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Abstract: The transformation of the power generation industry from coal-based to more sustainable
energy sources is an irreversible trend. In China, the coal-fired power plant, as the main electric power
supply facility at present, needs to know its own sustainability level to face the future competition.
A hybrid multi-criteria decision making (MCDM) model is proposed in this paper to assess the
sustainability levels of the existing Chinese coal-fired power units. The areal grey relational analysis
(AGRA) method is involved in the hybrid model, and a combined weighting method is used to
determine the priorities of the criteria. The combining weight fuses the fuzzy rough set (FRS) and
entropy objective weighting method together with the analytic hierarchy process (AHP) subjective
weighting method by game theory. Moreover, an AHP weighting uncertainty analysis using Monte
Carlo (MC) simulation is introduced to measure the uncertainty of the results, and a 95 percent
confidence interval (CI) is defined as the uncertainty measurement of the alternatives. A case study
about eight coal-fired power units is carried out with a criteria system, which contains five aspects in
an operational perspective, such as the flexibility, economic, environmental, reliability and technical
criterion. The sustainability assessment is performed at the unit level, and the results give a priority
rank of the eight alternatives; additionally, the uncertainty analysis supplies the extra information
from a statistical perspective. This work expands a novel hybrid MCDM method to the sustainability
assessment of the power generation systems, and it may be a benefit to the energy enterprises in
assessing the sustainability at the unit level and enhance its ability in future sustainable development.

Keywords: areal grey relational analysis; fuzzy rough set; game theory; AHP; uncertainty analysis;
coal-fired power unit

1. Introduction

Nowadays, people have realized the importance of the sustainability of energy utilization with the
depletion of fossil fuel and global warming [1,2]. The expected way of future energy utilization is most
likely mainly to be powered by renewable energy sources like hydropower, bioenergy, solar energy,
wind power, geothermal power [3–8], etc. The sustainable development of the power industry plays
an important role in the sustainable development of energy. Despite the rapid growth of renewable
energy, coal-fired power generation still retains a large proportion of the whole power generation,
especially in China. By the end of 2016, coal-fired power generation accounted for about 57 percent of
the total installed power capacity [9], and the plants are still the main suppliers of electricity. Thus, the
sustainability of the coal-fired power facility has an important impact on the sustainable utilization
of energy.
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In recent years, the coal-fired power plants in China have encountered some new challenges
such as the generation share decreasing and utilization hours’ reduction caused by the transition
to renewable energy and the irrational investment of commercial capital [10,11]. For example, the
average utilization hours of the coal-fired power generation equipment (600 megawatts and above)
were only 3786 h in the year 2016 [9]. That means the main power units have in the long-term a
low-load operation condition. Actually, the level of operation and management of the coal-fired
power plants has risen up to a relatively high standard today. Thus, the potential of reaching further
energy savings and emission reductions, which will enhance the sustainability of the power generation
facilities, is becoming smaller than ever before. Even so, some efforts have been made to improve
the situation of sustainable development in the technical aspects, which contain the operational
optimization of the unsteady state [12], deep heat recovery from boiler flue gas [13], emission control
technologies [14–18], etc. However, the guiding role of the government’s policy is essential in the
power generation alternation from coal-based to coal-free mode, such as the supply-side structural
reform [19] and the Chinese 13th five-year energy development plan [20]. Therefore, it is necessary to
make a reasonable assessment of the sustainability level of the coal-fired power plants. The appropriate
policy suitable for the current level of sustainable development can reduce the unnecessary cost of the
energy sustainable development process, on the one hand, such as the power over-investment [10,11],
and on the other hand, it can optimize the sustainability of the overall energy generation system,
such as enhancing the flexibility of the coal power units to accommodate more capacity of wind power
and photovoltaic power [21,22].

There are several conventional methodologies that can be employed for the sustainability
assessment, such as exergy [23,24], emergy [25,26], life cycle assessment (LCA) [27] and the
multi-criteria decision making (MCDM) methods [28–35]. The MCDM method, which is particularly
suitable for the evaluation or decision making of a complex system with multiple indicators, is widely
used in the energy field. Many prevalent specific methods are available for sustainability assessment
of thermal power plants, which include TOPSIS [36–38], AHP [39–42], the entropy method [43], the
fuzzy method [41,44], the grey method [40,45], the rough set [46–48], set pair analysis (SPA) [26],
etc. Sometimes, we use a hybrid model to take advantage of each classical theory. Grey relational
analysis (GRA) is one of the branches of grey theory, which was introduced by Deng in 1982 [45].
The merit of the GRA is its insensitivity to the amount of raw data that usually has insufficient and
poor information, and it can derive an unbiased estimate by determining the relationship of the data
sequences. However, the conventional GRA only considers the linear relationship of alternatives
of the same indicators using the grey relational coefficient number, and it is unable to measure the
relationships between indicators. Thus, an improved evaluation method, areal grey relational analysis
(AGRA), was developed to cope with the demand of the areal grey relational coefficient number of
indices [49–51].

It is important to determine the weights of the criteria in the process of an MCDM method.
Generally, the weighting methods can be divided into several categories such as subjective, objective
and combination methods. The subjective weight needs the knowledge of experts. Except for the
Delphi [30] method, AHP has been widely used as a subjective weighting method benefiting from its
ability to quantify the qualitative factors by the hierarchical decomposition process [39–41]. For the
objective weight determination, the entropy method is a typical principle to cope with the uncertainty
of the index [41,44,52], and the CRITIC method can handle the relationship between indicators by
introducing the linear correlation coefficient [53]. However, in the real world, the relationship between
the data sequences is usually nonlinear and complex. Then, the rough set theory and fuzzy set theory
can be employed to treat the nonlinear problem from different perspectives [46–48,54]. We usually
use an integration weight based on various principles to achieve practical results. The weighting
combination methods mainly utilize the rules of addition, multiplication [26], game theory [50,55,56],
etc. Game theory is a practical way to get the optimum equilibrium solution among different kinds of
weights with conflicts.
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When performing the AHP method to determine the importance degree of criteria, the result is
strongly affected by the expert’s knowledge and may vary significantly with different decision makers.
One of the reasons is that the experts may be unfamiliar with some specific indices, so they cannot
make a precise judgment in the pairwise comparison process. In order to overcome these problems, the
Monte Carlo (MC) method was introduced in many works to promote the performance of the classical
AHP method [57–61]. The stochastic-based AHP approach can give us more decision information from
a statistical perspective.

For the sustainability assessment of an energy system, we usually establish the evaluation system
considering the technical, economic, environmental and social factors [4,31,33,62]. There is no doubt
that it is significant to discuss the sustainability of the energy system from a broad perspective with the
consideration of the interaction with human society, but it is also worthy to research the sustainability
of specific power generation systems from a smaller perspective, such as the sustainability evaluation
of the coal-fired power unit at the equipment level. In order to obtain a reasonable evaluation of the
power units, some performance indices such as economic, environmental and technical can be selected
under the premise of device safety. For the existing coal-fired power units of China, improving their
operational flexibility is the most practical option at present for the systematic sustainable energy
transition [4,21,22].

In this paper, we develop a hybrid MCDM model to evaluate the sustainability of the coal-fired
power units. The proposed model uses the AGRA method integrating a combined weight. We employ
the AHP method to gather the knowledge of experts in the thermodynamic field, and we use the
entropy technique to measure the uncertainties of the criteria. Moreover, the FRS is used to get an
additional objective weight, and ultimately, the three weights (AHP, entropy, FRS-based) are combined
with the optimizing method based on game theory. We also establish a multi-criteria evaluation
system to perform the sustainability assessment at the power unit level, which considers five criterion
categories including flexibility, economic, environmental, reliability and the technical index and with
sub-criteria under every criterion category, respectively. Furthermore, in order to detect the uncertainty
of the assessment results, a stochastic simulation work is performed based on the AHP method. A case
study is also carried out with the sustainability assessment of eight coal-fired power units of a similar
design generation capacity. We believe this work is beneficial to the sustainability of the total energy
system and may provide some valuable references for the policy-making sectors.

The rest of the paper is organized as follows: In Section 2, we introduce the hybrid model that
combines the AGRA method and some selected weighting methods (AHP, entropy and FRS weight).
Section 3 introduces the MC-AHP method to develop the weight uncertainty analysis. Section 4
discusses a case study to illustrate the effectiveness of the evaluation model for the sustainability
assessment of power units. Section 5 shows the results and discussions about the case research,
and Section 6 draws out some conclusions. Additionally, the symbols used in this paper are listed in
the Nomenclature Section.

2. The Integrated MCDM Model

This section introduces the proposed hybrid MCDM model used in the paper for the sustainability
evaluation of coal-fired power units. The integrating model involves the areal-based grey theory, AHP,
entropy, FRS and game theory. Different methods have their own advantages in dealing with the raw
data from the different point of views. The details are briefly introduced as follows.

2.1. Areal Grey Relational Analysis Method

Grey system theory has been widely used in various fields because of its advantages of treating
complex systems that have various interrelated indicators [45]. Although Deng’s GRA method, which
was developed from grey system theory, is prevalent in multi-objective decision-making problems,
it still can be improved in some aspects [28,40,63,64].
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Suppose there are m kinds of evaluated criteria aj(1 ≤ j ≤ m) and n kinds alternatives
fi(1 ≤ i ≤ n); they form a sample matrix X =

(
xij
)

n×m, and X can be written as:

X = (xij)n×m =

f1

f2
...
fn

a1 a2 · · · am
x11 x12 · · · x1m
x21 x22 · · · x2m

...
...

. . .
...

xn1 xn2 · · · xnm

 (1)

Suppose there are two alternative sequences fi, fk(1 ≤ i, k ≤ n) with the same criteria
aj(1 ≤ j ≤ m); the classical GRA method calculates the grey relational degree (GRD) of the two

sequences by the absolute difference of the corresponding index values, in the format of
∣∣∣xij − xkj

∣∣∣.
However, for the AGRA, one of the methods derived from the GRA [49–51], its GRD is calculated
not only considering the absolute difference of the criteria, but also taking into account the geometric
area between the adjacent indices. Generally speaking, AGRA theory determines the areal correlation
degrees according to the similarity among the sequence curves like the GRA method. That means,
the more similarity between two sequences, the higher the correlation degree will be. We assume an
optimal criterion sequence as a reference, and then, we can determine the similarity of the indices
between the selected alternatives and the reference one. The more the similarity between the two index
sequences, the better the comprehensive performance of the alternatives investigated. The detailed
procedure is introduced as follows.

2.1.1. Normalizing the Criteria

The criteria usually have different dimensions and magnitudes. Therefore, the normalizing
procedure should be performed first. For the sample matrix X described in Equation (1), the
following formulas can be used. For the criterion the bigger the better (or benefit attribute), it can be
normalized as:

yij =
xij −min

i
(xij)

max
i

(xij)−min
i
(xij)

, (1 ≤ i ≤ n, 1 ≤ j ≤ m) (2)

and for the criterion the smaller the better (or cost attribute), it can be normalized as:

yij =
max

i
(xij)− xij

max
i

(xij)−min
i
(xij)

, (1 ≤ i ≤ n, 1 ≤ j ≤ m) (3)

where in Equations (2) and (3), max
i

(
xi,j
)

and min
i

(
xi,j
)

respectively mean the maximum and the

minimum value of the row i, and Y =
(
yij
)

n×m is the linear scale standardized matrix.

2.1.2. Calculating the Areal Grey Relational Coefficient Number

Take Figure 1 as an example: to calculate the areal grey relational coefficient values, the key step
is to determine the area values between the alternative sequences (for instance, the solid line) and
the reference one (for instance, the dotted line). The geometric figure made up by the two adjacent
criteria of the two sequences may have the following cases: (A) triangle, (B) two lines intersecting,
(C) trapezoid and (D) synthesized to one line. Obviously, the smaller the correlation area between the
sequences is, the closer the two curves are, and then, the greater the correlation degree is, and vice
versa. The extreme situation is the case of (D), that is to say, in that case, the two points of a criterion
totally coincide with each other, and the grey relational degree is up to the biggest value of one.
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Figure 1. Graphical representation of possible relations between two sequences.

For the normalized matrix Y =
(
yij
)

n×m, set y0 = {y0(1), y0(2), . . . , y0(m)} as the reference
sequence, where y0(j) = max

(
yj(i)

)
, (1 ≤ i ≤ n, 1 ≤ j ≤ m), and the series yi, (1 ≤ i ≤ n) is the

comparison one. Set the horizontal distance of two adjacent criterion equal to one, then the areas sij
can be calculated with several cases depicted in the following steps.

First, we need to define a flag function fi(j) = F(zi(j)), where zi(j) = y0(j)− yi(j). This function
is used to judge the relative positions of the two curves, and it has the possible values:

fi(j) > 0, zi(j) > 0
fi(j) = 0, zi(j) = 0
fi(j) < 0, zi(j) > 0

, (1 ≤ i ≤ n, 1 ≤ j ≤ m) (4)

According to the geometric relationship, the calculation methods about the different areal shapes
shown in Figure 1 can be summarized as six formulas:

sij =



|(y0(2)− yi(2))× 1|/2, fi(j) = fi(1) = 0
|(y0(j)− yi(j) + y0(j + 1)− yi(j + 1))× 1|/2, fi(j)× fi(j + 1) > 0
(|(y0(j)− yi(j)| × (yi(j)− j)
+|y0(j + 1)− yi(j + 1)| × ((j + 1)− yi(j)))/2, fi(j)× fi(j + 1) < 0

0, fi(j) = fi(j + 1) = 0
|(y0(j + 1)− yi(j + 1))× 1|/2, fi(j) = 0 & fi(j + 1) 6= 0
|(y0(j)− yi(j))× 1|/2, fi(j) 6= 0 & fi(j + 1) = 0

(5)

Second, for the j-th index of the i-th alternative, after the areas sij obtained with Equation (5),
the areal grey relational coefficient matrix can be obtained with the elements formulated as:

ξij =

min
i

min
j
{sij}+ ρ max

i
max

j
{sij}

sij + ρ max
i

max
j
{sij}

, (1 ≤ i ≤ n, 1 ≤ j ≤ m) (6)

where ξij is the areal grey relational coefficient of the j-th index of the i-th alternative. The factor
ρ ∈ [0, 1] is the distinguishing coefficient like the GRA method, and we set it as 0.5.

2.1.3. Calculating the Areal Grey Relational Result Vector

Based on the methodology of AGRA and the indices’ weights W = (w1, w2, . . . , wm)
T , the final

calculation model can be deduced as:

R = ξ·W = (r1, r2, . . . rn)
T (7)
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where ri = ∑m
j=1 ξi(j)·wj, (1 ≤ i ≤ n, 1 ≤ j ≤ m), the vector R is the result of the evaluated alternatives,

ξ is the areal grey relational coefficients matrix of the criteria and W is the weight of the evaluated
criteria. According to the principle of maximum correlation, the evaluation alternative can be sorted,
and the larger the ri, the better the alternative.

2.2. Selected Weighting Methods

In this subsection, some weighting methods are briefly introduced, including the FRS, entropy
principle and AHP method, and we use game theory to combine these three weights to perform a
trade-off of their benefits.

2.2.1. Fuzzy Rough Set Objective Weight

The datasets we face are usually incomplete, imprecise and inaccurate. To settle these problems,
the rough set theory was developed by Pawlak in 1982, which can describe the rough data and dig out
useful knowledge just based on the raw data themselves [65]. The rough set theory is usually used as
a powerful tool of information reduction in the machine learning and data mining fields. However,
the classical rough set is good at dealing with symbolic variables, and for the continuous numerical
values, a key step of data discretization is needed. The problem is that the discrete methods are not
uniform, and they may cause additional loss of information of the research data. Then, fuzzy set theory,
proposed by Zadeh, was introduced to the classical rough set to overcome the weakness, and it forms
the branch of the fuzzy rough set (FRS) method [46–48,54,66].

First, we introduce some basic concepts about the fuzzy equivalence relation according to the
reference paper [66]. Let U be a nonempty universe of discourse and F(U ×U) be the fuzzy power
set on U ×U. R is the fuzzy relation on U ×U, if RεF(U ×U), where R(x, y) measures the strength
of the relationship between xεU and yεU. Then, the fuzzy relation R has the following properties.
R is reflexive if R(x, x) = 1 for any xεU, and R is T-transitive if R(x, y) ≥ T(R(x, z), R(y, z)) for a
triangular norm T and any x, y, zεU. Furthermore, R is called a T-similarity relation if R is reflexive,
symmetric and T-transitive. Specially, if T = min, then R is called a fuzzy equivalence relation.

Then, suppose a knowledge representation system S = (U, A, V, f ), where U is the collection
of objects, A is the collection of properties, V = ∪a∈AVa is the value range and f : U × A→ V is the
information function. For a fuzzy set X, we define the lower and upper approximation operators based
on a T-similarity relation R as:

RX(x) = inf
y∈U

max{1− R(x, y), X(y)}

RX(x) = sup min{R(x, y), X(y)}
y∈U

(8)

where xεU. The lower and upper approximation operators are used to determine the certainty degree
and possibility degree of x that belong to X, respectively. Let P, Q ∈ A be a pair of fuzzy equivalence
relations, then the positive region of Q set about P set is denoted as:

POSP(Q) = ∪X⊆U/QPX (9)

For a criterion aj ∈ A, we define the dependence degree of aj on the criteria set A as:

γaj(A) =
∣∣∣posaj(A)

∣∣∣/∣∣∣U∣∣∣ (10)

In order to measure the importance of the index aj, we first remove this criteria, then we can
calculate the dependence degree of the rest criteria set A−

{
aj
}

on A, the significance degree of the
measured index can be obtained with the equation:

sigA−{aj}(aj) = 1− γA−{aj}(A) = 1−
∣∣∣posA−{aj}(A)

∣∣∣/∣∣∣U∣∣∣ (11)
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Finally, we normalize the significance degree, and the weight based on the FRS method is
formed as:

w f rs
j =

sigA−{aj}(aj)

m
∑

j=1
sigA−{aj}(aj)

(12)

2.2.2. Entropy Objective Weight

The entropy principle is usually used to measure the irreversible phenomenon of the motion
state, and later, it was introduced into the information field to calculate the uncertainty of data series.
The entropy weight we used in this work is according to some published literature [41,44,52]. Generally,
the greater the amount of information, the less the uncertainty and the entropy will be, and vice versa.
The steps of the method are introduced in the following briefly.

For the sample dataset with n kinds of alternatives and m kinds of criteria, which form as:

X =
(

xij
)

n×m, i = 1, 2, . . . , n; j = 1, 2, . . . , m (13)

First, we need to normalize the matrix X with the equation:

pij = xij/
n

∑
i=1

xij, i = 1, 2, . . . , n; j = 1, 2, . . . , m (14)

Second, we calculate the entropy of each criterion with the formula:

ej =

n
∑

i=1
pij ln pij

ln n
, j = 1, 2, . . . , m (15)

Finally, we get the entropy-based weigh of the criteria by using the following formula:

went
j =

1− ej
m
∑

j=1

(
1− ej

) , j = 1, 2, . . . , m (16)

2.2.3. AHP Subjective Weight

The AHP method is becoming a more and more popular tool in dealing with the MCDM problems
in recent years [39–42]. Although it has been disputed and has some insufficiencies in the calculation
process, there is no doubt that it is a powerful approach to cope with the real-world complex evaluations
or decision matters due to the ability to quantify some qualitative questions. Generally, the method
reflects the procedures of people in working out a complex or messy scientific problem; that is, firstly
decomposition, then judgment and finally synthesizing. Except for being used as an MCDM method
to draw out the priority of the candidate alternatives, it can also be used as a weighting method just to
give the prioritization of the criteria. The latter application we used in this paper is briefly introduced
as follows in several steps according to the previous literature.

Step 1: For the established hierarchical decision system with m kinds of criteria, we use the
classical Saaty’s comparison scale of 1–9 (see Table 1) to determine the pairwise comparison matrix
A =

(
ajk

)
m×m

for the decision makers.
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Table 1. Saaty’s comparison scale of AHP.

Intensity of Weight Definition

1 Equal importance
3 Moderate importance
5 Strong importance
7 Very strong importance
9 Absolute (extreme) importance

2, 4, 6, 8 Intermediate values

Step 2: We standardize the comparison matrix A using the equation:

ajk = ajk/
m

∑
k=1

ajk, (j, k = 1, 2, · · · , m) (17)

Then, we sum the elements of the matrix A =
(

ajk

)
m×m

as columns, and get a vector wj:

wj =
m

∑
k=1

ajk, (i = 1, 2, · · · , m) (18)

Furthermore, we normalize the vector wj, the criteria weight based on the AHP method terms, as:

wahp
j = wj/

m

∑
j=1

wj , j = 1, 2, · · · , m (19)

Step 3: We verify the weight we obtained in Step 2. To validate the decision matrix of the AHP,
the maximum feature value λmax is calculated by the formula:

λmax·wahp = A·wahp (20)

then, the consistency ratio CR is used to check the consistency by comparing the random index values
listed in Table 2, using the equation:

CR = CI/RI (21)

where CI = (λmax −m)/(m− 1) (m is the dimension of the comparison matrix) and RI is the random
index. Finally, if the value CR is smaller than 0.1, the results are assumed to pass the consistency check.
Otherwise, we need to adjust the pairwise comparison matrix for the decision makers and recalculate
it until the results pass the consistency check.

Table 2. Random index values.

m 3 4 5 6 7 8 9 10
RI 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

2.2.4. Weighting Combination by Game Theory

Game theory is a branch of modern mathematics and is a popular method in weight
aggregation [50,55,56]. The key idea of the method is to minimize the deviation between weights by the
mathematical programming method. In this work, we use this theory to get the optimum equilibrium
solution among the selected criteria weights. The calculation steps can be summarized as follows.
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Step 1: For l kinds of weights, they form a weight set W = {w1, w1, · · ·wl}. Then, a possible
weight vector w with the form of an arbitrary linear combination may be expressed as:

w =
l

∑
j=1

αjwT
j (αj > 0) (22)

where αj is the weight coefficient number.
Step 2: Calculate the weight coefficient αj with the following game theory model:

min||
l

∑
j=1

αjwT
j − wT

i ||2 (i = 1, 2, · · · , l) (23)

where l is the number of selected weights and wj is the possible weight of the weight set. Then,
we solve the equation with the first-order derivation and have the formula as:

l

∑
j=1

αjwiwT
j = wiwT

i (24)

The equation can also be written in the expanded way:
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· · ·

wl ·wT
l

 (25)

Step 3: Then, the weight coefficient αj can be calculated by the Equation (24), and usually, the norm
of vector α is not constantly equal to one; thus we need to normalize the vector using the formula:

α∗
j
= αj/

l

∑
j=1

αj (26)

Step 4: Finally, we obtain the integrated weight by the equation:

w∗ =
l

∑
j=1

α∗j wT
j (27)

2.3. The Framework of the Integrated MCDM Model

Based on the methods we introduced above, we construct a hybrid MCDM model in this
subsection. The sustainability assessment problems usually can be depicted using the hierarchical
indicator system shown in Figure 2. The problem we faced can be divided into several categories,
and we can describe every category with a criterion (or factor). Every criterion may have several
sub-criteria (or indicators), and so on. The criteria are usually selected relying on the experiences of
decision makers or estimators and are adjusted dynamically in practice. The proposed integrating
MCDM model is illustrated in the following based on the indicator system in Figure 2.
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Figure 2. The hierarchy of the criteria system for sustainability assessment.

The calculating method mainly includes two steps. The first step is to synthesize the information
of n kinds of alternatives represented by the respective sub-criteria (SC-level). Specifically, for each
criterion category (m kinds), we use the FRS weighting method and entropy weighting method to
get the objective weights and then use game theory to combine them. Then, based on the combined
weight, we use the AGRA method to obtain the assessment results. This procedure is repeated for each
criterion until we get m group sustainability results corresponding to each criterion. Then, the m group
results form a new matrix (denoted as RC). In the second step, we use the matrix obtained from the
first step to calculate the final evaluation results of the criteria (C-level). Specifically, we use the FRS
and entropy method to calculate the objective weights, and additionally, in this step, we performed
the AHP method by experts to obtain the subjective weight, then we integrated the three weights by
game theory again. At last, we reach the objective with the AGRA method synthesizing the RC and
the corresponding weight factor. The flowchart of the whole algorithm is shown in Figure 3.

In the process of the two-fold calculation for sustainability assessment, we only use the AHP
weight in the second step, i.e., when calculating the sub-criteria weights, we just used the objective
weighting methods without the subjective experiences. We take this strategy mainly for the following
reasons. The AHP process usually needs much expert knowledge to fulfill the pairwise comparison
matrix and occasionally the subsequent adjustments if the matrix has not passed the consistency
check. These additional difficulties will be obvious if there is a large number of the sub-criteria in
each criterion category. Another reason is that, actually, some experts more easily give a reasonable
decision value to the high-level index than to the bottom one. For example, they may easily make
a reasonable judgment about the priority of the economic factor versus the environmental factor,
but they may confuse the specific indicators subordinate to one of the criteria. One of the reasons
is that sometimes, they are not familiar with all of the indicators due to their work usually focusing
on different perspectives. Based on the above reasons, we only fuse the expert knowledge by AHP
weights in the criteria-level calculation process. In this way, expert preference is ultimately reflected in
the final result.
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3. AHP Weighting Uncertainty Analysis

In this section, we introduce the weighting uncertainty analysis with the stochastic AHP method.
Usually, the MC method is used in the AHP process to treat the imprecise or incomplete pairwise
comparison matrix, which is the work that ought to be completed by the experts in the classical AHP
method [57,58,60,67]. However, the purpose we introduced the MC-AHP method in this paper is
mainly to illustrate the sensitivity of the assessment results with the stochastic AHP weights from a
statistical perspective. The algorithm is shown in Figure 4 and it is described as follows.

Step 1: Suppose there are n kinds of alternatives with m kinds of criteria; if we perform the AHP
method to assess the alternatives, we need m(m− 1)/2 independent elements to complete the pairwise
comparison matrix, and the possible element is one of the integers between one and nine and their
reciprocals, i.e., the optional element set C ought to be constructed as:

C =

{
1
9

,
1
8

,
1
7

,
1
6

,
1
5

,
1
4

,
1
3

,
1
2

, 1, 1, 2, 3, 4, 5, 6, 7, 8, 9
}

(28)

Step 2: Creating a pairwise comparison matrix Am×m, we select every element
aij (2 ≤ i ≤ m, 1 ≤ j ≤ m− 1) from the set C randomly with equal probabilities, and after that, we
complement the reciprocals with aji = 1/aij correspondingly. Then, we calculate the AHP weight with
the method mentioned in Section 2.2.3.

Step 3: We check the AHP weight with the consistency rules shown in Table 2. If the consistency
check failed, we repeat Step 2 to create a new weight vector.

Step 4: Repeating the process of Step 2 and Step 3, we generate B group’s AHP weight vector.
Step 5: We perform the sustainability assessment with the hybrid MCDM model that we

proposed in Section 2 (see Figure 3) B times using the B group’s AHP weights generated from Step 4
correspondingly. Then, we get B group’s assessment results about the n kind alternatives, that is the
results matrix has a dimension of n× B.
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Step 6: We analyze the result vectors of each alternative with the statistical methods, i.e., giving
out the points of 0.025 fractile and 0.975 fractile, the width of the 95% confidence intervals (CI) and the
probability distributions.
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Figure 4. The flowchart of the AHP uncertainty analysis procedures.

Besides, in order to calculate the proposed model and implement the uncertainty analysis
introduced in this section, we developed a series of programs in MATLAB (v 8.3.0.532) using a
personal computer equipped with an Intel(R) Core(TM) i5-2400 CPU @ 3.10 GHz configuration and a
64-bit Windows 7 system.

4. A Case Study of the Sustainability Assessment of Power Plants

In this section, we performed a case study about the power units selected from some power plants.
Firstly, we construct a hierarchical criteria system with the detailed indicators and also give some
necessary data in the following subsection.

The schematic of a conventional coal-fired power unit (plant) is shown in Figure 5. The unit
includes several key devices: boiler, steam turbine, generator, steam condenser and the flue gas
purification equipment such as selective catalytic reduction (SCR), electrostatic precipitator (ESP)
and the flue gas desulfurization (FGD). The system is briefly introduced as follows: the fuel (coal)
is sent to the boiler to heat the water into steam, and the steam with a high temperature and high
pressure is expanded in the turbine component. Then, the turbine drives the generator to generate
the power, which is sent to the power grid, and the exhausted steam from the turbine is condensed
by the condenser, which is usually cooled by water or air. Then, the water is sent to the boiler again
as feedwater, and they complete a thermodynamic cycle finally. Simultaneously, the exhaust flue gas
from the boiler is released into the atmosphere through the purification facilities.
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Figure 5. Schematic of a coal-fired power plant accessed by the power grid (adapted from [33];
FGD, flue gas desulfurization; ESP, electrostatic precipitator; SCR, selective catalytic reduction; DCS,
distributed control system; CCS, coordinate control system; RTU, remote terminal unit; AGC, automatic
generation control).

The physical device system has been briefly introduced above, and for the control system,
the whole coal-fired power unit is under the control of the distributed control system (DCS).
The coordinate control system (CCS), one of the subsystems of the DCS, has the ability to respond
to power load instructions sent out by the automatic generation control (AGC) system through the
remote terminal unit (RTU) device, which is on the power plant side. However, the RTU is a functional
part of the AGC system, which is one of the control systems of the power grid dispatch center.

4.1. Criteria Selection

As we mentioned in the Introduction, the coal-fired power plant is the most important power
generation facility of the national power grid of China. Unlike the generalized energy system
sustainable development analysis, in this paper, we just focus on the specific coal-fired power
generation systems. That is, we performed the sustainability assessment just at the unit level and from
the operational perspective.

For the coal-fired power units, we select the criteria that can reflect the operational sustainability
considering the rules that the indicator set should be integrated, independent, available, etc.
Referencing the literature [32,33,63,68], we selected five criteria categories with their own sub-criteria,
that is flexibility (C1), economic (C2), environmental (C3), reliability (C4) and the technical criterion
(C5). The detailed information is introduced as follows.

4.1.1. Flexibility Criterion

In recent years, for the existing coal-fired power units of China, what the electric grid has wanted
is the operational flexibility to make the national energy system more sustainable, other than the
power generating ability, as in the early years. Considering the technical availability, we select five
sub-criteria from the AGC system, which can be obtained from the DCS system of the power unit.
The indicators include: AGC availability ratio (SC11), which reflects the available state of the unit’s
AGC function and is the ratio of the statistical time when the device maintains an available state to
the total effective time during the statistical period. The effective time of the AGC system refers to
the statistical period removing the unavailable time, which is not caused by the power plant itself,
but usually by the maintenance reason or channel fault, etc. The AGC regulation rate factor (SC12) is
the ratio of the regulating rate to the standard regulating rate of the electric power generation unit.
The regulating rate is the average of the rising rate and the declining rate in the statistical period.
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The AGC regulation precision factor (SC13) is the ratio of the regulation deviation to the allowable
deviation, where the regulation precision means the difference between the actual output to the AGC
load instruction output. The regulation deviation is the value between the AGC load instruction with
the actual stable output of the generator responding. The AGC response time factor (SC14) is the
ratio of actual response time to the standard response time. The AGC response time is used to break
through the regulation dead zone in the same adjustment direction based on the original generator
output point. The AGC adjustable capacity (SC15) refers to the ratio of the adjustable unit capacity for
the power grid to the design load rate.

4.1.2. Economic Criterion

For a power unit, the economic operation is the ability of resource savings and mainly reflects the
efficiency of the facilities. The economic concept we used here is in techno-economic [63,68], which is a
narrow sense of the conventional economic conception. These indicators can be gathered from the
department of production management of the power plant.

The indicators include: The net coal consumption rate (SC21) is one of the most important indices
representing power plant performance, which represents the amount of standard coal consumed per
kWh and can reflect the operating status, maintenance quality and management level of a power plant.
It can be deduced from the net efficiency of the power unit with the equation:

b = 3600/(Hstdηnet) (29)

where b is the net coal consumption rate, g/kWh; Hstd is the heat value of standard coal with the value
of 29.308 kJ/g; and ηnet is the net efficiency of the unit.

The auxiliary power ratio (SC22) reflects the electric power consumption of the power unit itself in
the process of power generation by the auxiliary devices such as fans and pumps. The oil consumption
rate (SC23) is caused by the unit startup and sundown and the low-load combustion stability. The
water consumption rate (SC24) reflects the water saving benefits and usually has a big difference in the
different cooling conditions (water cooling or air cooling).

4.1.3. Environmental Criterion

Pollutant emissions are a major contributor to the environmental deterioration of China.
To reflect the environment protection ability of the power unit operation, we mainly consider the
gaseous pollutants in coal-fired boiler flue gas exhaust according to the current level of technology.
The indicators include SO2 emission concentration (SC31), NOX emission concentration (SC32) and
the dust emission concentration (SC23), which can be obtained by an online monitoring platform
integrated with the DCS.

It should be noted that CO2 is not considered in this paper like [63] does. On the one hand,
we argue that the emission level of CO2 mainly depends on the features of the input coal and the
efficiency of the unit facility. However, the composition of the coal depends on its source and has
little relationship with the sustainability level of the unit itself. Moreover, the efficiency of the unit
is reflected by the C21 indicator (net coal consumption rate) indirectly. On the other hand, emission
removal equipment has not been widely used in China, that is we have no effective control measures.
The other pollutants like Hg and Cu [16,17] are not considered either for a similar reason. Otherwise,
the original design of the power plants was based on the principle of water saving, and the optimization
of the water balance system is carried out during the operation period. Thus, most of the wastewater is
reused, and the remaining small amount of wastewater which is difficult to recover is comprehensively
utilized in another way such as wetting dry ash and coal dust suppression. The power plants are
discharged without any waste liquid [69]. Meanwhile, the coal ash is comprehensively utilized in a
cyclic way. Thus, we do not consider the indicators of sewage.
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4.1.4. Reliability Criterion

Sustainability is based on the premise of the reliability of the devices. The reliability reflects the
technical level and management level of the power plant at present. We selected three comprehensive
indicators to represent the reliability of the coal-fired power unit. Previously, we introduce some
typical states of the unit possibly used by the reliability assessment: the status includes the active and
inactive situation, and the active status contains available and unavailable states. When the unit is
in an available state, it may be in service or in reserve. While the unit is in the service, in reserve or
unavailable state, it can be divided into two situations, that is planned or unplanned, respectively. This
information is shown in Figure 6.
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The equivalent available factor (SC41) is a coefficient of the equivalent available hours to the
statistical hours, where the equivalent available hours are equal to the available hours subtracting the
equivalent outage hours during derated available hours. The operation exposure rate (SC42) is the
ratio of the service time to the available time of a unit, and the available time is the summation of the
service time and reserve time. This index reflects the reserve ratio indirectly. The equivalent forced
outage rate (SC43) reflects the situation of an unplanned outage in a year. It is the ratio of the forced
outage hours and the equivalent outage hours of the unplanned derated hours to the total statistical
hours. These indicators can be accessed by the statistics of the production department of the power
plants, and we take a year as a statistical period.

4.1.5. Technical Criterion

The power plant is a complex industrial system, which includes many subsystems as functional
components, as illustrated in Figure 5. To ensure the continuous operation of the whole system, many
subsystems have their own technical control index. However, in this paper, we aimed to assess the
sustainability of the power generation system at the unit level. Thus, we were not concerned with the
specific parameters such as the main steam pressure and temperature, whether or not they are beyond
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their technical allowable standards, and we only take the unit-level comprehensive indicators as the
technique supervisory sub-criterion to assess the operational safety of the unit.

They include the desulphurization system input rate (SC51) and denitration system input rate
(SC52) to assess the utilization of the environmental purification equipment, which refers to the ratios
of the operational time of purification facilities to the total running time of coal-fired units during the
statistical periods, respectively. The qualified steam and water quality ratio (SC53) refers to the ratio of
qualification times to the total measurement times. The thermal protection system input rate (SC54) is
the ratio of the amount of the in-service protection devices to the total amount protection devices of a
unit. The relay protection system correct action rate (SC55) is the ratio of the number of protection
system correct actions to the total number of actions in the statistical periods.

The five criterion categories we selected above (flexibility, economic, environmental, reliability
and technical) and their sub-criteria construct the sustainability assessment system of the coal-fired
power unit from different perspectives. The flexibility criteria reflect the ability to adapt to the future
power grid with a high penetration rate of renewable energy generation. The economic criteria reflect
the ability to save resources. The environmental criterion reflects the ability to be in harmony with
the environment. The reliability and technical criteria reflect the precondition guarantee of the unit’s
stable operation. Moreover, the criteria system is listed in Table 3.

Table 3. Criteria hierarchy for sustainability assessment of coal-fired power units.

Objective Criteria Sub-Criteria Unit Attribute *

Sustainability
assessment of

coal-fired power units

C1: flexibility

SC11: AGC availability ratio % (+)
SC12: AGC regulation rate factor - (+)
SC13: AGC regulation precision factor - (−)
SC14: AGC response time factor - (−)
SC15: AGC adjustable capacity % (+)

C2: economic

SC21: net coal consumption rate g/kWh (−)
SC22: auxiliary power ratio % (−)
SC23: oil consumption rate T/a (−)
SC24: water consumption rate kg/(kWh) (−)

C3: environmental
SC31: SO2 emission concentration mg/Nm3 (−)
SC32: NOx emission concentration mg/Nm3 (−)
SC33: dust emission concentration mg/Nm3 (−)

C4: reliability
SC41: equivalent availability factor % (+)
SC42: operating exposure rate % (+)
SC43: equivalent forced outage rate % (−)

C5: technical

SC51: desulphurization system input rate % (+)
SC52: denitration system input rate % (+)
SC53: qualified steam and water quality ratio % (+)
SC54: thermal protection system input rate % (+)
SC55: relay protection correct action rate % (+)

* (+) represents benefit attributes, the bigger the better, and (−) represents cost attributes, the smaller the better.

4.2. Data Collection

The case study was performed with the data of eight 600-megawatt subcritical condensing power
units, which are located in mid-west of the Inner Mongolia Autonomous Region of China, and the
basic information is listed in Table 4. The basic configuration in the design mode is as follows.
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Table 4. Basic data of the selected power units *.

Sub-Criteria Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6 Unit 7 Unit 8

SC11 100 99.2 100 100 100 100 100 100
SC12 0.95 0.82 0.97 1.2 1.1 1.08 1.18 1.3
SC13 1.44 1.39 1.48 1.56 1.53 1.21 1.45 1.42
SC14 0.83 0.78 0.87 1.02 0.92 1.15 1.09 1.2
SC15 50 50 50 55 55 50 50 51
SC21 315.7 301.64 300 312.72 320.99 318.28 319.74 328.75
SC22 4.72 4.78 4.45 4.23 4.75 5.02 4.58 4.44
SC23 44.54 99.45 37.01 21.15 61.44 54.01 112.94 24.22
SC24 0.89 0.47 1.98 0.63 1.55 2.62 2.31 1.35
SC31 18.29 84.1 18.12 19.14 79.65 26.1 47.59 18.95
SC32 20.32 116.17 12.93 26.38 47.16 27.15 54.08 14.76
SC33 2.54 17.08 2.32 1.51 21.72 3.93 15.62 2.65
SC41 100 94.86 100 98.2 100 100 99.91 96.09
SC42 97.86 100 95.98 100 88.84 80.15 100 97.29
SC43 0 0 0 0 0 0 0 0
SC51 99.71 100 100 100 99.6 99.89 100 100
SC52 100 100 100 100 98.7 98.79 100 100
SC53 99.86 99.97 100 99.92 99.93 99.93 100 99.94
SC54 100 100 100 100 100 100 100 100
SC55 100 100 100 100 100 100 100 100

* Data information: the data were collected by the authors from some plants located in the mid-west of the Inner
Mongolia Autonomous Region of China at the end of 2016; we treat the specific unit names as anonymous according
to the requirements of some related enterprises.

The boilers of Unit 1 and Unit 2 use forced circulation and tangential combustion, and the other
boilers use natural circulation and opposed firing. The feeding coal is bitumite with the supply mode
of straight blowing, and all the boilers use plasma ignition mode. The design efficiencies of the boilers
are 93.95% (Units 1–2), 93.43% (Units 3–4) and 94.36% (Units 5–8), respectively. Correspondingly, the
designed heat consumption rates of steam turbine units are 7762 kJ/kWh (Units 1–2), 7773 kJ/kWh
(Units 3–4) and 8153 kJ/kWh (Units 5–8), respectively. The condensers of Units 1–4 are cooled by water
and the other four by air. All the units are equipped with a flue gas purification system, i.e., the flue
gas desulfurization (FGD) system for SO2, the selective catalytic reduction (SCR) system for NOX and
the electrostatic precipitator (ESP) for dust removal. Additionally, based on the design configuration,
some units except Units 2 and 5 have completed the low-NOX combustion retrofit coupling with SCR
to meet the rigorous ultra-lower emission requirements of China, and the other improvements such as
the high-frequency power source retrofit of the ESP system and the upgrading of the desulfurization
system were also performed.

The data in Table 4 were gathered by the authors at the end of the year 2016 as the annual average
level and supplied by the electric production department of each plant, and the data were also checked
by each superior of the power enterprises.

5. Results and Discussion

5.1. Calculation and Sustainability Assessment Results

The sustainability assessment was performed according to the procedures introduced in Section 2.
Firstly, we obtained the objective weights of each sub-criteria (SC-level) of the five criteria categories,
i.e., flexibility (C1), economic (C2), environmental (C3), reliability (C4) and the technical (C5). In this
step, the weights of FRS and the entropy method were calculated by the corresponding methods
for the SC-level, and furthermore, the hybrid weights of each criterion categories were calculated
by game theory. The weight results are listed in Table 5. The objective weights of the sub-criteria
SC43, SC54 and SC55 scored zero mainly because the samples of the alternatives in these sub-criteria
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have the same data and the weighting methods were data-driven. Thus, they cannot be used to
distinguish the alternatives. However, this does not mean that these sub-criteria can be neglected in
the assessment processes.

Table 5. Weight information of sub-criteria.

Weight SC11 SC12 SC13 SC14 SC15 SC21 SC22 SC23 SC24 SC31

FRS 0.1903 0.2679 0.3499 0.0718 0.1201 0.422 0.0762 0.1437 0.3581 0.3053
Entropy 0.0632 0.1029 0.1566 0.1356 0.5417 0.2604 0.2256 0.2357 0.2782 0.4037
Hybrid 0.1120 0.1663 0.2309 0.1111 0.3797 0.4535 0.0471 0.1258 0.3736 0.3386

Weight SC32 SC33 SC41 SC42 SC43 SC51 SC52 SC53 SC54 SC55

FRS 0.5423 0.1524 0.4999 0.5001 0 0.5475 0.2683 0.1842 0 0
Entropy 0.2295 0.3668 0.5551 0.4449 0 0.3049 0.3951 0.3001 0 0
Hybrid 0.4366 0.2248 0.5551 0.4449 0 0.5126 0.2865 0.2008 0 0

With the hybrid weights shown in Table 5 and the AGRA method, we obtained five groups
of sustainability assessment values of the eight power units under the five criteria, respectively.
The results are listed in Table 6. The result shows that Unit 5 has the highest score with the criterion C1,
and Unit 2 has the lowest. For the criterion C2, Unit 4 has the biggest score, followed by Unit 3. The
two units are obviously better than the others in economic operation, and Unit 7 ranks last with the C1
criterion. For the environmental aspect, Unit 3 obtained the biggest sustainability score followed by
Unit 8. Conversely, Units 2 and 5 rank at the end. The low scores of the last two are mainly because
Units 2 and 5 have not completed the ultra-low emission retrofit like the other six units by the time
we obtained data. Unit 7 has the highest reliability score, followed by Unit 1, with Unit 8 and Unit 2
ranking last. For the technical criterion, Units 3 and 7 have the maximum score due to all the assessed
alternatives having the same data (the maximum possible value) under the two criteria, and Unit 5 has
the lowest score.

Table 6. Evaluation values (AGRA score) under five criterion groups.

Criteria Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6 Unit 7 Unit 8

Flexibility(C1) 0.5068 0.4229 0.4923 0.6028 0.6273 0.5387 0.5126 0.5706
Economic (C2) 0.5923 0.6743 0.7497 0.7926 0.4836 0.4577 0.4253 0.5562

Environmental (C3) 0.8974 0.2493 0.9833 0.8445 0.3028 0.7084 0.4109 0.9376
Reliability (C4) 0.8940 0.2564 0.8354 0.4961 0.7242 0.6692 0.9517 0.2966
Technical (C5) 0.3167 0.9247 1.0000 0.8764 0.2170 0.3953 1.0000 0.8905

The five groups’ sustainability values of the eight power units (in Table 6) performed with the
sub-criteria data formed a new matrix. For this matrix, we calculated the weights using the FRS
and entropy methods again, and also, in this step, we implemented the AHP procedures to get a
subjective weight with the knowledge of experts (with a consistency ratio of 0.031 smaller than 0.1).
The results are shown in Table 7. The AHP-based weight reflects that the flexibility criterion (C1)
and the environmental (C3) criterion have obtained much more attention from experts, while the
economic (C2) and reliability (C4) criteria have a similar priority score, and the technical (C5) criterion
obtained the lowest attendance in the sustainability assessment. The high AHP weight score of C1
is based on the fact that it is a hot topic to improve the operational flexibility of the conventional
coal-based power units in China at present, which is also considered to be one of the most promising
ways to solve the current contradictions, such as the overcapacity of power generation and the high
permeability ratio, which is caused by the rapid growth of renewable energy generation. On the
other hand, the strict emission standard for power plants has been widely accepted and has gained
continued attention, causing C2 to have the highest priority value, while C2 and C4 turn out to be
relatively unimportant ones.
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Table 7. Weight information on five criteria categories.

Criteria C1 C2 C3 C4 C5

FRS 0.1500 0.3090 0.0551 0.2508 0.2350
Entropy 0.0206 0.0716 0.3052 0.2565 0.3461
AHP * 0.3160 0.1495 0.3433 0.1395 0.0516

Hybrid ** 0.1603 0.1501 0.2686 0.2105 0.2105

* The consistency ratio CR = 0.031 < 0.1; the consistency test is passed. ** With the weight coefficient vector
α = [0.2612, 0.5254, 0.4890].

Different from the AHP method, the FRS and entropy methods obtained the weighting values
from different perspectives correspondingly by exploiting the inherent data structure. The respective
results reflect that C2 is the most important factor for sustainability assessment according to the FRS
method, and C3 is the least important one; while for the entropy weight, C3 and C5 are obviously more
important than the C1 and C2 criteria in the evaluation process. However, the final weight combines
the three weights with a reasonable compromise by game theory, and the result shows that C3 is still
the most important one as the AHP weight, while the C4 and C5 factors are becoming more important
than C1and C2, so it is reasonable that C4 and C5 are the premises of the operational sustainability of
power units.

Using the AGRA method with the data of Table 6 and the hybrid weight listed in Table 7, we get
the final sustainability scores as follows:

R =
[

0.5716 0.3225 0.6543 0.6332 0.4292 0.4764 0.4990 0.5065
]

(30)

Finally, we sort the scores (areal grey relational degree) of the eight coal-fired power units from
small to large, and the corresponding rank result is:

Uint 2 ≺ Uint 5 ≺ Uint 6 ≺ Uint 7 ≺ Uint 8 ≺ Uint 1 ≺ Uint 4 ≺ Uint 3 (31)

The ranking result shows that Unit 3 has the highest score of sustainability from the operational
perspective of the power unit, while Unit 2 ranks last. Unit 3 ranks first mainly owing to the good
performance in the environmental and the technical aspects (see Table 6), and it also performed
relatively well in the economic and reliability criteria. Unit 4 ranks second mainly due to the high
scores in the economic and flexibility aspects. However, the performance of the rest of the criteria of
Unit 4 is not outstanding among the other alternatives. The sustainability score of Unit 2 is the lowest
one among the evaluated power units mainly because of the poor performance ranks in the flexibility,
environmental and the reliability aspects. Unit 5 is just a little better than Unit 2 in the ranking
list, which has poor performance on the technical and environmental aspects, and the other criteria
are not prominent either. As mentioned in Section 4.2, Unit 2 and Unit 5 have poor environmental
sustainability scores mainly due to the incomplete ultra-lower emission retrofit.

As analyzed above, the sustainability assessment using the proposed MCDM model has
synthesized different sustainable features of the coal-fired power units from the operational aspects.
The assessment framework is beneficial to the sustainable development of the existing power
generation facilities.

5.2. The AHP Uncertainty Analysis

The MCDM methods can drive out a deterministic assessment result. However, sometimes,
we need to know the result robustness information with the criteria weights that contain subjective
factors. One of the optional methods is to implement sensitivity analysis on the weights. In this paper,
we conducted this work in a statistical way, that is we used the probabilistic method to explore the
features of the sustainability results caused by the process of the AHP weight generating.
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We use the uncertainty analysis procedures mentioned in Section 3, generating 5000 group AHP
weights that passed the consistency check. After that, we ran the proposed hybrid MCDM assessment
method with the 5000 group AHP weights. Finally, we obtain 5000 group assessment results of
the power units’ sustainability. The approximate statistical probability distribution is illustrated in
Figure 7.
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The distribution of the sustainability results of the eight power units shows that most of them
are irregular in comparison with the corresponding normal distributions. Additionally, the range
of the distribution intervals has the possibility of intersecting with the adjacent alternatives, such as
Unit 3 with Unit 4, Unit 8 with Unit 6 and Unit 7 and Unit 7 with Unit 1. To express the uncertainty
information quantitatively, we carried out some statistical information about the results series of the
eight power units, which is listed in Table 8, including the mean value, standard deviation, 2.5%
and 95.5% fractile and the interval range between them. Due to the possible asymmetry of these
distributions, we define the width of the 95% confidential interval (CI) range (the last column in
Table 8) other than the standard deviation to measure the alternatives’ uncertainties caused in the
AHP procedures.

Table 8. Statistical information of AHP uncertainty analysis.

Alternative Mean Value Standard Deviation 2.5% Fractile 97.5% Fractile 95% Confidential
Interval Range

Unit 1 0.5734 0.0112 0.5707 0.5724 0.0016
Unit 2 0.3233 0.0102 0.3247 0.3260 0.0012
Unit 3 0.6650 0.0124 0.6656 0.6674 0.0018
Unit 4 0.6306 0.0061 0.6299 0.6310 0.0010
Unit 5 0.4208 0.0151 0.4173 0.4194 0.0021
Unit 6 0.4743 0.0079 0.4739 0.4750 0.0011
Unit 7 0.5221 0.0191 0.5181 0.5204 0.0023
Unit 8 0.4981 0.0053 0.4972 0.4979 0.0007

The results in Table 8 show that Unit 7 and Unit 5 have larger uncertainty values, and Unit 8 has
the smallest value followed by Unit 4. That means Unit 8 and Unit 4 are more robust than the other
alternatives with the possible weighting changes incurred by the AHP procedures, and the results are
consistent with Figure 7.

However, the intersections of the distribution interval range such as Unit 3 and Unit 4 shown in
Figure 7 do not mean the ranks of the two power units will be certainly swapped with each other. That
is to say, Unit 3 may rank ahead of Unit 4 always. This is because the distribution curves shown in
Figure 7 are only the representation of the alternatives in an independent way, and they are used just
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to illustrate the uncertainty ranges caused by the AHP method. In order to obtain more information,
the statistical ranks are shown in Table 9, as [58,67] did.

Table 9. Statistical information on alternative ranks.

Order #1 #2 #3 #4 #5 #6 #7 #8

Unit 1 0 0 4989 11 0 0 0 0
Unit 2 0 0 0 0 0 0 0 5000
Unit 3 5000 0 0 0 0 0 0 0
Unit 4 0 5000 0 0 0 0 0 0
Unit 5 0 0 0 0 0 0 5000 0
Unit 6 0 0 0 0 0 5000 0 0
Unit 7 0 0 11 4286 703 0 0 0
Unit 8 0 0 0 703 4297 0 0 0
Total 5000 5000 5000 5000 5000 5000 5000 5000

As we discussed above, with 5000 times simulation, the result shows that Unit 3 always ranks first
and Unit 4 second, and the others with a similar situation are Unit 2, Unit 5 and Unit 6. The numerical
test also shows that the rank of Unit 7 may be changed with Unit 1 and Unit 8, with a probability
of 0.22% and 14.06%, respectively. Obviously, Unit 7 is probabilistically superior to Unit 8 with a
probability of 85.94% (Unit 7 and Unit 8 rank fourth and fifth probabilistically, respectively). However,
the sustainability assessment result we performed in Section 5.1 shows that the sustainability score of
Unit 7 is less than Unit 8. The contrast shows that the stochastic method can obtain extra information
sometimes, and Unit 7 may have a bigger sustainability score than Unit 8 with different experts.

5.3. The Distribution of the AHP Weight Components

In this subsection, we discuss some other complementary information about the AHP uncertainty
analysis process. As mentioned in Section 3, we simulate the process in performing the pairwise
comparison matrix with equal probability under the classical scales (see Table 1), which should be the
work of the experts in the conventional AHP procedures. We display the probability distributions of
the AHP weight components (w.c.) with the dimensions (criterion number) from 3–6 in Figure 8. The
curves are discrete because the AHP weight components are discontinuous with the simulation method.
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Figure 8 shows that every weight component has almost the same distribution and distribution
curves with different dimensions, and it has a similar shape except for the main value interval of every
component. The main value intervals become smaller as the dimension number increases from 3–6.
The results also reflect that the asymmetrical alternative distributions in Figure 7 may not only be due
to the nonlinearity of the MCDM model itself, but also may be related to the features of the input
AHP weights.

On the other hand, in the process of calculating the AHP weight by creating a pairwise comparison
matrix with its elements selected randomly, the time cost increases sharply to obtain the right AHP
weight that can pass through the consistency check. This is because the combination of the matrix
elements have 18m(m−1)/2 possible values, where the m is the criteria number of the AHP weight. Some
corresponding information is listed in Table 10 with the weight varying from 3–6. The mean denied
number refers to the average failed times with a consistency check passed weight, and the total time
consumption means the cumulative time we used to generate 5000 group available weights. The result
shows that the time increased to 30,681 s (about 8.5 h) when the weight dimension is six. The details
reflect that it is not a good idea to use the uncertainty analysis method introduced in this work on a
personal computer when the MCDM problem has many criteria (such as greater than six).

Table 10. Stochastic AHP with different weight dimensions with 5000 times *.

Weight Dimension 3 4 5 6

Mean denied number 3.96 31.82 443.39 15,692
Totally time consumption (s) 6.88 48.11 690.8 30,681

* Computing configuration: MATLAB (v 8.3.0.532), Intel(R) Core(TM) i5-2400 CPU @ 3.10 GHz and a 64-bit Windows
7 system.

5.4. Limitations

In this paper, we developed a hybrid MCDM model and introduced the AHP weight uncertainty
analysis with stochastic simulation method, and after that, we implement a case study to illustrate the
sustainability assessment of coal-fired power units from an operational perspective. However, it some
limitations of our work should be noted.

The proposed MCDM approach using AGRA and a hybrid weight was only validated by the
theoretical analysis of the case study results, and it is not verified in a practical way at present due
to the current technology situation. That is, in order to figure out whether the assessment results
work well, a long-term tracking study may be needed. For example, if the reward and punishment
policies published by the electric plant management based on the sustainability assessment are widely
accepted by most of the candidate power units, then the method is verified to be effective for the
problem of coal-fired power plants.

In the process of AHP weight calculation, we invited three experts (two professors from the
university and one engineer from the power plant) to complete the pairwise comparison matrix.
The elements of the matrix (priorities of the five criteria) were determined by compromising their
arguments, and the element adjustment work was done in the same way when the consistency check
failed. However, the AHP weight result would be more reliable if more experts were involved, with
the aggregation methods of group decision [42] or statistics [60]. That is, more experts coming from
different subfields may balance each other’s prejudices and the incompleteness of their knowledge.

Additionally, in the process of AHP weight uncertainty analysis, we selected the elements of
the comparison matrix from Equation (28) in Section 3 only with a uniform distribution by the MC
simulation method. However, the distribution may vary with the specific evaluation problems due
to the decision makers who always have their own preferences for some kind of criteria. Anyway,
the stochastic method we used in this work is mainly to measure the possibly varying range of the
assessment result caused by the uncertainty of the AHP method. However, the distribution of the
sampling can be replaced by a custom one if necessary, for example the normal distribution [60].
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Diverse distributions are also allowable with different elements. On the other hand, the uncertainty
measurement of the attribute value is obviously another point worthy of study, which was not carried
out in this paper. The MC method may be used for this question if we have the uncertainty ranges and
the determinate distributions for all the attribute values of specific indicators, and we will focus on
this related issue in future work.

It is a complex project to assess the sustainability of the existing coal-fired power units with the
MCDM method. The non-uniqueness of the assessment result is not only due to the variation of
the optional MCDM approach but also due to the difficulty in establishing an appropriate criteria
system. For the assessment of the power unit’s sustainability, we only focus on the operational aspect
at the device level in this paper. Additionally, the economic indicators we selected are closer to the
techno-economic aspects that mainly focus on the consumption of economic resources like fuel, water
and power. However, the criteria such as the overall levelized cost of electricity generation and the
marginal operating cost will be more meaningful in the future for sustainability purposes because
they are more comprehensive indicators with the consideration of the fixed assets’ depreciation, the
operation cost, maintenance cost, financial expenses, tax factor, etc.

6. Conclusions

In this paper, a hybrid MCDM model was developed for the sustainability assessment of
coal-fired power units. The model integrates AGRA with a combined criteria weight. As a case study,
sustainability assessment of the eight coal-fired power units with five criteria categories (flexibility,
economic, environmental, reliability and technical) was performed subsequently.

We can conclude that it is feasible to use the proposed hybrid model to evaluate the sustainability
of the coal-fired power plant from an operational perspective. The AGRA method has the inherent
features of considering the relationship between the adjacent indicators, while the combined weight
fuses the objective and subjective weights together. This work has extended a novel hybrid MCDM
model used for sustainability measurement. Moreover, the AHP weighting uncertainty analysis can
provide extra information in the process of sustainability assessment. The uncertainty analysis results
can reflect the sensitivity of the evaluation results to the subjective criteria weight from a statistical
perspective. The 95% confidential interval range of the result distributions obtained by the stochastic
AHP method can be used as an uncertainty measure index. However, the amount of calculation grows
sharply with the increase of the criteria dimension.

This work provided a method of sustainability assessment for the existing coal-fired power
generation facilities by focusing on the operational performances. It will benefit the coal-based power
generation enterprises of China to make their own sustainability level clear. The enterprises, which
are encountering the development dilemma caused by the energy transition from fossil to sustainable
energy sources, can take corresponding measures to enhance their sustainability level in the future
based on a reasonable assessment.
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Nomenclature

Abbreviations
AGC automatic generation control
AGRA areal grey relational analysis
AHP analytic hierarchy process
CCS coordination control system
CI consistency index in AHP, confidence interval in statistics
CR consistency ratio in the AHP method
CRITIC criteria importance through inter-criteria correlation
DCS distributed control system
ESP electrostatic precipitator
FGD flue gas desulfurization
GRA grey relational analysis
GRD grey relational degree
LCA life cycle assessment
MCDM multi-criteria decision making
MC Monte Carlo
RTU remote terminal unit
SCR selective catalytic reduction
SPA set pair analysis
TOPSIS technique for order preference by similarity to an ideal solution
Symbols
ξ the areal grey relational coefficient
ρ the distinguishing coefficient of GRA
λmax maximum eigenvalue of the AHP comparison matrix
ηnet net efficiency of the power unit
a, x, y, z, p element of matrix
b net coal consumption rate
aj alternative
a, z mean value
ej entropy value
fi(j) flag function
max maximum
min minimum
r linear correlation coefficient
sij areal elements in AGRA method
sig significance degree
A, X, Y, U matrix
B simulation times
F(U ×U) fuzzy power set
Hstd the heat value of the standard coal
P, Q fuzzy equivalence relation
RX(x), RX(x

)
lower and upper approximation operators

R, r grey relational degree, fuzzy relation
S area, knowledge representation system
W, w weight vector and element
Subscripts and Superscripts
m, n, l dimension of matrix
i, j, h, k, b index of vector or matrix
0 reference
f rs, ent, ahp based on FRS, entropy, AHP method
T transpose symbol of the vector, similarity relation
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