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Abstract: The river ecosystem has the characteristics of the coexistence of clarity and ambiguity. The
starting point of eco-friendly reservoir operation is to fully consider the ecological water requirements
of the lower reaches of the reservoir, so it also has the characteristics of clarity and vagueness. The
fuzzy theory is an excellent tool to realize the quantification of fuzzy concepts. In this paper,
the variable set theory (VS) is introduced into the decision-making field of eco-friendly reservoir
scheduling scheme optimization. Taking Ertan Hydropower Station as an example, the scheduling
scheme optimization is carried out. To verify the effectiveness of the evaluation method, this paper
compares and analyzes the evaluation results of the fuzzy set evaluation method and the composite
fuzzy matter-element method. The results show that the variable fuzzy set method has the advantages
of rigorous theory, a concise model, and simple calculation, and the decision result is reasonable and
reliable. This research can provide new ideas for the decision-making research of engineering.

Keywords: simulation; optimization; eco-friendly reservoir operation; variable sets; decision-making

1. Introduction

Reservoir scheduling is an important means for implementing flood control and
disaster reduction, unified water resources management, and efficient use. Reservoirs have
played enormous economic and social benefits in many aspects, such as water supply, flood
control, power generation, and irrigation. However, at the same time, the reservoir has also
changed the original hydrological situation of rivers. As a result, a series of river ecological
and environmental problems have emerged, such as reducing river runoff, deterioration of
water environment quality, a sharp decline in biodiversity, and shrinking of wetlands [1].
Therefore, reservoir operation should fully consider the ecological elements of the lower
reaches of the reservoir.

Eco-friendly reservoir dispatching is a reservoir dispatching method adapting to
ecological requirements. This satisfies society’s primary demand for water resources and,
at the same time, takes into account the river ecosystem’s demand for water resources. It
achieves a win-win result of both ecological and economic benefits through adjusting and
changing the reservoir’s dispatching mode [2]. Eco-friendly reservoir scheduling needs
to focus on solving the following two issues: first, the expression and measurement of
ecological goals, and second, the economic and ecological scheduling model. Ecological
flow is an important evaluation index of river health [3]. The ecological target in reservoir
operation can be set by controlling the ecological flow. Presently, the commonly used
methods for setting ecological flow include the Tennant method [4], the Texas method [5],
and the natural flow mode method [6].

The current research related to reservoir ecological regulation mainly focus on four
aspects. The first is studying the eco-friendly reservoir operation model and solution
algorithm [7,8]. The second is the ecological operation of reservoirs focusing on improving

Water 2021, 13, 1694. https:/ /doi.org/10.3390/w13121694

https://www.mdpi.com/journal /water


https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-1367-5886
https://doi.org/10.3390/w13121694
https://doi.org/10.3390/w13121694
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13121694
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13121694?type=check_update&version=2

Water 2021, 13, 1694

20f16

the ecological environment of rivers and the operation of eco-friendly reservoirs [9,10]. The
third is the evaluation of the current ecological health of the basin [11,12]. The fourth is the
evaluation of the reservoir operation plan.

The fourth aspect of the research has also yielded many results. Chen Shouyu pro-
posed the fuzzy optimization model and deeply analyzed the principle and method of the
model [13]. After that, the fuzzy comprehensive evaluation method and fuzzy optimiza-
tion method generated by fuzzy mathematics theory have become popular in recent years.
Wang X.J. et al. applied the variable fuzzy set theory and model to the decision-making of
reservoir flood control operation, comprehensively considered the changes of the model
and its parameters (model changes and target weight changes), and improved the cred-
ibility of optimization and decision-making [14]. Li Qiong et al. proposed a composite
method of disaster risk assessment based on variable fuzzy sets (VFSs) and information
diffusion methods and established a flood risk analysis model with variable fuzzy sets and
information diffusion methods. To further analyze the superiority and rationality of the
methodology [15], Zou Qiang et al. proposed a set pair analysis-variable fuzzy set model
(SPA-VES) for comprehensive flood risk assessment. The model uses the set pair analysis
(SPA) method to obtain the relative membership function of the variable fuzzy set (VES),
which has the advantages of being an intuitive process, having a simple calculation, and
having good versatility [16]. Li Q. proposed a flood risk fuzzy analysis method based on
VES and improved information diffusion methods, which overcomes the uncertainty of
flood control information and incomplete data [17]. Based on the fuzzy binary comparison
method (FBCM) and VFS, Wang Wenchuan et al. proposed a comprehensive variable fuzzy
evaluation model (VFEM) to evaluate river water quality [18]. He Guanjie et al. proposed
a comprehensive variable fuzzy evaluation model to evaluate the impact of a dam breach
on society and the environment [19].

Presently, some commonly used comprehensive evaluation methods still have many
problems. For example, the sample information is not fully utilized, the evaluation grade
boundary is regarded as definite, the resolution of the evaluation result is not high, and
it is difficult to reflect the ambiguity and random uncertainty in the evaluation process.
The set pair analysis evaluation method reflects various uncertainties in the evaluation
process by establishing the degree of similarity, difference, and opposition between the
evaluation plan and the evaluation standard. This method has a clear concept and simple
calculation, but it does not consider the ambiguity of the evaluation grade boundary and
the weight of the evaluation index [20]. The fuzzy comprehensive evaluation method has
certain uncertainty in the evaluation process, and the model is difficult to self-adjust and
self-verify [21]. The artificial neural network method repeatedly modifies the network
weights through training error feedback. Although it avoids the subjective influence of the
evaluator to a certain extent, it easily leads to local extreme points [22]. Most evaluation
methods treat the evaluation objects of the water resources system as fuzzy systems, but
the many indicators that affect them are definite values. Therefore, the water resources
system is essentially a fuzzy and clear hybrid system, and new evaluation principles and
methods are needed to evaluate this.

Variable set theory (VS) is developed from Professor Chen Shouyu’s variable fuzzy
set theory (VES) in recent years. It is a breakthrough in Zard’s fuzzy set theory, and
has important theoretical significance. This method not only overcomes the either/or
mathematical description of traditional set theory, but also makes up for the defect that
fuzzy set theory cannot consider changes in matter. Furthermore, this method can solve
the problem of the coexistence of ambiguity and clarity of indicators in a multi-index
evaluation and recognition system [23]. Presently, this method has been applied in many
fields, and has achieved good results [24-26]. The classification of evaluation indicators
for optimizing eco-friendly reservoir operation schemes does not have clear boundaries
and is vague, but many indicators that affect these schemes are definite values. Therefore,
the evaluation of eco-friendly reservoir operation schemes is essentially variable, fuzzy,
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explicit, and mixed. The variable set mentioned above can be analyzed and evaluated by
the variable set theory.

The purpose of this research is to introduce the optimal decision-making method based
on the variable set theory into the field of eco-friendly reservoir operation and evaluate
the eco-friendliness of different reservoir operation schemes, taking Ertan Reservoir’s
operation of an eco-friendly reservoir as an example to verify its practicability.

The structure of the paper is organized as follows. Section 2 presents rules and a
mathematical model for the decision of an eco-friendly reservoir operation scheme based
on a variable set. Section 3 introduces a studied case, including the study area, used data,
and results. Section 4 discusses the evaluation methods used in this article in combination
with the two existing evaluation methods. Finally, we provide the conclusions of this work
in Section 5.

2. Materials and Methods
2.1. Eco-Friendly Reservoir Operation Schemes

There is a certain connection between a river’s ecological flow and its biological
characteristics [27]. The realization of the health goal of the river ecosystem is mainly
achieved by controlling the ecological flow [28]. There are many methods for calculating
ecological flow [29], but there is no universal method applicable to all rivers. This paper
considers the transformation of the river ecological flow process into a reservoir discharge
flow constraint, that is, the discharge flow of the reservoir in a specific period or when each
period is greater than the set flow, and the health of the corresponding river ecosystem can
be guaranteed.

Based on this idea, in accordance with the three types of ecological flow models
of do not consider ecological water requirements, meet the minimum ecological water
requirements, and try to maintain the natural hydrological characteristics of runoff, six
different ecological flow processes were simulated respectively. Correspondingly, six kinds
of leakage control schemes can be generated [30]. In this paper, M; represents the i-th
leakage control plan. The regardless of ecological water requirement model does not limit
the discharge flow of the reservoir to the ecological water demand. It corresponds to the first
discharge control scheme (M), and the discharge flow of the reservoir is greater than zero
at this time. The meet the minimum ecological water requirement model requires that the
discharge flow of the reservoir must be greater than the ecological water requirement of the
river. According to the calculation method of the minimum ecological water requirement,
four control schemes (M,, M3, M4, and Ms) can be generated. The model of maintain the
natural hydrological characteristics of runoff as much as possible starts from the point of
view that the natural runoff characteristics are suitable for the ecological water demand
of the river, and sets the sixth discharge control plan (Mg). The program uses months as
the control period. During each control period, the discharge flow of the reservoir should
be controlled between the maximum and minimum flow of each month under natural
conditions. The reservoir discharge plan is shown in Table 1.

2.2. Evaluation Index System of Eco-Friendly Reservoir Operation Schemes

Based on the recognition that the natural runoff model is most conducive to main-
taining the integrity of the river ecosystem, a natural flow model method for reservoir
ecological operation is proposed. It is assumed that the natural runoff series before the con-
struction of the reservoir is the most ideal state, and the closer the runoff process after the
reservoir adjustment is to the natural flow process, the more favorable the river ecosystem.

With reference to the hydrological characteristic indexes closely related to ecological
functions in IHA (Indicators of Hydrologic Alteration) [31], and starting from the availabil-
ity and completeness of data, this paper selects the six hydrological characteristic values
of the dispatched outflow as indexes to establish an eco-friendly reservoir comprehensive
evaluation index system for dispatching ecological targets. The six indicators are the aver-
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age discharge, maximum discharge, minimum discharge, coefficient of variation of runoff,
coefficient of uneven distribution of runoff during the year, and concentration of runoff.

Table 1. Eco-friendly reservoir control plan.

Ecological Flow Patterns Control Alternatives of Discharge

Do not consider ecological water

M;: Reservoir discharge constraint: Q; > 0

requirements
Mj: The driest monthly flow estimation method was adopted; Qs takes the annual
average of the driest monthly flow
M3: Using the quarterly ecological flow estimation method, referring to the
Tennant method, Qs takes 40% of the annual average flow in the non-flood season
Meet the minimum ecological water (November to May) and Qs takes 60% of the annual average flow in the flood
requirements: Q; > Qg season (June to October)

My: Monthly frequency calculation, Qs takes the flow rate at the 95% guaranteed
rate for each month

Ms: Monthly frequency calculation, Qs takes the flow rate at the 90% guaranteed
rate for each month

Try to maintain the natural hydrological
characteristics of runoff

Mep: Reservoir discharge constraint: Qi < Qr < Qtrmax-

Q is the discharge flow rate of the reservoir in the t-th period, Qs is the ecological flow rate set in each month, and Q¢pax and Qi are the
monthly maximum and minimum flow rates in natural conditions, respectively.

The average level of the monthly average flow response sequence is high or low.
The monthly maximum and minimum flow, respectively, represent seasonal peak and
trough flow. The peak flow has ecological functions, such as promoting the growth and
reproduction of fish and other aquatic organisms. Low valley flow has ecological functions,
such as enabling plants in certain beach areas to multiply and expel alien species. The
coefficient of variation represents, to a certain extent, the size of the inter-annual variation
of the flow that the organisms in the river can adapt. The non-uniform coefficient of
distribution during the year reflects the fluctuation of the runoff during the year, as well as
the relative stability of the biological use of wet and dry water during the year to complete
the year’s life cycle. The degree of concentration reflects the degree of concentration and
dispersion of the data in certain intervals, and it is also a relatively sensitive index to
measure changes in runoff.

2.3. Optimal Decision-Making Principle Based on Variable Sets

Reservoir operation decision-making has the characteristics of VS, so this paper adopts
VS theory to make decisions regarding an eco-friendly reservoir operation plan. The
following is a brief introduction to the theory and methods of VS [23,32-34].

2.3.1. The Fundamental of VS Theory—The Unity of Opposites

Things have the nature of opposites and unity. For example, we usually use rainfall
intensity to classify rainfall levels. For example, we stipulate rainfall less than 2.5 mm/h
as light rain, greater than or equal to 2.5 mm/h and less than 8 mm/h as moderate rain,
greater than or equal to 8 mm/h and less than 16 mm/h as heavy rain, and greater than or
equal to 16 mm/h as extra heavy rain. For any rainfall, we can clearly divide the rainfall
level according to the abovementioned standards. However, this evaluation also contains
arbitrary characteristics. If there is rain, the rainfall is 8 mm/h. According to the standard,
we determined it to be heavy rain, which is correct. Normally, we would not define it as
light rain or extremely heavy rain, because the gap is large. However, we have this question:
as long as the rainfall is slightly less than 8 mm /h, it should be defined as moderate rain,
even if it is only a tiny bit less. Is this reasonable? Then 8 mm/h rainfall is the dividing
point between moderate rain and heavy rain. Does it have anything to do with moderate
rain? The answer is obviously no, because this is not a clear opposite concept. Whether
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it rains during a certain period of time is a clear opposite concept, that is, an either/or
relationship. The above example of rainfall classification belongs to the relationship of
unity of opposites. For the rainfall of 8 mm/h, we can think that it has the characteristics of
moderate rain and heavy rain at the same time, and it belongs to both moderate rain and
heavy rain at the same time. For further analysis, what are the characteristics of rainfall
at 9 mm/h, 10 mm/h ... ? There are many more examples like this. For example, the
evaluation of the discharge flow index in the eco-friendly reservoir operation plan has
such problems. This type of evaluation is usually to set some flow intervals first, and then
determine which level the flow belongs to according to the interval where the actual flow
falls. This evaluation will also raise the abovementioned questions. These problems all
have the unity of opposites we mentioned.

In order to define the concept of VS, we suppose that U is a set with the unity of
opposites; A and A represent attractability and repellency, respectively. For any element
u(u € U), the relative membership representing the attractive property is denoted as
U fA;(u), and the relative membership representing the repulsive property is denoted as

tiac(u). The determination of the relative membership degree can be reflected by the
A
following mapping;:

pa(), ppe(u) U= [0, 1], uf = palu) pac(u) €0, 1] @

pah) + pge (1) = 1. @

There must be a gradual change point in the continuum, which has the following properties:

pa(u) = ppc(u) =05 ®)

For the change of the element u in the domain U, mark it as C(u). Regardless of the
opposites, phenomena, and concepts of either this or that or either this or that, they still
have the following properties after the change:

Ha(Cu)) + pac(Cu)) =1 (4)

Equations (1)—(4) are called the unity of opposite polarities of variable sets. It is the
theoretical basis for adopting the variable set method for the optimal decision-making of
eco-friendly reservoir control and drainage solutions.

2.3.2. The Optimal Decision Principle Base on VS

(1) The research object
Set U as the objects consisting of 1 preferred object:

U= {uyuy..., un} = {uj} (j=1,2,...,n) (5)

where u; is the j-th preferred object.
Set that the preferred object includes m evaluation indicators. The indicator feature
value matrix of the known object set is as follows:

X:(xl]) (121,2,,171) (6)

where x;; is the i-th indicator of the j-th preferred object.

For the decision-making of the eco-friendly reservoir operation scheme discussed in
this article, U represents the set of all possible operation schemes; u; is the j-th feasible
operation scheme; and x;; is the i-th indicator of the j-th operation scheme. For example,
the average flow, the maximum flow, etc.

(2) The standard value interval matrix
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The standard value interval matrix is the basis for grade division. Set the preferred
object’s merits to be divided into c levels, and the indicator x;; is optimized based on the
standard value interval matrix of m indicators and c levels.

I:([ﬂih,bih])(izl,2,...,m,h:1,2,...,C) (7)

where [ is the standard value interval matrix and a;;, b;;, are the upper and lower bounds of
the standard value range of the indicator x;; for the h-th level, respectively. For indicators
for which smaller is better, a;; > by,; for indicators for which bigger is better, a;;, > by;,. If
xjj is in a certain interval, such as a;; > x;; > by, or by, > x;; > aj;, then it belongs to the
h-th level.

(3) The definition of key points and their relative degree of membership

There are two types of key points involved in this article. The first category is the
demarcation points of the standard value interval matrix, namely a;,, bj,. The second
category is the points where the relative degree of membership is the largest (equal to 1),
and there must be one such point in every interval, denoted as ky,(k;, € [a, biy])-

According to the location of the evaluation interval, it can be divided into three
different types.

First, for the case where the evaluation level is 1 (h = 1, interval of [a;1, bj1]). Setting
level 1 is the priority level. The upper bound a;; is completely subordinate to level 1, so the
relative degree of membership to level 1is 1. At this time, a;; does not belong to level 2 at
all, and, according to the unity of opposites theorem, the relative degree of membership to
level 2 is 0. That s, ;1 (aj1) = 1, pip(a;1) = 0. The lower bound b;; belongs to both level
1 and level 2. We believe that this value has the same relative degree of membership for
level 1 and level 2. According to the theorem of the unity of opposites, the relative degree
of membership is 0.5. That is, p;1 (b)) = pin(bi1) = 0.5. Since p;1(a;) = 1, kj7 is certain for
this case. That is, kj; = a;1.

Second, for the case where the evaluation level is ¢ (h = ¢, interval of [a;, b;c]). Setting
level c is the inferior level. The lower bound b; is completely subordinate to level c, so the
relative degree of membership to level c is 1. At this time, ;. does not belong to level c-1 at
all, and, according to the unity of opposites theorem, the relative degree of membership
to level c-11s 0. That is, pic(bic) = 1, pj(c—1)(bic) = 0. The upper bound a;; belongs to both
level c and level c-1. We believe that this value has the same relative degree of membership
for level c and level ¢c-1. According to the theorem of the unity of opposites, the relative
degree of membership is 0.5. That is, pic(aic) = pj(c—1)(aic) = 0.5. Since p;c(bic) =1, kip is
certain for this case. That is, k;. = b;..

Third, other grades I, except for the evaluation grades 1 and c(h = I, interval of
[ai1, bii]). The upper bound a;; belongs to both level I and level I-1. We believe that this
value has the same relative degree of membership for level ] and level I-1. According to
the theorem of the unity of opposites, the relative degree of membership is 0.5. That is,
Hic(aic) = Hic—1)(aic) = 0.5. The lower bound b; belongs to both level / and level [+1. We
believe that this value has the same relative degree of membership for level ] and level /+1.
According to the theorem of the unity of opposites, the relative degree of membership is 0.5.
That is, pic(bic) = pi(c41)(bic) = 0.5. In this case, let the relative membership degree of the
midpoint value of the interval be the largest (equal to 1). Thatis, u;((a; +b;)/2) =1,
kit = (aj + bir) /2.

Therefore, the relative membership degree of each key point is as follows:

pir(an) =1, pip(ain) = 0, pin (bin) = pin(bin) = 0.5
pi—1)(@ir) = paan) = pi(bir) = pige1) (bia) = 0.5,y ((aq + bi)/2),(1=2,3,...,c—1) ®)
Hi(e—1)(aic) = ic(aic) = 0.5, pic—1)(bic) = 0, pic(bic) =1
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At the same time, the point with the largest relative membership degree to each level
can be expressed as:

{ kin = an
ki, = (aih +bih)/21 (h =23,...,c— 1) (l =12,.. .,m) 9)
kic = bic

where a;,, by, are defined by (7). We can get the matrix K, which is composed of the points
with the largest relative membership degree to each evaluation level. The largest relative
membership degree is 1 for each interval.

K= (kip), (h=12,...,0)(i=1,2,...,m) (10)

Any point kj, in the matrix is satisfied by uy, (ki) = 1.
In order to facilitate the calculation, a matrix T is constructed:

T = (kﬂ,bﬂ,kiz, bio, kis, - ..,ki(c_l),bi(c_l),kic), (i=12...,m) (11)

The matrix T is formed by inserting the matrix K into the demarcation point by,
mentioned in (7).

(4) The calculation of relative degree of membership

For the j-th operation (1;) scheme defined in (5), each plan includes m indicators. The
j-th operation scheme can be represented by the following vector:

xj = (%1, %), -, Xmj) = (xij),i=1,2,...,m (12)

For any element x;;, which is the i-th indicator of the j-th operation scheme, compare
it with the element in the i-th row of the matrix T. The element x;; may be located in a
certain interval, or it may not be included in the matrix. The two cases are explained
separately below.

First, if it is in a certain interval of the matrix T (e.g., Xij € {kihr ki(h +1)} ; this interval
must include the qualitative change point byy), it is calculated by (13) and (14).

jin(xi7) = 05(1+ bin =%y e ki bl h =1,2,..., ¢ (13)
1 1y blh - klh [de)] thr¥in)s 7 “~r 7
bip — xjj

Hinsn) (xij) = 0.5 (1 +5 ),xij € [bih,ki(w)],h =1,2,...,(c-1) (14

in — kigns1)

In the formula, (xi]-) is the relative membership degree of indicator x;; to the h-th
level, p;(41) (xij) is the relative membership degree of indicator x;; to the (+1)-th level. The
meaning of the other variables is the same as before. However, according to the principle
of the unity of opposites, when x;; € [bih/ ki +1)} , although it belongs to the (h+1)-th level
according to the classification, it still has a subordination relationship to the h-th level.
The degree of relative membership can be determined by (2). So, the relative membership
degree of x;; to the h-th level is as follows:

bip—xij

o) = 0.5(1+ gl )ixis € ki b h =1, 2,1, ¢
Hil Xy 0.5(1 - bb"h;""f);xij € {bih,ki(h+l)},h =1,2,...,(c—1)

in—Ki(hy1)

(15)
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If xj; € {kih, ki +1)} , then x;; can only belong to the h-th and (h+1)-th levels, and the
relative degree of membership for other levels is zero.

{ Hi(<ny(xij) =0 16)
Hi (1)) (x37) =0

In the formula, p;( .y, (x,']') is the relative membership degree of indicator x;; to the
level less then h, and p; (~ (j41)) (xij) is the relative membership degree of indicator x;; to
the level more than h+1.

Second, if Xij falls outside the range of the i-th row the matrix T, the relative de-
gree of membership of x;; for level 1 and level ¢ is determined by Equations (17) and
(18), respectively.

Indicator that the smaller, the better:

{ i (xij) = 1Lxj; < ki (17)
pic(xij) = 1, x5 > ki
Indicator that the bigger, the better:
{ i (xij) = 1, x5 > ki (18)
pic(xij) =1, x5 < ki

At this situation, the relative degree of membership for other levels is zero.

(5) The calculation of comprehensive relative membership degree

Equations (15)—(18) are index relative membership models. The comprehensive rela-
tive membership model is shown as follows [34]:

1

E o (-]’
1 + m
El [w; pin(xif) ]

In the formula, u; represents the j-th preferred object in (5). vy, (uj) is the comprehensive

o (uj) = Jh=1,2,...,c (19)

m

relative membership degree of ; to the j-th level. w; is the weights of indicator x;;, }° w; = 1.
i=1

« is optimization criteria parameters, & = 1 equals the least squares rule, and & = 2 equals

the least squares criterion. p is the distance parameters, p = 1 is the Hamming distance,
and p = 2 is the Euclidean distance. If parameter « = 1 and p = 1, then Formula (19) is a
linear model: .
vh(u]-) = Zwi yih(xij),hzl, 2,...,c (20)
i=1
The meaning of variables is the same as before.
According to Formula (19) or (20), the comprehensive relative membership degree of
the evaluation object u; to each level can be obtained:

o (uj) = (01(u7), 02(1y), .., v (u})) (21)

The meaning of variables is the same as before.
(6) The calculation of the grade characteristic values
Grade characteristic values can be calculated as follows:

C
H(u]-):hz:lvho(uj) Xh,]’lzl, 2,...,C (22)
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In the formula, H (1) is the grade characteristic values to the j-th preferred object, and
0,° (1) is the normalized vector values of v, (u;).

If similar calculations are performed for each decision plan U (j=1,2,...,n), the
level feature value of n projects are as follows: H(uq), H(u3), ..., H(u,). The scheme with
the smallest level feature value is the preferred decision scheme.

3. Case Study
3.1. Study Area

Ertan Hydropower Station is located at Panzhihua City, southwestern Sichuan Province,
China, on the lower reaches of the Yalong River. The dam site is 33 km away from the
intersection of Yalong River and Jinsha River, and 46 km away from Panzhihua City. The
basin area above the dam site of Ertan Hydropower Station is 116,400 km?, accounting
for about 90% of the entire basin area of the Yalong River. The maximum dam height
of the hydropower station is 240 m, the normal storage level of the reservoir is 1200 m
above sea level, the total storage capacity is 5.8 billion m3, the regulating storage capacity
is 3.37 billion m3, and the total installed capacity is 3.3 million kw. The project is mainly for
power generation, with other comprehensive utilization benefits. The project started in
September 1991, and the first unit generated power in July 1998. It was completed in 2000.
It was the largest power station completed and put into operation in the twentieth century
in China. The development of the Yalong River implements an environmental protection
strategy. As the first hydropower station developed on the Yalong River cascades, the
ecological dispatch of Ertan is of great significance to the subsequent operation of the power
station and the capacity of power generation, flood control, water supply, and ecological
dispatch in the basin. The water system diagram of the Ertan Hydropower Project area is
shown in Figure 1.

3.2. Eco-Friendly Reservoir Operation

Mei yadong et al. [30] used 41 years of measured runoff data at Ertan Hydropower
Station as the dispatch control period and months as the calculation period, and adopted
the method of combining simulation and optimization to formulate the six leakage control
schemes described in Table 1. A reservoir optimal dispatch model with the maximum
power generation as the objective function was constructed, the dynamic programming
method was used to solve the problem, and the optimal dispatch result was obtained.
The dispatching results of Ertan Hydropower Station based on the eco-friendly reservoir
dispatching plan are shown in Table 2. In the table, M; is the i-th leakage control scheme.

Table 2. Scheduling results table based on an eco-friendly reservoir scheduling scheme.

Multi . The Average Amount of Water Power Generation
Schemes ulti-Year Average Power Generation Discarded over the Years Guarantee Rate
(108 kW-h) 8 3 0
(10 m ) ( /0)
M;j 164.6769 59.5775 92
M, 164.6769 59.5775 92
M3 164.6374 59.5852 92
My 164.4720 59.5253 92
Ms 163.3475 59.9587 92
Mg 164.3399 59.2941 92

According to the evaluation indicators selected in Section 2.2, the original indicator
attribute matrix was constructed by the difference between the calculated value of each
indicator under the leakage control plan and the actual measured value of each indicator
under natural conditions, as shown in Table 3. In the table, M; is the i-th leakage control
scheme, and x7 to x4 represent evaluation indicators, representing the average flow, maxi-
mum flow, minimum flow, coefficient of variation, non-uniform coefficient of distribution
during the year, and the degree of concentration.



Figure 1. The water system diagram of the Ertan Hydropower Project area.

Water 2021, 13, 1694 10 of 16
101° §O'O'E 102° .0' 0°E
=
I e
= o
= s
Legend
Ed
.: @ Power Station _.g
21 @ city 3
8 reach
Elevation
Value
L High : 4025.27m
- Low : 960.08m
0 510 20 Km
[ |
P
o
01° ;O'O'E 0z° IO' 0°E :
101 1 o |

Table 3. Optimal operation results of Ertan Reservoir under all kinds of control schemes of the

release discharge.

Evaluation Index

Schemes
X1 X2 X3 Xy X5 X6
M; 822.04 1096.70 722.39 0.2747 0.0161 0.8872
M, 822.04 1096.70 722.39 0.2747 0.0161 0.8872
M3 822.98 1096.70 738.76 0.2750 0.0125 0.8904
My 821.30 1098.29 786.94 0.2740 0.0156 0.8831
M 772.81 1097.89 1005.42 0.2553 0.0093 0.8305
Mg 793.76 426.66 725.62 0.2369 0.0164 0.8956

3.3. Optimization of Scheduling Schemes Based on Variable Fuzzy Sets

The scheme sets M7 to M7 constitute the domain U mentioned in Section 2.3. That is:

U={M;,M,,..., Mg}

(23)
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From Table 3, the feature matrix X based on the variable set evaluation described in
Section 2.3.2 can be obtained.

82204 822.04 82298 82130 77281 793.76

1096.70 1096.70 1096.70 1098.29 1097.89 426.66

72239 72239 73876 78694 100542 725.62 |
02747 02747 02750 02740 02553 02369 | (i)
0.0161 0.0161 0.0125 0.0156 0.0093 0.0164

0.8872 0.8872 0.8904 0.8831 0.8305 0.8956

(24)

The control solution is optimized according to level 3 criteria. The standard value
interval matrix [ is:

328.81, 647.32] [647.32, 970.99]  [970.99, 1294.65]

394.20, 788.39] [788.39, 1182.59] [1182.59,1576.78]

31343, 626.87)  [626.87, 94030]  [94030, 125374 | _ 1 oo
0.1060, 02121]  [0.2121, 0.3181]  [0.3181, 0.4242] | — L%k

0.0057, 0.0115]  [0.0115, 0.0172]  [0.0172, 0.0229]

0.3516, 0.7032]  [0.7032, 1.0548]

—
|

[1.0548, 1.4064]

The preferred method steps are as follows.
From Formula (9), the matrix K can be calculated.

32366 80916 1294.65
39420 98549 1576.78
31343 78359 1253.74

K=1 01060 02651 04240 | = (Kin) (26)
0.0057 0.0144 0.0229

0.3516 0.8790 1.4064

Determining matrix T according to matrix K and the graded qualitative change
point by;:
(kn)  (ba) (k) (b)) (ki)
323.66 647.32 809.16 970.99 1294.65
39420 788.39 98549 1182.59 1576.78
31343 626.87 783.59 940.30 1253.74 (27)
0.1060 0.2121 0.2651 0.3181  0.4242
0.0057 0.0115 0.0144 0.0172  0.0229
0.3516 0.7032 0.8790 1.0548  1.4064

Using Formulas (15)—(18), the relative membership degree of each indicator of the j-th
scheme can be calculated. Now take the program scheme 1 (M;) as an example for illustra-
tion. Knowing that the characteristic value of the first indicator of scheme 1 is 822.04 from

matrix X, calculated by Formula (15), pt12(x1) = 0.5 (1 + %) = 0.9602. Accord-

ing to the theorem of the unity of opposites, calculated by Formula (8), y13(x1) = 0.0398.
According to Formula (16), p111(x1) = 0. That is, ;1 (x,) = (0,0.9602,0.0398).

Similar calculations are carried out on indicators 2 to 6 of scheme (1), and the relative
membership degree matrix of the indicators of the scheme is obtained.

0 09602 0.0398
0 07179 02821
01952 0.8048 0
M) =1 707 09094 0.0906 2
0 0.6930 03070
0

0.9767 0.0233
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This matrix reflects the relative membership degrees of different indicators in scheme (1)
for different evaluation levels.

For the convenience of comparison, the indicator weight vector proposed in the
literature [35] is used for calculation. That is, w = (0.1733, 0.1554, 0.1817, 0.1566, 0.1659,
0.1671). The comprehensive relative membership degree is calculated using the linear
model formula (see Equation (20)). The membership vector of scheme (1) can be obtained.

v (M) = (0.0355,0.8448,0.1197) (29)

From Formula (22), the level feature value of scheme 1 is obtained. Similar calculations
were performed on the remaining schemes to obtain the evaluation level characteristic
values of each scheme. The optimal results of the scheme are shown in Table 4. Among
them, the order of scheme 6 is NO.1, and scheme 6 can be selected as the decision scheme.

Table 4. Optimal decision results.

Co.mprehensive . Grade Grade Characteristic Ranking
Relative Membership 1 2 3 Values
M, 0.0355 0.8448 0.1197 2.0843 4
M, 0.0355 0.8448 0.1197 2.0843 4
Mj 0.0798 0.8489 0.0713 1.9914 3
My 0 0.8956 0.1044 2.1044 5
Ms 0.1714 0.6746 0.1540 1.9826 2
Mg 0.2325 0.7000 0.0675 1.8350 1

Since Ertan is a water conservancy project dominated by power generation, its social
and economic benefits under the same guaranteed output are mainly reflected in power
generation, so the impact on power generation should be fully considered when comparing
plans. However, it can be seen from Table 1 that scheme 6 is only 0.21% less than scheme 1
and scheme 2, which have the largest average power generation in many years. Therefore,
scheme 6 is the optimal solution that takes into account both ecological and economic
goals. At the same time, the calculation results also show that, for the mid- and long-term
reservoir dispatching with a monthly calculation period, different ecological water needs
have little effect on the average power generation for many years. The main reason is that
the outflow of the reservoir has a basic lower limit due to the limitation of the guaranteed
output of the power station.

4. Discussions
4.1. Comparison and Analysis of the Results of Evaluation Methods with Fuzzy Sets

Wang Jinlong et al. [35] applied a fuzzy set comprehensive evaluation method to
evaluate the ecological dispatching scheme of Ertan Hydropower Station. This article uses
the same index weight as Wang Jinlong for evaluation, namely, w = (0.1659, 0.1692, 0.1661,
0.1660, 0.1668, 0.1659). The comparison of the evaluation results is shown in Table 5. It can
be seen from the table that scheme 6 is the optimal scheme, scheme 4 is the worst scheme,
and the optimal results of the two methods are basically the same. The results show that it is
feasible to apply the variable set theory to the optimal decision-making of the eco-friendly
reservoir control plan. At the same time, it can be found that the difference between the
two evaluation methods lies in scheme 3 and scheme 5. However, from the perspective of
its level feature value and connection number, there is little difference between scheme 3
and scheme 5, indicating that the degree of eco-friendliness is equivalent. From Table 2, it
can be seen that scheme 3 has 0.79% more power generation than scheme 5. Therefore, from
the perspective of taking into account economic benefits, the evaluation results obtained
by the method used in this article are better.
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Table 5. Comparison with the result of the fuzzy sets method.

Fuzzy Set Pair Comprehensive Variable Sets Method

Evaluation Method
Contact Number Ranking Grade Characteristic Value  Ranking
M; —0.1547 4 2.0843 4
M, —0.1547 4 2.0843 4
M; 0.0308 2 1.9914 3
My —0.1950 5 2.1044 5
Ms 0.0225 3 1.9826 2
Mg 0.2006 1 1.8350 1

4.2. Comparison and Analysis of Composite Fuzzy Matter Element Methods

Mei Yadong et al. also applied the compound fuzzy matter-element method to eval-
uate the ecological dispatching scheme of Ertan Hydropower Station [30]. This article
uses the same index weight as Mei Yadong for evaluation, namely,a = (0.1733, 0.1554,
0.1817, 0.1566, 0.1659, 0.1671). The comparison of the evaluation results is shown in Table 6.
For both options, scheme 6 is the recommended decision-making option, and scheme 5 is
ranked second. The difference between the two evaluation methods lies in the ranking of
the last two levels.

Table 6. Comparison with the results of the fuzzy matter element method.

Sch Compound Fuzzy Matter Method Variable Sets Method
chemes
Euclidean Closeness Ranking Grade Characteristic Values  Ranking
M; 0.6880 5 2.0920 4
M, 0.6880 5 2.0920 4
M3 0.7194 3 1.9978 3
My 0.6904 4 2.1089 5
M5 0.7220 2 1.9766 2
Mg 0.8204 1 1.8228 1

The difference between the last two levels can be analyzed through the membership
matrix of each scheme. The degree of the relative membership matrix of scheme 1, 2, and 4
is as follows.

0 09602 0.0398
0 07179 02821
01952 0.8048 0
HMz) = p(Mz) = 0 09094 00906 |/ FMa)=
0  0.6930 03070
0 09767 00233

0.9625 0.0375
0.7139 0.2821
0.9893 0.0107
0.9160 0.0840
0.7807 0.2193
0.9883 0.0117

(30)

S oo o oo

It can be seen from the above two matrices that the main factor for the difference lies
in the third evaluation factor (the distance between the minimum flow and the minimum
flow of natural runoff). In scheme 1 and scheme 2, the probability of this factor belonging to
“excellent” is 0.1952, the probability of belonging to “medium” is 0.8048, and the probability
of belonging to “bad” is 0. In scheme 4, the probability of this factor belonging to “excellent”
is 0, the probability of belonging to “medium” is 0.9893, and the probability of belonging
to “bad” is 0.0107. The minimum flow and the minimum flow of natural runoff are critical
indicators to measure the degree of satisfaction of the ecological water demand of the river.
From this perspective, the analysis of scheme 1 and scheme 2 is better than scheme 4.

4.3. Stability Analysis of the Optimal Decision Model

For the multi-index optimization decision-making model, when the optimization
method and index system are certain, the optimization result is largely affected by the
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weight of the evaluation index. In this paper, two sets of weights are used to analyze the
optimal decision-making of the leakage control program, and the same decision-making
results and program ranking are obtained. It shows that the variable decision-making
model based on variable sets for optimal selection of reservoir-controlled reservoirs has
a certain degree of stability, effectively avoiding the situation where the corresponding
decision results change drastically when the indicator weights change slightly. It can be
seen from Figure 2 that the evaluation result based on the variable set method is stable
when the weights obtained by different methods have small changes.
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Figure 2. Comparison of the optimal calculation results for two weighted schemes.

4.4. Scope of Application

The hydrological characteristics of rivers vary greatly. Some rivers have water all year
round, and their runoff changes little during the year. Some rivers have runoff only in the
rainy season, and dry up for a long time in the non-rainy season. Some rivers have a larger
average flow, while others have a smaller average flow. These characteristics are related
to various factors, such as the size, geographic location, and underlying surface of the
research basin. This also determines that the ecological characteristics of different rivers are
very different. This study is suitable for the situation where the watershed area is relatively
large and the water flow in the river is constant year-round. For smaller watersheds, due to
seasonal dry-off conditions, the method of determining ecological flow needs to be revised,
so the method of this study should be adjusted accordingly.

4.5. Engineering Application Prospects

The decision-making of an eco-friendly reservoir operation plan has the characteristics
of the unity of opposites, so VS can be used as a tool for evaluation. Most of the evaluation
problems involved in the engineering field have this characteristic. Therefore, the VS
method can be widely used in project evaluation in the engineering field. This research can
provide new ideas for the decision-making research of engineering.

5. Conclusions

This paper simulates six different ecological flow processes and converts them into
constraints that control the discharge of reservoirs. Through the combination of simulation
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and optimization methods, an ecologically friendly reservoir optimal operation model was
constructed, and six types of reservoir control schemes based on different ecological flow
processes were proposed. Taking the natural runoff model as the ideal state, an evaluation
index system was used to evaluate the outflow of rivers and the degree of river ecosystem
friendliness under different reservoir control schemes. The VS was introduced into the
optimal decision-making field of an eco-friendly reservoir operation plan. For the first
time, the philosophy of dialectic and mathematical thinking are used to study the optimal
decision-making of eco-friendly reservoir scheduling. Taking Ertan Hydropower Station as
an example, the research results show that:

(1) The comparison with the evaluation results of the two evaluation methods shows that
the method proposed in this paper is feasible, and has the characteristics of simple
calculation and stable evaluation results. This method provides a new idea for the
study of the decision of an eco-friendly reservoir operation scheme.

(2) The method proposed in this paper is suitable for the decision-making study of eco-
friendly reservoir scheduling under the condition that the basin area is relatively large
and the water flow in the river is continuous all year. For smaller watersheds, the
research methods proposed in this article need to be improved.

(3) The research can provide new ideas for the decision-making research of engineering.

(4) Ertan Hydropower Station should use the maximum and minimum values in the
natural flow sequence at each period as the discharge constraints of the reservoir.
Maintaining the natural characteristics of runoff as much as possible in controlling
discharge can effectively take into account the needs of both power generation and
the river’s ecological health.
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