model; the technique
for order preference by similarity to ideal solution; the matter-element extension theory

1. Introduction

In different energy center models, there will be a variety of different energy sources
coupled to achieve flexible conversion in different systems. The conversion equipment
of the integrated electricity—gas energy system (IEGES) includes power to gas (P2G), gas
turbines and gas boilers, which can establish redundant connections between input and
output ports.

In the IEGES, the power system and natural gas system rely on P2G equipment and
gas turbines and other energy conversion equipment to couple in the energy center. The
role of the gas-fired unit is to quickly convert natural gas into electricity, and make up
for the difference in the power load curve [1]. When the power generation output in the
power system exceeds the power load demand, especially during the night, P2G equipment
can convert electrical energy into artificial natural gas through electrolysis methanation
reaction and inject natural gas storage in pipelines or tanks. In addition, in the power
system, P2G equipment has a load point function to achieve peak shaving of participating
units and reduces power system congestion [2]. P2G equipment promotes the backup
of the gas and electricity system, which greatly improves the flexibility and safety of the
operation of the IEGES.
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1.1. Literature Review

As an important physical carrier of the Energy Internet, the integrated energy sys-
tem (IES) requires the conversion and coordination of multiple energy sources to achieve
high-efficiency utilization during its utilization process [3,4]. At present, many scholars
have studied power to gas, and power to heat from different angles. With the develop-
ment of P2G technology, the multienergy system composed of electric power system and
natural gas system has gradually developed and become an important part of IES [5].
Jiang, Y.B. et al. [6] studied the partial renewable power fluctuation on the power network,
which is transferred to the gas system and cooling or heating system by the coordinated op-
eration. N. Gholizadeh et al. [7] analyzed the two technologies of P2G equipment: electric-
to-hydrogen and electric-to-methane. The experimental results showed that the conversion
efficiency of electric-to-hydrogen is higher than that of electric-to-methane, but electric-to-
methane has higher economical value; Boreum Lee et al. [8] verified that P2G technology
provides new solutions for the consumption of renewable energy. Wang, J et al. [9] pro-
posed a cooperative and complementary operation scheme for distributed cooling, heating
and power supply systems in multiple regions by analyzing the disadvantages of the
distributed combined heat and power system. Jiang Z.X. et al. [10] considered the IES of
photovoltaic, wind, natural gas and power coupling and complementarity. Gao, Y. etal. [11]
studied the integrated modeling of power system, thermodynamic system and natural
gas system coupling, and proposed the control strategy of collaborative optimization.
Guan, T.T. et al. [12] studied the partial renewable power fluctuation on power network,
which was transferred to the gas system and cooling or heating system.

At present, many scholars pay attention to the comprehensive evaluation of IES, in-
cluding security, reliability, economy and environmental friendliness. For example, from
the perspective of system reliability, Juanwei, C et al. [13] constructed some reliability
indices of natural gas system while considering reliability of the power distribution system.
Wang et al. [14] applied some technical indicators including the failure rate, the repair
rate, the availability and the mean time to failure to evaluate the reliability of the build-
ing cooling, heating and power system. From the perspective of economy performance,
Nisan et al. [15] conducted a sensitivity study on the cost of desalination under combined
heat and power through different indicators including fossil fuel prices, interest rates and
discount rates and electricity costs. Rozakis et al. [16] evaluated a combined renewable
energy system from the perspective of economic feasibility, agricultural income, impact
on local development, renewable energy consumption, etc. EI-Emam et al. [17] proposed
an integrated energy system driven by solar power, and conducted sensitivity analysis of
several economic indicators to evaluate economic benefit. Meng et al. [18] made the eco-
nomic evaluation on levelized cost of electricity. Wan et al. [19] presented a technoeconomic
analysis to examine the feasibility of sago biomass-based combined heat and power system.
From the perspective of environmental performance, Xu et al. [20] set the CO; capture com-
pression indicator to achieve effective evaluation of energy efficiency of coal-fired power
plants. Dicorato et al. [21] proposed a linear programming optimization procedure based
on energy flow optimization model to evaluate the contribution of distributed-generation
production and energy-efficiency. In the evaluation process, indicators such as operating
costs and environmental pollutant emissions were mainly used. Kim et al. [22] established
an environmental indicator system for a photovoltaic responsive dimming system using
LED lighting. Dai et al. [23] applied annual energetic and economic performance indicator
system to made evaluation of IES. Mancarella et al. [24] used the air quality standard to
evaluate the emission reduction capacity of distributed cogeneration system, and quan-
tified the contribution to cogeneration system emissions. Miiller et al. [25] proposed a
methodical approach for the multimodal energy system and conducted a technology im-
pact evaluation. From the perspective of energy demand, Wang et al. [26] analyzed the
energetic, economic and environmental performances of disruption of the building cooling,
heating and power system, and constructed a reliability and availability evaluation model.
Mollersten et al. [27] used the two criteria of potential CO, reduction and cost of CO,
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reduction to evaluate technical energy measures in Swedish. CO; capture and reliable CO,
sequestration technologies were important potential contributors to Swedish compliance
with Kyoto Protocol targets. Lv et al. [28] constructed the reliability evaluation of the
integrated energy system from the perspective of dynamic behavior of loads and operation
strategy, and then proposed a novel reliability evaluation method with the comprehensive
consideration of the dynamic behavior. However, the current research has not yet defined
the comprehensive benefits of IEGES. In addition, scholars have not sorted out the entire
operation of the IEGES, which has led to an incomplete comprehensive benefit evaluation
indicator system. Therefore, the in-depth study on the standard comprehensive benefit
evaluation indicator system of IEGES is very critical.

In addition, in recent years, more and more scholars have focused on the evaluation
of other aspects of benefits or comprehensive performance of the integrated energy system.
Ren et al. [29] developed the mixed integer linear programming model for integration
planning and evaluation for distributed energy resources (DER). The evaluation indicators
including energy load, climate data, utility rate structure and DER technical information.
Yong et al. [30] constructed a wide range of technical, environmental and economic indica-
tors to evaluate Malaysia photovoltaic systems. Abbasi et al. [31] constructed energy and
economic indicators of a combined cooling, heating and power (CCHP) system in Iran,
and presented appropriate condition of its operation. Finally, the design scheme with the
highest comprehensive evaluation benefit was selected. Cho et al. [32] established optimiza-
tion evaluation model for combined cooling, heating and power (CCHP) systems through
operational cost, primary energy consumption (PEC), and carbon dioxide emissions (CDE).
Yang et al. [33] considered the aspects of technology, economy, environment and society to
evaluated the planning schemes of distributed energy supply systems. Wang et al. [34] ap-
plied heating capacity and energy consumption, heating seasonal performance to conduct
a systematic assessment of CO, heat pump system integrated with thermal energy storage
(TES) systems.

In terms of evaluation methods, most current scholars use simple sensitivity analysis
methods to evaluate benefits based on their optimized models. Some scholars have put
forward a universal comprehensive evaluation indicator system. Tan et al. [35] put forward
the universal steps of fuzzy evaluation measure in order to assess the mitigation responsibil-
ities in China. Li et al. [36] presented mixed integer and non-linear programming (MINLP)
to assess a distributed combined heating, cooling and power generation system in Beijing.
Hammond et al. [37] applied a life-cycle assessment (LCA) to study the performance of
a domestic building integrated photovoltaic (BIPV) system. Gejirifu et al. [38] utilized
the characteristics of the intuitionistic fuzzy set theory and proposed universal steps of a
comprehensive evaluation indicator system. However, existing studies have considered
only a single decision subject matter, and the significance of using bilevel programming
theory is only in capturing key decision variables. However, the current comprehensive
evaluation model are still relatively rough, and most of them use fuzzy evaluation methods,
which easily lead to the same evaluation rank results, which cannot meet the accuracy
required by scientific evaluation. Therefore, this paper uses MEE to optimize the TOPSIS
model to overcome the current shortcomings.
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The main content and structure of this paper are as follows: Section 1 reviews and
summarizes the research trends of the IEGES, and puts forward the literature research and
innovation; Section 2 constructs the comprehensive benefit evaluation indicator system of
the IEGES based on its operation chains, and then analyzes economic, environmental and
social benefits; Section 3 builds the indicator weight calculation model based on the entropy
weight method and order relation method; Section 4 designs the specific calculation process
of the technique for order preference by similarity to ideal solution (TOPSIS) optimized
by the matter-element extension (MEE); Section 5 conducts an empirical analysis and
makes comparative results discussion and Appendix A summarizes the research results of
this paper.

1.2. Innovation

The main innovations include three aspects.

(1) Designing a standard comprehensive benefit indicator system for IEGES. This
paper proposes all operational chains including planning investment, supply, operation,
power distribution and terminal users to refine indicators. Then, constructing an indicator
system of economic, environmental and social benefits of IEGES.

(2) Establishing a variable weighting model based on the order relation method and
entropy weight method. Since the comprehensive evaluation indicator system for IEGES
is still in the preliminary research stage, a comprehensive weight determination method
combining objective and supervisor must be adopted. In addition, this paper uses the order
relation method to solve the problem of inaccuracy caused by cross-meaning and mutual
influence between indicators.

(3) Constructing IEGES comprehensive benefit evaluation model. The TOPSIS model
can only sort the evaluation results. It can not directly reflect comprehensive benefit accu-
racy. Based on the proximity of each indicator to each grade interval, this paper applies the
matter-element extension method to achieve refined evaluation of comprehensive benefits.

2. Establish the Standard Comprehensive Benefit Evaluation Indicator System of IEGES
2.1. Construction of the Standard Comprehensive Benefit Indicator System

Throughout the entire chains of the IEGES, including investment and planning, energy
supply, equipment operation, power distribution and terminal user, which is helpful to
improve the comprehensive benefit level of the IEGES. The full operation of the IEGES is

shown in Figure 1.

Investment S | Equipment Power
and planning Nergy supply operation distribution

— Terminal user

Figure 1. The whole chains of the integrated electricity—-gas energy system (IEGES).

This paper forms a comprehensive benefit evaluation indicator system, as shown in
Figure 2, the definition and description of all indicators are shown in Table Al in Appendix A.
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Figure 2. The comprehensive benefit evaluation indicator system of the IEGES.
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2.2. Construction of the Indicator Weight Combination Model
2.2.1. Indicator Preprocessing

In this paper, according to the least square method, each indicator in Figure 2 is
tested. Highly correlated indicators are eliminated to reduce duplication. Suppose there
are several evaluation indicators (I3, I ..., I;). According to the indicator classification,
each subtarget layer contains several indicators. Perform correlation test on each subtarget
layer according to the least square method to construct a correlation test matrix R:

1 T2

21 721
R =

1 Tk2

Tk
T2k

Tkk

)
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where, 7, B (o, B=1,2... k) is the correlation coefficient, the specific calculation is shown
in Formula (2):

¥ (I — L) (I — L)

7’“‘5 = — =
\/Z(Ia—la) (Is — Ig)

where, « = B, ryp = 1, ryp = rpy. Assuming that the principle of correlation judgment
satisfied the content of Table 1, if the correlation coefficient of the two indicators was less
than 0.3, the data of the two indicators were considered independent; if the correlation
coefficient of the data of the two indicators was greater than 0.8, then remove the indicator.
Finally, we could get the indicators that meet the relevance requirements.

@

2

Table 1. Relevance judgment principles.

Correlation Coefficient Name Correlation
03<r<0.5 Low
05<r<0.8 Significant

08<r<1 Highly
r=1 Totally

It can be seen from the indicator system in Table 2 that the indicator included extremely
large indicators and extremely small indicators. Before the evaluation, the dimensionless
treatment was carried out, namely:

o MMy
yl] - Mjfm] ( )
3

. Mj—xi

yl] - M;—m;

) ]

where, x;; (i=1,2,3j=1,2,...,22) is the value of indicator. M; is the upper limit of all
actual data, namely, M]- = max{xi]-}, and m i Is the lower limit of all actual data, namely,
1

mj = miin{xi]-}.

Table 2. Principles of p;.

Range Explanation

0,1.0] x;_1 is as important as x;

(1,1.2] x;_1 is slightly important than x;
(1.2,1.4] x;_1 is obviously important than x;
(14, 1.6] x;_1 is strongly important than x;
(1.6,1.8] x;_1 is extremely important than x;

2.2.2. Combined Weight Preprocessing

In this paper, the combination weighting method was used to weight all indicators.
Based on entropy weight method and order relation method, the final weight of each

evaluation indicator in Figure 2 was determined.

The calculation process of the combined weighting method of the comprehensive
benefit evaluation indicator of the IEGES is as follows:

Step 1: Collect data and construct an evaluation matrix.

Construct a comprehensive benefit evaluation matrix for the IEGES, namely:

X111 X12

X X
R = 21 22

Xi1 X2

xlj
x2]‘

xi]'

4)
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where, x;; (i=1,2..,mj=1,2.,n) is the value of indicator.
Step 2: Indicator preprocessing.
Step 3: Calculate the information entropy of the indicator i, namely:
n
Xij Inx ij
j=1
E = — 5

when x;; = 0, x;;Inx;; = 0.
Step 4: Use the entropy weight method to calculate the objective weight w, ; of each
indicator, namely:

=12, ,m (6)

Step 5: Establish an order relationship.

Sort the indicators according to subjective opinions of experts. x] is the most important
indicator, finally, the remaining indicators are marked as x;,. If the ranking relationship
isx]> x5 > -+ > X, it can be judged that a unique sequence relationship is established
among the indicators.

Step 6: Determine the relative importance of adjacent indicators.

The relative importance p; is the ratio of the importance, namely:

Wj—1

0 =pi(i=1,2..,m) (7)

where, w; is the ranking weight and p; is determined according to the principles that is
shown in Table 2.
Step 7: Calculate the weight coefficient ws ;, namely,

-1
m m
ws,l- = (1 + ZHT’Z'> M ws,l-_1 = riws,i(i = 1, 2,711) (8)
i=2

Step 8: In order to synthesize the subjective weight ws, which is calculated by the
order relation method and the objective weight w,, which is calculated by the entropy
weight method. The combined weight w, is ensured, namely:

we = Awg + (1 — A)w, 9)
where, the proportion of subjective weight A is determined by experts.

3. Comprehensive Evaluation Model Based on TOPSIS Optimized by MEE
3.1. Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

TOPSIS can calculate the distance between each group of programs and the best and
worst programs, and use the relative closeness of ideal points as the basis for comprehensive
evaluation. The comprehensive benefit of the IEGES must be different. The comprehensive
benefit shows a certain degree of uncertainty, which is suitable for the TOPSIS model. The
specific calculation steps of TOPSIS model are as follows:

Step 1: Form the original decision matrix (Xj;)

Step 2: Calculate the combined weight w.

mxn’
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Step 3: Weight the original decision matrix (X;;)  and the combined weight wc to
obtain a normalized matrix V, namely:

w1 Xp1w1Xo1 ... w01 Xm

V= (x) — | waXppwaXop ... wrXm (10)

mxn
Wy X170 Xop -« Wy Xn

Step 4: Calculate positive ideal point x;f+ and negative ideal point x;‘*, namely:

(11)
- _ {min(xij) j€N

max(xl-]-) i€l

where, J; is a set of extremely large indicators and J; is a set of extremely small indicators.
Step 5: Calculate positive ideal distance Z;" and the negative ideal distance Z:, namely:

+)2

N
+
Il
It

X (xij— x5

j
(12)

—\2
(xij —x77)

]

N
I
It

Step 6: Calculate the relative closeness.
Calculate the relative closeness of the TOPSIS model and sort each scheme according
to this evaluation value, namely:
D; = Zi. (13)
‘Yzt z

3.2. Matter-Element Extension (MEE)

The matter-element extension model (MEE) can classify each indicator, determine the
upper and lower limits of each level to establish a section domain and a classic domain
respectively. The calculation steps of the matter-element extension model are as follows:

Step 1: Determine the node-item matrix.

The matter element is composed of three elements: things U, features C and the
magnitude M, which is written as R = (U, C, M). In the model of comprehensive benefit
evaluation of IEGES, the comprehensive benefit value is the matter element.

Up is the standard matter element. C; is characteristics and x,; = [apl-, bpl-] is the
standard value range, which are extended to form a range of matter elements. Suppose
cy,(u=12,...... ) is the indicator for evaluating the comprehensive benefit of IEGES.
The corresponding value range of the indicator for the comprehensive benefit of IEGES is
xj = [ay, by].

U c [a,b]
2 [a2,bo]

Ry = .. (14)
Cy [auz bu]

where, xp; C xpi(i =1,2,...,n).
Step 2: Calculate the correlation function K;(s,i) and correlation degree K;(s) of
each indicator.



Energies 2021, 14, 763

90f19

The correlation function represents the value range of the matter element, which
can quantitatively and objectively express the process of the quantity change of the
matter element.

p(x,xo)
ETI

K(x) = %,x ¢ xo,0(x,xn) # p(x,x0) (15)

X € Xp

—0(x,x0), x & x0,0(x, xn) = p(x, %0)

where, j is the sample point, s is the comprehensive benefit level, i represents the indicator
and |xo| = |b — al, |xo| is a module of bounded intervals, xy = [a, b].
p(x,xp) and p(x, x,,) are the distance from any point x on the real axis to the interval
xg and x,, namely:
p(x,%0) = |x = da+b)| = 1(b—a)
(16)
p(x,xn) = ‘x -1 +d)’ —ld-o)

The degree of relevance K;(s) is the degree of membership of a comprehensive benefit
level s for the sample point j, namely:

Kj(s) = }_ we,iKi(j,s) (17)
i=1

where, w, ; is the weight of indicator x; and K;(j, s) is the value of the correlation function.

Step 3: Sort comprehensive relevance.

Sort the comprehensive correlation degree K;(s), and the level corresponding to the
maximum value is the comprehensive benefit of the IEGES. For example, if K; = max{K;(s) },
the comprehensive benefit level of the IEGES should belong to the comprehensive
benefit level s.

3.3. Owerall Steps of the Comprehensive Evaluation Model

This paper used the MEE to improve the TOPSIS model. The comprehensive benefit
evaluation model of the IEGES was constructed. The implementation process is as follows:

Step 1: Use the weight combination method to obtain the final weight w,.

Step 2: According to the TOPSIS model, positive ideal distance Z;" and the negative
ideal distance Z;~ are obtained, and the relative closeness D; of each scheme is calculated.

Step 3: Divide the extreme value by positive ideal distance Z;" and the negative
ideal distance Z; into different layers, and the interval range of each layer is

Uy = (uhu2),j =12, ,mt=1,2,-- ,N.
Step 4: Calculate the closeness D(N;) and weighted closeness K;(N;) of each element
and each interval.

142 2
D(Nj) = |z — u]t-;u]t u
" (18)
Ki(N;) =1~ 121 w;iD(N;)
]:

Step 5: Calculate the eigenvalues.
In order to achieve accurate evaluation of comprehensive benefits, calculate eigenval-
ues 0; of weighted closeness K;(N;) to avoid multiple schemes belong to the same level.

— K](N,) —minK(Ni)

iNi) = maxK(N;) — minK(Nj) (19)
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'§1 sK;(N;)

9 =1 (20)
Y. Kij(Ny)
j=1

In summary, the specific evaluation process of the comprehensive benefit evaluation
model of the IEGES constructed in this paper is shown in Figure 3.

! Combined weighting calculation | TOPSIS model optimized by MIEE
|
|
I I Establish order | | ‘ Normalize the original decision matrix ‘
| ‘ Index normalization ‘ relationship | L
I L oy Calculate the index weight ‘
| Calculate the Judge the relative ¥ g
information entropy importance |
l l I ‘ Establish a weighted standardized ‘
l Calculate objective Calculate subjective | — %
| weight weight |
| 3 ‘ Determine positive and negative ideal
| thesi | solutions
synthesis G
I y
' | ‘ Tntorval division and calculate ‘
| Combined weight | closeness
: i
I : ‘ Calculate the characteristic value for
I rating
| :
|
| :
e |

Figure 3. The process of comprehensive benefit evaluation model of the IEGES.

4. Empirical Analysis
4.1. Project Introduction

In order to verify the practicability and effectiveness of the established IEGES com-
prehensive benefit evaluation model, this paper intended to select three IEGES as the
object system to carry out analysis of examples. In order to study comprehensive energy
operation and development of IEGES in China, the research examples were concentrated
in the Beijing-Tianjin—Hebei region. Considering data acquisition and other objective
factors, Beijing Yanqing IEGES, Tianjin Eco-city No. 2 Energy Station and Hebei IEGES III
were selected. Each IEGES was used as a case for comprehensive evaluation. The brief
introduction and basic data of each IEGES are as follows.

(1) Beijing Yanqing IEGES

Beijing Yanqing IEGES is the only government-funded construction project in Beijing.
The Beijing Yanqing IEGES project is located in the new energy industrial base of the
Badaling Economic Development Zone in Beijing. The photovoltaic power generation
was 1.8 MW, wind power generation was 60 kW and various energy storage systems
were 2.5 MW.

(2) Tianjin Eco-city No. 2 Energy Station

Tianjin Eco-city No. 2 Energy Station uses the latest technologies such as the smart
grid, Internet, big data and smart city to carry out multilevel energy comprehensive
coordination projects, including photovoltaic power generation, gas power generation and
energy storage system, which achieved an on-site photovoltaic consumption rate of 100%.

(3) Hebei IEGES III

Hebei IEGES IIl is the first IEGES demonstration project in China. Photovoltaic power
generation was 190 kW, wind power generation was 250 kW and super capacitor energy
storage was 100 kW. Compared with traditional air conditioners, it saved 620,000 kWh of
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electricity annually. Based on the calculation of 0.38 kg/kWh of carbon dioxide emissions
from thermal power plants, it was estimated that the entire system could save 300 tons of
standard coal annually and reduced carbon dioxide emissions by approximately 710 tons.

The initial data collection and data preprocessing of the three IEGES projects are
shown in Tables A2 and A3 in Appendix A.

4.2. Evaluation Implementation Process

This paper first used the order relation method to determine the weight of each layer
of indicators, and then calculated the level of each indicator, and finally combined them in
a hierarchical structure to get the weight of each indicator on the overall goal.

Firstly, the order relationship of the three types of target-level evaluation elements was:
A1 > Ay > Az, recorded as A] > A3 > Aj3. The assignment of py was pr = wj/w; = 1.58,
p3 = w; /w3 = 1.64. Calculate weight coefficient w;, namely:

w] = 0.496, w5 = 0.313, w3 = 0.191

In addition, after the order relationship of the target layer was determined, the order
relationship of the indicator layer was judged.

The weight analysis of comprehensive benefits and the assignment of p; were as
shown in Table 3.

Table 3. Weight analysis and assignment of py.

Weight Analysis The Assignment of p; w;
p2 = wi/wy = 1.07 wy = 0.042
p3 = w;/wj = 1.08 w; = 0.039
ps = w3 /wy = 0.69 wg*‘ = 0.036
ps = wy/wi = 0.76 wy = 0.052
*

pe = w5 /wg = 0.24 w5 = 822515
C*¢ > C*5 > C*7 > Cg > C*y p7 = wg/wz’: =322 zg = 0281
: . C*4 > C*15 > C*13 > C*14 ps = w7/w8 = 0.56 Z : 0.154
Economic benefit Cf1q > C* > C'pCrp > C py = wg*/wg*: 2.25 Zé - 0.024
C*Z >C¥3 >C*9 >C*10 >C*11 P10 :wg/w10:1.2 *9 —_0020

P11 = ?,UTO/WTl =1.05 w}FO = 0.
p12 = wi; /wi, = 0.475 wyy = 0.019
P13 = wikz/w?f?’ =0.85 wlz =0.040
p1a = wiz/wi, = 0.78 Wiz = 0.047
P15 = ZUT4/ZUT5 =122 w14 = 8828

Wis = Y-
p2 = wi/wj =1.108 w] = 0.440
Environmental benefits Ci6* > Cy7* > Ci8* p3 = wi/wj =243 w} = 0.397
w; = 0.163
p2 = wi/w; = 0.498 Wi = 0.;4(;

Social benefit Co1* > Cop* > Cro* > Cpp* p3 = w; /wj = 0.648 wz - 0.28
py = w3 /wy = 2.96 w3 = 0.433
*

wy = 0.146

Finally, the ranking weights of each evaluation indicator were synthesized in a hierar-
chical structure, and the calculation results are shown in Table 4.
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Table 4. Order relation method weight.

Sub-Target Layer Ranking Weight Indicator Layer wz Weight
C1 0.042 0.041
Cy 0.039 0.053
Cs 0.036 0.018
Cy 0.068 0.034
Cs 0.281 0.139
Cq 0.087 0.043
Cy 0.154 0.076
Economic benefit 0.496 Cs 0.024 0.012
Co 0.02 0.010
Cio 0.019 0.009
Ci1 0.04 0.020
Ci2 0.047 0.023
Cis 0.06 0.030
Cig 0.049 0.024
Cis 0.034 0.017
Cie 0.440 0.138
Environmental benefits 0.313 Ciy 0.397 0.124
Cis 0.163 0.051
Cyo 0.140 0.019
Social benefit 0.191 gzg o oo
Coy 0.146 0.020

According to the calculation steps of the entropy weight method, the objective weight
of each comprehensive benefit evaluation indicator could be obtained. After expert discus-
sion, set A = 0.5. Final weight distribution of the comprehensive benefit indicator system
of the IEGES is shown in Table 5.

Table 5. Comprehensive weight distribution.

Third-Level Indicators Entropy Weight ﬁi‘:ﬁzgaﬁg}ﬁ Combined Weight
G 0.048 0.041 0.045
G 0.072 0.053 0.063
Cs 0.055 0.018 0.037
Cy 0.182 0.034 0.108
Cs 0.033 0.139 0.086
Ce 0.010 0.043 0.027
Cy 0.052 0.076 0.064
Cg 0.003 0.012 0.008
Cy 0.006 0.010 0.008
Cio 0.006 0.009 0.008
Cn 0.016 0.020 0.018
Ci2 0.064 0.023 0.044
Ci3 0.131 0.030 0.081
Cug 0.012 0.024 0.018
Cis 0.037 0.017 0.027
Cie 0.070 0.138 0.104
Ciz 0.087 0.124 0.106
Cis 0.041 0.051 0.046
Cyo 0.041 0.019 0.030
Coo 0.021 0.039 0.030
Cy 0.009 0.060 0.035

Cxn 0.004 0.020 0.012




Energies 2021, 14, 763

13 of 19

4.3. Comprehensive Evaluation Results

Weight the original decision matrix (X;;) . and the combined weight w, to obtain a
normalized matrix V. Based on the weight of the comprehensive benefit indicator of the
IEGES in Table 6, a weighted standardized decision matrix V can be obtained, namely:

0.010 0.003 0.002 --- 0.001
V= 0011 0.004 0.002 --- 0.002
0.009 0.004 0.002 --- 0.002

Table 6. Comprehensive benefit evaluation results.

IEGES Eigenvalues Benefit Level Sort
S 3.1224 medium 3
Sy 3.2436 medium 2
Ss 3.8166 excellent 1

Using the maximum and minimum values of each component element in the weighted
standardized decision matrix V, positive ideal distance Z* and negative ideal distance Z~
can be obtained, namely:

Z* = (0.0108,0.0041,0.0024, 0.0246, 0.0104, 0.0002, 0.0182, 0.0192, 0.0009, 0.0085,
0.2839,0.0016, 0.0036,0.0017,0.0014, 0.0044, 0.0015, 0.1682, 0.0870, 0.0018)

Z~ = (0.0088,0.0034,0.0016, 0.0168, 0.0099, 0.0001, 0.0175, 0.0180, 0.0008, 0.0075,
0.2607,0.0011, 0.0029, 0.0015, 0.0012, 0.0038, 0.0012, 0.1484, 0.0707, 0.0012)

Take indicator C; as an example, set N = 5. The interval composed of positive and
negative ideal distance was divided into five levels, namely: very poor, poor, medium, good,
and excellent. The positive and negative ideal values were z* = 0.0108 and z~ = 0.0088.
The interval was divided into:

S11 = [0.0088,0.0092]
S12 = [0.0092,0.0096]
S13 = [0.0096,0.0100]
S14 = [0.0100,0.0104]
S15 = [0.0104,0.0108]

Other indicators were also divided into equal distances, and the closeness between
the matrix V and the five levels was calculated. The results were as follows:

[ 0.0008 0.0001 0.0001 --- 0.0001
D(N;) = | 0.0018 0.0004 0.0007 --- 0.0004

| 0.0002 0.0006 0.0005 --- 0.0005 |

[ 0.0004 0.0002 0.0002 --- 0.0002 ]
D(N) = | 0.0014 0.0002 0.0006 --- 0.0003

| 0.0006 0.0005 0.0004 --- 0.0004 |

[ 0.0000 0.0004 0.0004 --- 0.0003 ]
D(N3) = | 0.0010 0.0001 0.0004 --- 0.0001

| 0.0010 0.0004 0.0002 --- 0.0003 |

[ 0.0004 0.0005 0.0006 --- 0.0004 ]
D(Ny) = | 0.0006 0.0000 0.0002 --- 0.0000

| 0.0014 0.0002 0.0001 --- 0.0002 |

[ 0.0008 0.0006 0.0007 --- 0.0005 ]
D(Ns) = | 0.0002 0.0002 0.0001 --- 0.0001

| 0.0018 0.0001 0.0001 --- 0.0001 |
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Based on the closeness of each indicator, the weighted closeness of the comprehensive
benefits of the three IEGES (S, S,, S3) relative to the five evaluation levels were calculated
respectively, namely:

K(S1) = [0.9965,0.9975, 0.9986,0.9975,0.9974]
K(Sz) = [0.9976,0.9978,0.9989, 0.9966, 0.9964]
K(S3) = [0.9961,0.9974,0.9971,0.9976,0.9979]

The weighted closeness of each project can be intuitively shown in Figure 4, namely:

1. 000
very poor] poor

medium good
excellent

0. 998 1

In

0. 996 T T T
S1 S2 S3

Figure 4. The weighted closeness of the three IEGES (S, S,,S3)
Taking S3 as an example of normalization, and calculate the eigenvalues of S3.

Ki(S3) = [0.3054, 0.6527,1.0000, 0.5635, 0.0000]
ds, = 3.8166

In summary, the eigenvalues of all items and the final evaluation results are shown
in Table 6.

As we can see in Figure 4, the comprehensive benefit levels of the three IEGES were
medium, medium, and excellent. Since the comprehensive evaluation levels of S; and S
were both medium based on the TOPSIS model, it was necessary to further calculate the
eigenvalues to achieve accurate division of the evaluation levels. Therefore, the original
TPOSIS model could not effectively applied to the comprehensive benefit evaluation
of IEGES, and the accuracy of original TPOSIS model was insufficient. Therefore, the
evaluation results could not achieve the accuracy of scientific evaluation.

It can be seen from Table 6 that the final ranking of the comprehensive benefit level
of the IEGES was S3 > S; > S;. Based on the TOPSIS model, the comprehensive benefit
levels of S; and S, were the same and could not be further divided. The eigenvalue of the
MEE method was applied to the original TOPSIS model. The eigenvalue of S, was greater
than that of 51, so the comprehensive benefit of S, was higher than that of S;. Compared
with the original TOPSIS model, the TOPSIS model optimized by MEE could better realize
the scientific processing of data, which was difficult to quantify, and the comprehensive
evaluation results would be more reliable and effective.

5. Conclusions

Based on the study of the benefit evaluation system of the integrated energy system,
this paper constructed a comprehensive benefit evaluation indicator system and proposed
a novel evaluation model of IEGES.
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5.1. Our Contributions

The research contributions are as follows:

(1) Through comprehensive analysis of the entire chain of the IEGES, the economic
benefit, environmental benefit and social benefit indicators were extracted and the compre-
hensive benefit evaluation indicator system including net present value (C;), distribution
network load rate (Cy), clean electricity ratio (Cyg), etc., was established.

(2) A combination method of the order relation method and entropy weight method
was used to calculate the comprehensive weight of the indicator. Final weight distribution
of the comprehensive benefit indicator system was obtained in the paper. Addition-
ally, we proved that the combination method could avoid the disadvantage of single
weighting methods.

(3) We applied the eigenvalues of MEE model into the original TOPSIS model. Beijing
Yanqing IEGES, Tianjin Eco-city No. 2 Energy Station and Hebei IEGES III were selected
as the empirical projects. Based on the closeness of each indicator, the weighted closeness
of the comprehensive benefits of S; was K(S;) = [0.9965, 0.9975,0.9986, 0.9975, 0.9974], S, was
K(Sz) = [0.9976,0.9978,0.9989, 0.9966,0.9964] and S3 was K(S3) = [0.9961,0.9974,0.9971,0.9976,0.9979]
respectively, which means the evaluation result of S; and S, outputted by TOPSIS were
both medium. Finally, the eigenvalues outputted by MEE were 3.1224, 3.2436, and 3.8166
separately, which showed that the comprehensive benefit of Hebei IEGES III was the best,
and Tianjin Eco-city No. 2 Energy Station performed worse than Hebei IEGES III while
Beijing Yanqing IEGES was the worst. Therefore, the investment and operation mode of
Hebei IEGES III should be studied and promoted in the further.

5.2. Limitations of the Study

Compared with the single weight method and single evaluation model, the evaluation
model proposed in this paper creatively combined expert evaluation information with
IEGES objective information to make the comprehensive evaluation results more credible
and effective. However, our calculation process was very complicated, and detailed errors
were prone to occur. In the following research, the intelligent algorithm will be combined
with the traditional comprehensive evaluation model, which will simplify the expert
scoring and calculation process, help to quickly evaluate a variety of similar projects and
the evaluation accuracy will also be greatly improved. This is the next research direction of
this paper.
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Appendix A

Table Al. Explanation of comprehensive benefit evaluation indicator system of the IEGES.

Indicator

Calculation Formula

Explanation

Net present value (C;)

NPV =Y (C; — Co)(1+i)~"

C; is the expected cash flow in each period and
Cp is the initial investment expenditure.

Dynamic investment payback period (Cy)

Y* is the number of years in which the present
value of the cumula-tive net cash flow has a
t—
positive value, }_ A; is the present value of the
i=1
cumulative net cash flow in the previous year,

and A;*
T o Ps(t) is the load shortage; Pp(t) is the
System energy supply rate (C3) Sp=1- El Pigg total load.
Pri e Qoutpt Qoutpt is energy output; Q is primary
rimary energy utilization (Cy) ) outp

energy consumption.

Equipment utilization (Cs)

Tp is the planned working time for the unit, T,
is the actual working time of the nth device
in unit time.

Operation and maintenance fee (C¢)

Cre = CO+M + Cfuel

Co+M is the annual operating cost of the main
equipment and Cyg is the annual fuel cost.

Energy conversion efficiency (Cy)

] — QurutEle
LWy

i

QuE is the output power of the gas CHP unit.
A and Ae are the corresponding energy
quality coefficients [25], and W is the total
amount of the first energy consumed by heat
and electric energy. A; is energy quality
coefficient of an energy source.

Equipment life (Cs) / /
. P¢ 1 is the actual capacity in the distribution
Distribution network load rate (Cg) o = % network circuit and Py is the rated capacity of
" the power system.
o A " Pfe o1 is the actual capacity in the natural gas
Natural gas pipeline capacity (Cig) g = ;#;1 pipeline and P is the rated capacity of the
n

natural gas system.

Active power loss (C11)

AP = AP + APy + 52 x 1073

AP is the total active power loss, AP is the
active power loss of the transmission line, APy
is the active power loss of the transformer and

other equipment, and AQ is the heat loss
during the transmission of heat energy.

T p{nax (f)*Pi“ax (f)

P?X(t) is the system load when P2G

Peak and valley filling rate of power grid (Cq2) Sep = | 1 d equipment is not in use, and P{®*(t) is the
= PO system load after P2G equipment is in use.
Poen 18 the total amount of negative backup
provided by conventional units when P2G
Routine unit negative reserve transfer rate (Cy3) Loen = Pgen1 ~Pgen2 equip ment does not provide backgp SEIVICES.
gen P Peen 2 1s the total amount of negative backup
provided by conventional units when
providing backup services for P2G equipment.
Tp is the time when the voltage is within the
Qualified rate of power supply voltage (C14) _ LT ualified range, and T is the total operatin
p PPy & =57 q & P )
time of the system
Energy quality (C;s) /
. . _ —0Qcal Qt is the total output of the unit, Q.yy is the
Clean electricity ratio (Cy6) R coal power unit

Total carbon emissions (Cy7)

n n
Ec = '21 cc,ife+ '21 cr,ifE
i= i=

cc; and cr; are respectively the coal
consumption or natural gas consumption of
the i-th generating unit in the dispatching
cycle, and fE is the carbon emissions from the
complete combustion of standard coal or
natural gas per unit
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Table A1. Cont.

Indicator

Calculation Formula

Explanation

Wind curtailment rate (C;g)

P,

T
W total 7,2 L Ppg

Py total is the total output of the wind turbine,
Ppyc is P2G active power, and ), is the set of

5= =1ke0w ] :
- Py total wind turbine
o H}’ is users who actively participate in peak
Proportion of active peak load users (Cjg) T = )g:; load reduction, H; is the amount of
! system users.
User satisfaction (Cpp) / /

Number of jobs provided (Cp1)

Y =A+ oo B

A is the number of direct jobs and is the
number of indirect jobs. x/GDP% is the
employment elasticity coefficient, is the
growth rate of the number of employees, and
GDP% is the GDP growth rate.

Regional economic development contribution %

rate (Cpp)

Y is the total operating income of the IEGES,
GDP is the regional GDP level.

The initial assignment results of the comprehensive benefit evaluation indicator system
for the gas—electricity interconnection are shown in Table A2. Based on Section 4.1, all
indicator initial value of Beijing Yanqing IEGES, Tianjin Eco-city No. 2 Energy Station and

Hebei IEGES III are shown as follows.

Table A2. Indicator initial value.

Indicator Unit Sq1 S3 S3
C Ten thousand yuan 3165.055 8130.065 9000.041
@) Year 25.000 22.000 21.000
Cs % 48.091 48.072 49.054
Cy % 86.240 97.821 89.465
Cs % 72.325 93.429 90.268
Cs Ten thousand yuan 7658.023 6660.093 1526.078
Cy % 55.059 57.964 61.453
Cg Year 9.450 10.410 12.940
c’ % 78.025 86.086 85.062
Cio % 4.108 4.334 5.616
Ci1 KW 91.053 89.337 87.364
Cio % 4.230 2.378 2.563
Ci3 % 0.000 1.404 2.492
Cia % 96.344 98.609 98.218
Cis Mark 97.716 97.539 98.303
Cie % 76.342 92.558 95.673
Ci7 Ton 10.503 87.564 91.637
Cig KW 2.133 0.156 0.126
Ci9 % 9.022 8.568 13.639
Cyo Mark 67.717 90.288 92.650
Co1 Ten thousand 31.763 33.284 45.273
Copo % 4.760 8.452 9.812

According to the indicator preprocessing method in the paper, the basic data was
standardized, and the evaluation indicator results after the dimensionless quantization

were obtained. The specific results are shown in Table A3.
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Table A3. Dimensionless data.

Indicator S1 S, S3
Cy 0.353 0.574 0.971
Cy 0.236 0.638 0.448
Cs 0.211 0.851 0.881
Cy 0.342 0.375 1.000
Cs 0.904 0.625 0.532
(@ 0.853 0.733 0.667
Cy 0.492 0.475 0.421
Csg 0.469 0.342 0.537
Cy 0. 415 0.985 0. 263
Cio 0.892 0.920 0.943
Cp 0.892 0.920 0.911
Cio 0.728 0.591 0. 490
Ci3 0.000 0.449 0.430
Cus 0.490 0.581 0.594
Cis 0.414 0.683 0.694
Cie 0.983 0.975 0.981
Cyy 0.212 0.123 0.244
Cis 0.324 0. 505 0.113
Cyo 0.440 0.671 0.103
Cao 0.048 0. 073 0.013
Cr 0.297 0. 543 0.561
Cy 0.001 0.019 0.063
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