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Abstract: Hydro power has provided significant economic benefits to society due to its cleanliness
and convenience. As the number of hydropower stations has increased, many serious ecological
issues have also emerged. This study uses Wan’an Reservoir as its research object and investigates
single–multi-objective optimal operation and decision-making regarding reservoirs for ecology-
oriented operation, to meet ecological water demand and seek the optimal operation schemes
for energy generation and ecological benefits. The full-process research is conducted based on
the “objective-modeling constraint optimization scheme decision-making” framework. The Mann–
Kendall test and ordered clustering method were used to diagnose the hydrological variation in the
basin. Based on this, a hierarchical and phased ecological flow process was derived. The objectives
were defined according to the flow process, and optimal operation models were constructed. The
differential evolution algorithm (DE) and improved non-dominated sorting genetic algorithm-II
(NSGA-II) were used to solve the models. A non-fitting curve method was used to determine the
approximate inflection point of the Pareto front curve, and the curve was fitted linearly according
to the approximate inflection point to obtain the conversion formula between the objectives. Based
on the coefficient of variation and Mahalanobis distance, a new multi-attribute decision-making
method for reservoir operation, CV-ITOPSIS, was constructed by improving the traditional TOPSIS.
The results show that: (1) There is a piecewise linear contradiction between energy generation and
ecological objectives, and the contradiction intensifies with an increase in incoming water frequency.
(2) Before the approximate inflection point, the head significantly influences the conversion rate from
the energy generation to ecology, while the discharge flow is the major influencing factor after the
inflection point. The inflection point and the formula for the piecewise straight line can reveal the
conversion law between the two objectives. (3) CV-ITOPSIS considers the degree of differentiation of
index data and fully considers the correlation between indicators while retaining the good evaluation
performance of the traditional method. It recommends the optimal benefit scheme for a multi-
objective non-inferior solution set. The research results provide a theoretical foundation and decision
support for the optimal ecological operation of the Ganjiang River Basin.

Keywords: reservoir optimal operation; multi-objective optimization; conversion law; multi-attribute
decision-making; TOPSIS; ecological flow

1. Introduction

Clean energy is becoming increasingly important in China’s power system, owing to
the vigorous development of the “National Energy Security Strategy” and the “Carbon
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Neutrality” goal. As a clean energy source that can be efficiently regulated, hydropower
has low development, operation, and maintenance costs and can replace fossil fuel energy
without polluting the environment. Simultaneously, hydropower energy can flexibly and
quickly adjust its peak and frequency according to the power demand. It compensates
for the intermittency and fluctuation problems of new energy sources such as wind and
solar energy and improves power grid stability. However, the development, construction,
and operation of cascade reservoirs in basins have led to negative ecological impacts, such
as reduced biodiversity in downstream river channels [1], reduced river connectivity [2],
deterioration of water quality [3], and eutrophication [4]. Many reservoirs aim to maximize
economic benefits [5], which destroys the flow characteristics that maintain river ecological
stability to a certain extent and accelerates the degradation of river ecological functions.

The demand for ecological operations is increasing with the advancement of ecological
civilization construction. The quantification of ecological flow is the premise and foundation
of reservoir ecological operations [6]. At present, more than 200 kinds of ecological flow
calculation methods [7] have been put forward at home and abroad, including hydrological,
hydraulic, habitat simulation, and overall comprehensive analysis methods. These mainly
include the Tennant method [8], 7Q10 method [9], wet perimeter method [10], base-flow
ratio method [11], and improved methods. Some scholars have also studied ecological
flow from the perspective of water temperature, critical water depth [12], and the life cycle
of target species [13]. Runoff is a typical hydrological process characterized by certainty
and randomness. Although ecological flow has obvious statistical characteristics, there
should be a suitable range of changes. Moreover, considering the differences in the seasonal
distribution of runoff during the year, most of the ecological flow calculation methods
are not reasonable according to the annual unified guarantee rate. Secondly, on the lower
limit threshold, the setting of the lower limit of ecological flow should be based on the low
flow data in the dry season [14]. The original sequence characteristics are the foundation
for ecological flow calculations. To avoid the impact of hydrological variations on the
results, a variation diagnosis link was added to the calculation to ensure consistency in the
hydrological sequence before and after the period [15].

To maximize the economic benefits of reservoirs, early operation studies typically
focused on single objectives, such as energy generation [16], flood control [17], or irriga-
tion [18]. Although this single-objective optimization method is simple and feasible, it
cannot fully reflect the comprehensive benefits of the reservoir and cannot meet the needs
of multiple stakeholders. Water resource management faces complex and diverse chal-
lenges with the development of an economic society and the requirements of a low-carbon
society. Therefore, the single-objective optimization method can no longer meet the actual
requirements of reservoir operation. Multi-objective optimization has gradually become the
mainstream research direction for solving reservoir operation problems. The transformation
from single-objective to multi-objective research is necessary to develop water resources
and fully improve comprehensive reservoir benefits. There are typically two solutions
for the multi-objective optimal operation of reservoirs: (1) Analyze the competition and
coordination of objectives to achieve the transformation from a multi-objective problem
to a single-objective problem, such as the main objective method [19], comprehensive
index method [20], and comprehensive evaluation method [21]. (2) Adopt multi-objective
evolutionary algorithms. Current research in this field mainly focuses on innovations in
algorithm coupling [22], feasible search space [23], reference points [24], cloud models [25],
and other aspects. In addition, some scholars innovate from the perspective of mecha-
nisms. Bai et al. [26] proposed an innovative method that combined parallel mechanisms
with optimization algorithms to analyze the optimal operating state and conversion law
between the three objectives of power generation, irrigation, and ecology in the Heihe
River Basin. Afshar et al. [27] proposed a parallel cellular automaton algorithm to solve the
power generation–water supply operation problem of a single reservoir. Most research has
focused on modeling and solving methods for multi-objective problems.
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However, as a part of multi-objective problems, the decision-making problem of a
non-inferior solution set is often ignored. How to find the most ideal or comprehensive
solution from a set of non-inferior solutions is a widely studied problem. Previous research
on multi-attribute decision-making has mainly focused on determining weights [28]. Re-
searchers typically use the entropy weight method [29], analytic hierarchy process [30],
fuzzy theory [31], multivariate statistical analysis [32], artificial neural networks [33], and
other methods to solve problems. Some researchers have attempted to bypass the influence
of these subjective factors. Wu et al. [34] introduced the concept of the marginal rate of trans-
formation (MRT) in economics. They considered flood control and power generation to be
two products of reservoirs and established a multi-objective optimal operation and scheme
decision model to determine the water level scheme with the highest comprehensive benefit.
Wei et al. [35] used the Golden Gorge as the research object and developed a coupling
algorithm of NSGA-II (non-dominated sorting genetic algorithm-II) and SEABODE (suc-
cessive elimination of alternative schemes based on the k-order and p-degree of efficiency)
to solve the problem of multi-objective optimization and multi-attribute decision-making
for reservoir operation (MODRO), which avoided the subjective factors of decision-makers
and improved the comprehensive benefits of the reservoir. Among these typical solutions,
the technique for order preference by similarity to an ideal solution (TOPSIS) is widely used
in multi-attribute decision-making problems because of its simple operation and high com-
prehensibility. However, the traditional TOPSIS method does not consider the correlation
between decision indicators or the impact of overlapping information between indicators
on the decision-making processes [36]. Traditional methods use the entropy weight method
to assign weights to decision indicators, which can easily cause unreasonable weight al-
location in cases of strong correlations or different dimensions between indicators [32].
Considering the complexity of the objective world, an inevitable correlation exists between
the indicators of the decision-making object. Therefore, adopting reasonable and applicable
decision-making methods in reservoir operation schemes is of great practical significance.

In this study, an improved technique for order preference by similarity to an ideal
solution method based on the coefficient of variation (CV-ITOPSIS) is proposed, which can
effectively solve the problem of correlation between indicators. Taking the middle and lower
reaches of the Ganjiang River as an example, the hierarchical and phased ecological flow
process was first obtained using various ecological flow calculation methods based on the
diagnosis of hydrological variation. Based on this, two single-objective optimal operation
models with one maximizing energy generation and the other maximizing ecological
guarantee degree, and a multi-objective model maximizing both were established. Second,
the DE (differential evolution) algorithm [37,38] and improved NSGA-II [26,39] were used
to solve the single- and multi-objective models, respectively. A non-fitting curve method
was used to determine the approximate inflection point of the Pareto front curve, and
the curve was fitted linearly according to the approximate inflection point to obtain the
conversion formula between the objectives. Finally, the CV-ITOPSIS method was used
to study the decision-making problem of multi-objective scheduling with non-inferior
solution sets, providing a reference for actual operational decision-making in the Ganjiang
River Basin.

2. Research Area and Data
Study Object

The area of the Ganjiang River Basin is 82,809 km2. It is the head of five rivers in the
Poyang Lake Basin and the largest river in Jiangxi Province. The Wan’an Reservoir, located
in the middle and lower reaches of the Ganjiang River, is the site of the second hydroelectric
power station built in Jiangxi Province. This power station’s mission is mainly energy
generation and flood control while also assisting with comprehensive utilization tasks such
as shipping, irrigation, water supply, and other aspects.

The scale of hydropower development in the Ganjiang River Basin has continuously
expanded with the successive construction and operation of a group of reservoirs, and
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their regulation and utilization effect on hydropower resources has continuously improved.
The construction of cascade reservoirs in the Ganjiang River Basin has achieved significant
economic benefits. However, it has also brought serious ecological problems, mainly
reflected in the following aspects: (1) The regulation and storage of the reservoir has
reduced the inhomogeneity of runoff in seasonal distribution [40]. However, it has also
changed the size and occurrence time of peak flood flow, causing damage to the ecological
flow of some river sections [41]. (2) Changes in river morphology have directly affected
biodiversity within river channels [42]. For example, there are obvious changes in the flow
pulse count and duration at Dongbei Station [43], which are not conducive to the migration,
spawning, and survival of aquatic organisms in the region [44]. (3) Because of the influence
of reservoir construction, the high water level and low flow in the lower reaches of the
river are not conducive to the diffusion of pollutants, resulting in local NH3-N and other
indicators exceeding the protection threshold and causing serious ecological problems [45].
In the past, the reservoir operation mode in the Ganjiang River Basin was mainly based on
the comprehensive utilization benefits of energy generation, flood control, and shipping,
with less consideration of ecological benefits [46]. We should fully consider the changes in
hydrological indicators and formulate a realistic operational scheme that can balance the
energy generation-ecological benefits in the Ganjiang River Basin.

Since it was the first large-scale water conservancy hub built on the main stream of the
Ganjiang River, Wan’an Reservoir has a positive effect on the restoration of its runoff law,
improvement of the water environment in the reservoir area, improvement of ecological
benefits downstream of the river, and growth of fish spawning areas and resources through
the application of ecological operation schemes. This study selects Wan’an Reservoir as the
research object, and the location overview is shown in Figure 1.
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Figure 1. General situation of the middle and lower reaches of the Ganjiang River.

Wan’an Reservoir’s normal storage level was 96.0 m during the initial operation, with
a dynamic control range of 85.0–88.0 m for the flood limit water level during the main flood
season, a dead water level of 85.0 m, and a total storage capacity of 2.214 billion m3. Wan’an
Hydropower Station is equipped with 5 water turbine generator units, with a guaranteed
output of 47 MW and an installed capacity of 533 MW. It is a riverbed-type reservoir power
station with incomplete annual regulation performance. Based on the historical runoff
data of Wan’an Reservoir from 1957 to 2015 (hydrological year), three typical years of wet,
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normal, and dry are calculated as input data for the reservoir optimization model. The
typical monthly average natural runoff of Wan’an Reservoir is shown in Figure 2.
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3. Models and Methods

The essence of reservoir ecological operations lies in formulating reasonable and
appropriate flow plans that meet the ecological needs of the rivers. This has practical
significance for improving the ecological environment of rivers, alleviating ecological
pressure on rivers, and maintaining the relative balance of river ecosystems. Reservoir
multi-objective ecological operation focuses on the balance between energy generation
benefits and ecological benefits. Its central idea is to meet the ecological water requirements
of rivers and pursue the optimization of profit goals. This study establishes a multi-
objective operation model for Wan’an Reservoir based on production practice, using energy
generation capacity and ecological guarantee degree as measurement criteria for energy
generation benefits and ecological benefits.

3.1. Hydrological Variation Diagnosis and Mutation Point Testing

When natural climate conditions undergo drastic changes or human activities have
significant impacts, the consistency of hydrological sequences is disrupted, resulting in
hydrological variability. The estimation of hydrological regimes using inconsistent hydro-
logical sequences results in a degree of bias and low credibility. Therefore, a hydrological
variability diagnosis of the runoff data in the study area was required before calculating
the ecological flow in the river. In this study, the Mann–Kendall method [47] and ordered
cluster method [48] were used to test historical runoff sequences. The results of the two
methods were combined to diagnose possible mutation points in the sequence. To further
increase the reliability of mutation point diagnosis, this study used the run test method [49]
to conduct a significance test on mutation points at the significance level α = 0.05.

3.1.1. Mann–Kendall Method

Assuming there is a time series X containing N samples, construct a rank sequence sk:

sk =
k

∑
i=1

ri ri =

{
1 xi > xj
0 else

, j = 1, 2, . . . , i (1)

From the above equation, it is evident that the rank sequence sk represents the statistical
value of a value exceeding the j-th value at time i.
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Assuming the time series X is randomly independent, define a statistic UFk:

UFk =
sk − E(sk)√

Var(sk)
, k = 1, 2, . . . , N (2)

In the above equation, UF1 = 0, E(sk) and Var(sk) are the mean and variance of the
statistics, respectively. When the time series X is randomly independent, their calculation
is as follows:

E(sk) =
n(n + 1)

4
(3)

Var(sk) =
n(n − 1)(2n + 5)

72
(4)

UFk follows a standard normal distribution. By referencing the normal distribution
table according to the significance level α, if |UFk| > Uα, it indicates a significant change in
the sequence X.

Arrange the time series X in reverse order and repeat the above process while setting
UBk = −UFk, k = n, n − 1, · · · , 1. After performing the above operation, we can determine
the start time of the mutation.

3.1.2. Ordered Clustering Method

The ordered clustering method is an optimal segmentation technique for samples,
designed to partition samples with notable disparities into multiple categories. This
process aims to minimize the sum of squared deviations within the same category while
maximizing the sum of squared deviations between different categories. When applied to
hydrological analysis, it facilitates the identification of potential mutation points in time
series by locating both local and global minima of the sum of squared deviations within
the same class of time series.

Assuming that the potential mutation point in the time series X is τ, the sum of
squared deviations for the two segments divided by the mutation point is as follows:

Vτ =
τ

∑
i=1

(xi − xτ)
2 (5)

Vn−τ =
n

∑
i=τ+1

(xi − xn−τ)
2 (6)

where xτ and xn−τ represent the mean values of the samples before and after the mutation
point, respectively.

The total sum of squared deviations of the entire time series sample is:

Sn(τ) = Vτ + Vn−τ (7)

When S = min|Sn(τ)|(2 ≤ τ ≤ n − 1)| in the time series, point t may be the mutation
point of the hydrological series.

3.1.3. Run Test

The run test is a non-parametric statistical hypothesis testing method used to assess
whether a sequence of random variables is uniformly distributed. Based on these two
methods, significance testing is required for the above segmentation points for further
diagnosis. This study used a run test method for testing.
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For large samples, when n1, n2 > 20, the run number r is close to the normal distribu-
tion. Its statistic Z, following a standard normal distribution, is shown as follows:

Z =
r − ( 2n1n2

n + 1)√
2n1n2(2n1n2−n)

n2(n−1)

, Z ∼ N(0, 1) (8)

where n is the total number of sample sequences and n1 and n2 represent the capacity of
the sample sequence before and after the mutation point, respectively.

3.2. Ecological Guarantee Degree

The reservoir must discharge a certain amount of water to meet the basic ecological
demands of the downstream river channel, and the relationship between the discharge
flow and different levels of ecological flow is defined as ecological guarantee degree. In
ecological operations that consider the ecological flow, the ecological guarantee degree in
the process is easier to satisfy than the total ecological water demand of the entire process.
Therefore, this study selected the average annual ecological guarantee degree as one of
the goals [50]. The ecological guarantee degree (De,t) is defined thus: if the discharge flow
is lower than the minimum ecological flow, De,t = 0; if the discharge flow is between the
minimum ecological flow and the lower limit of the suitable ecological flow, De ,t ∈ (0, 0.5);
if the discharge flow is between the upper and lower limits of the suitable ecological flow,
De,t ∈ (0.5, 1); if the discharge flow exceeds the suitable ecological flow limit, De,t = 1. The
mathematical expression is as follows:

De,t =



0, Qt < Qmin,t

1
2 × Qt−Qmin,t

Qd,t−Qmin,t
, Qmin,t < Qt < Qd,t

1
2 + 1

2 × Qt−Qd,t
Qu,t−Qd,t

, Qd,t < Qt < Qu,t

1, Qt > Qu,t

(9)

where De,t and Qt are the ecological guarantee degree and energy generation flow of the
hydropower station at time t, respectively; Qmin,t is the minimum ecological flow; and
Qu,t and Qd,t are the upper and lower limits of the suitable ecological flow, respectively.

3.3. Objective Function

This study intends to establish two operation scenarios, namely, a single-objective
operation and a multi-objective operation, including three operation models.

Model 1: Single-objective optimal operation with maximum energy generation, with
the objective function as follows:

E = max(
T

∑
t=1

KQt Ht∆t) (10)

where E is the total energy generation of the hydropower station during the operation
period, and t and T are the time serial numbers and total number of periods, respectively.
K is the comprehensive output coefficient of the hydropower station. Qt and Ht are the
energy generation flow and water head, respectively, in the t-th period of the power station.

Model 2: Single-objective optimal operation with maximum ecological guarantee
degree. The objective function is as follows:

P = max
1
T

T

∑
t=1

De,t (11)
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where P is the average annual ecological guarantee degree of the downstream river channel
during the operation period.

Model 3: Multi-objective optimal operation considering both ecology and energy
generation with the objective function as follows:

Objective 1 : E = max(
T

∑
t=1

KQt Ht∆t) (12)

Objective 2 : P = max
1
T

T

∑
t=1

De,t (13)

The meaning of the parameters is the same as before.

3.4. Constraints

The constraints for models one to three are as follows:

(1) Water balance constraints:

Vt+1 = Vt + [It − (Qck,t)]∆t (14)

where Vt+ 1 and Vt are the initial storages at times t + 1 and t, respectively. It and Qck,t
represent the inflow and outflow at time t, respectively. t is the time interval.

(2) Water level constraints:

Zmin
t ≤ Zt ≤ Zmax

t or Vmin
t ≤ Vt ≤ Vmax

t (15)

where Zmin
t and Zmax

t represent the minimum and maximum water levels at time
t, respectively.

(3) Outflow constraints:
Qmin

t ≤ Qt ≤ Qmax
t (16)

where Qmin
t and Qmax

t denote the minimum and maximum allowable outflows at
time t, respectively. Qmin

t is determined by comprehensive downstream water use,
shipping, and ecological requirements. Qmax

t is determined based on the downstream
flood control requirements.

(4) Hydropower outputs constraints:

Nmin
t ≤ Nt ≤ Nmax

t (17)

where Nmin
t and Nmax

t represent the minimum and maximum hydropower outputs
at time t, respectively. In general, Nmin

t is the guaranteed output and Nmax
t is the

installed capacity.
(5) Other constraints:

Non-negative constraints on the variables, constraints on the water-level storage capac-
ity relationship curve, and constraints on the tail water-level discharge relationship curve.

3.5. Optimization Algorithm

(1) As an optimization algorithm based on the swarm intelligence theory, DE is widely
used to solve single-objective operation models. This study used the standard DE
algorithm to solve Models 1 and 2.

(2) The solution of multi-objective problems can be approximated from two perspectives:
target transformation and obtaining a Pareto non-inferior solution set. However, the
method of target transformation can only obtain the best solution from the results.
It cannot analyze the transformation laws between multiple objectives from the
perspective of the process, which is unfavorable for benefit analysis between multiple
objectives. The NSGA-II algorithm is an efficient multi-objective problem-solving
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algorithm that was improved by Deb et al. in 2002 [51] and has the advantages of good
convergence and high robustness. A constraint transformation is used to increase
the proportion of feasible regions in the search space to improve the algorithm’s
convergence speed and accuracy. Before solving the problem, convert constraints
such as flow and ecological water demand into unified decision constraints (water
level constraints). The non-convertible constraints are controlled by a fitness function.
When the constraint is broken, a penalty function reduces the fitness value and ensures
optimization efficiency. Therefore, this study uses the improved NSGA-II to solve
Model 3. This improved algorithm can effectively prevent the problem of data falling
into local optima during solution processing, thereby improving the efficiency and
accuracy of the solution.

The operation steps of the algorithm are as follows:
Step 1: Set algorithm parameters and initialize the search space based on water

level constraints.
Step 2: The constraints of water level, flow, and ecological water demand are unified,

and the search space is reduced. Accordingly, the initial parent population P0 was randomly
generated, and fitness was calculated.

Step 3: Selection, crossover, and mutation operations are performed on the parent
population P0 to generate the offspring population Q0.

Step 4: The parent and offspring populations are merged to form a population Rt. The
non-dominated level and crowding degree of individuals in Rt are determined, and an N
(population size) suitable non-dominating set is selected to form a new parent population Pt.

Step 5: Repeat Steps 3 and 4. If the maximum number of iterations T is reached, the
algorithm stops; otherwise, t = t + 1.

Step 6: Monitor the convergence of algorithm iterations and compute the variation of
the iteration results from T − 5 to T, denoted as ∆. Determine whether the desired accuracy
ε has been attained; if ∆ < ε, the calculation is deemed valid and the results are retained;
otherwise, the calculation is considered invalid, and the result is discarded.

3.6. Method for Determining Inflection Points

In differential calculus and differential geometry, an inflection point is a point on a
smooth plane curve at which the curvature changes sign. Typically, the inflection point is
determined by calculating the second derivative of the function. If the second derivatives on
the left and right sides of a point on a function have different signs, the point is considered
an inflection point. In practical applications, the form of a function and its second derivative
are often complex, and the data obtained are usually in the form of discrete points. When
using this method to determine the inflection point, curve fitting must be performed
according to the discrete points in advance, which inevitably has the disadvantages of
numerous calculations, high complexity, and low accuracy. This study used a non-fitting
curve method [52] to determine the approximate inflection point of the discrete function.

Based on the characteristics of the inflection point, the downward trend of the curve
before and after the inflection point exhibited inconsistency, or the curvature of the curve
transitioned from convex to concave (or vice versa)., as shown in Figure 3. If point C is
considered the inflection point of the curve, points A and B are any two points before point
C, and points D and E are any two points after point C, then there is a discriminant:

(kAB − kBC)× (kCD − kDE) < 0 (18)

where kAB, kBC, kCD, and kDE are the slopes of AB, BC, CD and DE, respectively.
For discrete functions, let the dividing points be x0, x1, . . ., xk, . . ., xn−1, and the

corresponding ordinates be f (x0), f (x1),. . ., f (xk),. . ., f (xn−1). If the inflection point is k, the
discriminant is given by (12).
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F(k) = (
f (xk−1)− f (xk−2)

xk−1 − xk−2
− f (xk)− f (xk−1)

xk − xk−1
)× (

f (xk+2)− f (xk+1)

xk+2 − xk+1
− f (xk+1)− f (xk)

xk+1 − xk
) (19)

where k = 3, 4, 5, . . ., n−3.
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3.7. CV-ITOPSIS

Step 1: The original decision evaluation matrix X is constructed, which includes m
schemes and n indicators. For the research question in this study, each scheme consists of
two indicators: energy generation and ecological guarantee degree. The original matrix
can be represented as:

X =

 x11 · · · x1n
...

. . .
...

xm1 · · · xmn

 (20)

Step 2: The original matrix data xij has a unified indicator type (forward transfor-
mation), which means that the cost, intermediate, and interval indicators are uniformly
converted into benefit indicators. For the research questions in this study, all indicator
types were benefit indicators.

Step 3: Standardize the forward matrix data, eliminate the influence of different units
between indicators, and calculate all data using the same method. The standardized matrix
is Rij.

Rij =
xij√

∑n
i=1 x2

ij

(21)

Step 4: Calculate the mean Aj and standard deviation Sj of each indicator separately,
and calculate the coefficient of variation Vj based on this.

Aj =
1
n

n

∑
i=1

rij (22)

Sj =

√
1
n

n

∑
i=1

(rij − Aj)
2 (23)

Vj =
Sj

Aj
(24)

Step 5: Calculate the weight wj of each indicator.

wj =
Vj

∑n
i=1 Vj

, ∑n
i=1 wj = 1 (25)
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Step 6: Determine the positive and negative ideal solution schemes. Based on the
forward and standardized matrices Rij mentioned above, determine the positive and
negative ideal solutions Z+ and Z− For a set of solutions to be evaluated,

Z+ =
[
z+1 , z+2 , . . . , z+m

]
, z+j = max

1≤j≤n
(Rij)

Z− =
[
z−1 , z−2 , . . . , z−m

]
, z−j = min

1≤j≤n
(Rij)

(26)

Step 7: The Mahalanobis distance is used to calculate the distance Dj for each scheme
relative to the ideal solution scheme in the evaluation scheme set.D+

j =
√
(Rij − Z+)TwTΣ−1w(Rij − Z−)

D−
j =

√
(Rij − Z−)TwTΣ−1w(Rij − Z−)

(27)

where w is the indicator weight obtained by the CV method, and w = diag(
√

w1,
√

w2,−−
−,

√
wm), Σ−1 is the inverse matrix of the covariance matrix.
Step 8: Calculate the relative closeness of each evaluation scheme to the positive and

negative ideal solutions, Cj.

Cj =
D−

j

D+
j + D−

j
(28)

Step 9: Each scheme is sorted based on the relative closeness degree Cj, where the
magnitude of the Cj value indicates the relative strengths and weaknesses of the different
schemes. The larger the value, the better the relative evaluation of the schemes, and vice
versa. We considered the solution with the highest Cj value as the optimal solution.

4. Results and Discussion
4.1. Result of Hydrological Variation Diagnosis

In Figure 4, the mutagenicity analysis results of the Mann–Kendall test method are
presented. The graph has two sequence curves, UF and UB, with values greater than
0 or less than 0, indicating an upward or downward trend in the sequence. When its
value exceeds the critical value (±1.96) of the normal distribution at a significance level of
0.05, the changing trend of the sequence is considered significant. If an intersection point
exists between the UF and UB curves, the corresponding time of the intersection point is a
possible mutation point. In Figure 4, multiple intersections exist between the two curves
within the critical line. However, these intersections are all small fluctuations with small
mean differences, indicating that the mutation is insignificant.
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As shown in Figure 5, the mutagenicity analysis results of the ordered clustering
method are presented. The essence of this method is to determine the optimal segmen-
tation point, which implies that the sum of the squares of the deviations between the



Water 2024, 16, 970 12 of 21

two categories segmented by this point is at a smaller level. Applying this method to a
historical runoff series aims to select a base year as the segmentation year for the entire
series. The sum of the squared deviations of the runoff series before and after the base year
is calculated. If the sum of the squared deviations is the smallest, then the selected base year
is considered the optimal segmentation point; that is, the base year is a possible mutation
point. Figure 5 shows the relationship between the annual average flow sequences, Sn(τ)
and τ. There are multiple points with a smaller sum of the squares of deviations, among
which 1963, 1973, and 1997 may be the optimal segmentation points.
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Select the significance level α and check the table to get the corresponding quantile
Zα/2. When |Z|> Zα/2 , it indicates that the calculated mutation point is significant. The
test results are shown in Table 1.

Table 1. Results of run test method.

Hydrologic
Station

Mutation
Point

Run
Number r

Statistics
Z p Value α Zα/2

Significance
Level

Dongbei
Station

1963 3 0.189 0.850 0.05 1.96 Not significant
1973 5 0.313 0.754 0.05 1.96 Not significant
1997 3 0.189 0.850 0.05 1.96 Not significant

In summary, there was no significant trend or mutation point in the historical runoff
series from Dongbei Station from 1957 to 2015.

4.2. Ecological Flow

Ecosystems have strong adaptability to natural hydrological features. Considering the
59-year historical runoff series of Dongbei Station without variation, this study used com-
plete runoff data for the calculation of ecological flow, that is, from 1957–2015. Ecological
flow can be considered at two levels: minimum and suitable. Minimum ecological flow
refers to the flow process that ensures the basic ecological functions of the downstream river
channel and maintains the non-degradation of the river ecosystem. Suitable ecological flow
refers to the flow process that provides normal survival and reproductive conditions for
aquatic organisms in the downstream river channel and ensures the biological integrity of
the downstream river [53]. This study used different guarantee rates to calculate ecological
flow at different periods to avoid the limitation of using a single guarantee rate, which
leads to ecological flow being unable to adapt to seasonal changes within the year.
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Based on previous research [11,54] and the current situation in the middle and lower
reaches of the Ganjiang River [55], the ecological flow of the river channel was calculated hi-
erarchically and phased, as shown in Figure 6. The minimum ecological flow is determined
using the “monthly minimum ecological runoff calculation method”. The suitable ecolog-
ical flow is determined using the “monthly frequency method” and “Tennant method”.
The lower limit of suitable ecological flow considers changes in the flood season, and the
Tennant method was used for the calculation. During the flood season (April to September),
60% of the annual flow was taken, while 40% of the annual flow was taken during the non-
flood season (October to March). The upper limit of the suitable ecological flow considered
seasonal changes during the year, and the monthly frequency method was used for the
calculation. The guaranteed rate was 50% during the high-water period (May–September),
70% during the normal-water period (March, April, October, and November), and 90%
during the low-water period (December–February).
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4.3. Analysis of the Impact of Ecological Objective on Operation Results

The DE algorithm was used to solve Models 1 and 2 based on long-term monthly runoff
data from 1957 to 2015. The algorithm parameters were set as follows: population size
Pop = 100, iteration number Gen = 3000, and desired accuracy ε = 0.01, and crossover and
mutation probabilities were taken as 0.4 and 0.6, respectively. Among them, single-objective
model 1 was transformed into model 2 with the objective of maximizing ecological guar-
antee degree after fully considering ecological flow constraints. The impact of ecological
objectives on operational results could be investigated by comparing and analyzing the
operational schemes of Models 1 and 2. This study selected 1970–1971, 1980–1981, and
1986–1987 as the wet, normal, and dry years, respectively. Among them, April to June was
the main flood season, July to September was the post-flood season, and the remaining
months were dry seasons.

The annual energy generation and annual average ecological guarantee degree under
different models for each typical year are listed in Table 2. In the operation results of Model
1, the annual energy generation in the three typical years of wet, normal, and dry was
219,700 kWh, 150,300 kWh, and 115,300 kWh, respectively. Similarly, the annual average
ecological guarantee degree was 94.23%, 76.53%, and 59.94%, respectively. Compared to
Model 1, the operation results of Model 2 showed a decrease of 5.54%, 5.46%, and 5.03% in
annual energy generation in wet, normal, and dry years, respectively, and the annual aver-
age ecological guarantee degree increased by 3.12%, 10.09%, and 13.47%, respectively. The
scheduling results indicated that fully meeting the ecological flow significantly improved
the ecological benefits of the river, but at the cost of sacrificing a certain amount of energy
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generation benefits. Comparisons of the water level and flow between Models 1 and 2 are
shown in Figures 7 and 8.

Table 2. Analysis of energy generation and ecological guarantee in typical years.

Wet Year Normal Year Dry Year

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

Annual energy
generation/104 kW·h 21.97 20.76 15.03 14.21 11.53 10.95

Annual average
ecological guarantee

degree/%
94.23 97.17 76.53 84.25 59.94 68.01

Number of months of
ecological guarantee 10 12 7 10 3 5
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(1) Because of the constraints of ecological flow, reservoirs must increase their discharge
flow to maximize the ecological benefits of downstream rivers as much as possible.
Therefore, Model 2 had lower water levels and higher discharge flow than Model 1,
particularly during the post-flood season. The water regime in the Wan’an Basin was
relatively simple, and the annual distribution of runoff was relatively concentrated.
The water level dropped to the flood limit level before the flood season to meet the
flood control needs. Model 1 increased the water level during the post-flood season
and maintained it at the normal water storage level, minimizing the water discharge
as much as possible to maximize energy generation while meeting the water usage
requirements during the dry season. Model 2 sacrifices a high head to increase the
discharge flow during the post-flood season and satisfy the ecological water demand
of the river as much as possible.

(2) Considering the need to provide normal survival and reproductive conditions for
aquatic organisms in downstream river channels, this study used 80% as the standard
for ecological assurance, which is the average level that meets the upper and lower
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limits of a suitable ecological flow. As shown in Table 2, in Model 2, the number of
ecological guarantee months for each typical year increased by 2, 3, and 2 months,
respectively. Assuming that the reduction in energy generation levels is roughly
the same in each typical year, the annual average ecological guarantee degree in
wet years increased by 3.12% compared to Model 1. In contrast, the annual average
ecological guarantee degree increased by 10.09% and 13.47% in normal and dry years,
respectively, which is 3–4 times higher than in wet years. The main reason for this is
that, in Model 2, due to significantly lower inflow runoff during the dry season in both
normal and dry years compared to the wet year, the reservoir must adopt a method
of lowering the water level while increasing discharge flow during the dry season
to improve ecological benefits. In Model 1, to maximize energy generation, high
water levels were maintained for most of the typical years, resulting in a low level
of ecological guarantee degree during the dry season in both normal and dry years.
The operational results of the two models corresponded with each other, reflecting a
significant increase in ecological guarantee degree during the normal and dry years
of Model 2.

4.4. Result Analysis of Multi-Objective Operation

The calculation results of Models 1 and 2 analyzed the contradictory relationship
between energy generation and ecological objectives in terms of time. However, the
conversion law between the two objectives still needs further exploration. Based on three
typical monthly runoff datasets, this study used the improved NSGA-II algorithm to solve
Model 3. The algorithm parameters were set as follows: population Pop = 100, iteration
number Gen = 3000, desired accuracy ε = 0.01, and crossover and mutation probabilities
were taken as 0.75 and 0.25, respectively. The operation results obtained are plotted as
Pareto frontier curves, as shown in Figure 9.
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(1) The calculation results of Models 1 and 2 under single-objective scheduling fall
near the extreme right and left points of the Pareto front curve, respectively. This
confirms that the solution set of the multi-objective operation has a good degree of
approximation of the real Pareto front. In multi-objective operation, the interannual
variation interval widths of energy generation in the three typical wet, normal, and
dry years were 11,000 kWh, 8200 kWh, and 5200 kWh, respectively. The interannual
variation interval widths of ecological guarantee degree were 2.94%, 7.55%, and
7.26%, respectively. From a numerical standpoint, as the inflow decreases, both the
interannual energy generation and the ecological guarantee degree decrease. However,
the conversion rate between energy generation and ecology has greatly improved,
exacerbating the contradiction between the two objectives.

(2) The two objectives of energy generation and ecology exhibit a piecewise linear con-
tradictory relationship in an image. This study used a non-fitting curve method to
determine the approximate inflection point of the Pareto front curve. The Pareto front
curve was fitted linearly after the approximate inflection point was obtained to obtain
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the conversion formula between the two objectives, as depicted in Table 3. The larger
the slope of the piecewise straight line, the lower the efficiency of converting energy
generation benefits into ecological benefits, and vice versa. Discharge flow is an impor-
tant factor affecting the energy generation and ecological assurance degree, and there
is a negative correlation between the discharge flow and water head. Analysis of the
conversion law between the two objectives began with the discharge flow and water
head. Considering a wet year as an example, the water head significantly impacted
the conversion rate from energy generation to ecology before the inflection point.
Increasing the water head reduced the discharge flow. A high water head positively
affected the increase in energy generation. However, a low flow was unfavorable for
the ecological guarantee degree of downstream river channel. Therefore, the conver-
sion rate from energy generation to ecology was relatively low. The discharge flow
significantly impacted the conversion rate from energy generation to ecology after the
inflection point. The increase in discharge flow plays a crucial role in alleviating the
ecological pressure on the downstream river channel, while appropriately increasing
energy generation. Therefore, the conversion rate between energy generation and
ecology corresponding to this piecewise straight line was relatively high.

(3) The ecological objective of this study was to define the ecological flow calculated
using a multiyear runoff series. As the inflow increased, the inflection point gradually
shifted to the left and up, and the global conversion rate from energy generation to
ecology gradually increased. In dry years with less water inflow, bearing a higher
ecological water demand was necessary, resulting in an unstable relationship between
energy generation and ecological objectives. Therefore, there were two inflection
points. Decision-makers could use the Pareto front curves and inflection points
between the piecewise straight lines to make decisions based on different inflow con-
ditions, achieving maximum benefits. In addition, the expression of piecewise straight
lines and their inflection points helped decision-makers to quantitatively describe the
conversion law between two objectives, providing them with rich decision-making
plans and important application value.

Table 3. The conversion formula between the targets of each typical year.

Frequency Formula 1 Inflection
Point 1 Formula 2 Inflection

Point 2 Formula 3

p = 10% y = 111.81 − 0.7×x (21.6, 96.7) y = 227.1 − 6.04×x --- ---
p = 50% y = 170.35 − 6.04×x (14.9, 79.9) y = 478.73 − 26.75×x --- ---
p = 90% y = 81.8 − 1.27×x (11.1, 67.7) y = −230.38 − 14.58×x (11.5, 62.4) y = 653.62 − 51.49×x

4.5. Multi-Attribute Decision-Making Based on CV-ITOPSIS

Usually, measures to raise the water level are taken to improve the economic benefits
of energy generation in reservoirs. However, this has also led to a decrease in the ecological
flow of the downstream river channel, which is detrimental to ecological benefits. Theoreti-
cally, each solution in the non-inferior solution set of the Pareto front curve could be used as
an alternative operational scheme. However, from a practical perspective, determining the
most balanced operational scheme between energy generation and ecological benefits was
difficult. From the perspective of specific indicators, the energy generation and ecological
objectives of Wan’an Reservoir were contradictory and had a certain negative correlation.
The correlation coefficients between the objectives for the three typical years under wet,
normal, and dry conditions are listed in Table 4. If the traditional TOPSIS method using the
Euclidean distance were used to calculate the closeness between schemes, the correlation
between indicators could be fully considered, and the overlapping information between
indicators would impact decision-making. Therefore, to comprehensively evaluate the
advantages and disadvantages of multi-objective ecological operation schemes for Wan’an
Reservoir, this study used a CV-ITOPSIS method to prefer the schemes based on the corre-
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lation between decision indicators. The CV method objectively assigned weights to each
evaluation indicator based on the degree of differentiation between the current values and
unit mean. CV is a measure of relative volatility that can solve the problem of dimension-
ality. In addition, it can effectively test whether there were significant differences in the
data between different indicators, and the greater the degree of difference, the heavier the
weighting. The weight calculation results of the CV method are listed in Table 4.

Table 4. Index weighting and correlation coefficient.

p = 10% p = 50% p = 90%

Weight of annual energy generation/ω1 0.633 0.392 0.280
Weight of annual average ecological guarantee degree/ω2 0.367 0.608 0.720

Correlation coefficient between objectives/ρ −0.890 −0.955 −0.955
Correlation coefficient of Cj sequence between methods/ρ 0.976 0.885 0.949

As the inflow runoff decreased, the proportion of the weight between the two indi-
cators showed that the weight of the annual energy generation gradually declined, and
the weight of the annual average ecological guarantee degree gradually increased. The
scheduling results from Model 1 and Model 2 with single objectives also suggest that, in
situations of sufficient inflow, there is a great guarantee for ecological benefits, while the
reservoir tends to prioritize maximizing energy generation benefits. Conversely, when
inflow is insufficient, reservoir management’s decisions should focus on enhancing eco-
logical benefits. The reservoir needs to take measures to improve ecological benefits when
there is insufficient inflow. Therefore, the weights assigned to each typical year in the
decision-making process, as listed in Table 4, correspond to the actual operational situa-
tion, reflecting the superiority of the CV method. Based on the weight of each indicator
determined above, the relative closeness of each evaluation scheme to the positive and
negative ideal solutions was computed using the CV-ITOPSIS method. The evaluation
results obtained using the TOPSIS method under the traditional Euclidean distance were
compared, as shown in Figure 10.

Water 2024, 16, x FOR PEER REVIEW 17 of 21 
 

 

normal, and dry conditions are listed in Table 4. If the traditional TOPSIS method using the 
Euclidean distance were used to calculate the closeness between schemes, the correlation 
between indicators could be fully considered, and the overlapping information between in-
dicators would impact decision-making. Therefore, to comprehensively evaluate the ad-
vantages and disadvantages of multi-objective ecological operation schemes for Wan’an Res-
ervoir, this study used a CV-ITOPSIS method to prefer the schemes based on the correlation 
between decision indicators. The CV method objectively assigned weights to each evalua-
tion indicator based on the degree of differentiation between the current values and unit 
mean. CV is a measure of relative volatility that can solve the problem of dimensionality. In 
addition, it can effectively test whether there were significant differences in the data between 
different indicators, and the greater the degree of difference, the heavier the weighting. The 
weight calculation results of the CV method are listed in Table 4. 

Table 4. Index weighting and correlation coefficient. 

 p = 10% p = 50% p = 90% 
Weight of annual energy generation/ω1 0.633 0.392 0.280 

Weight of annual average ecological guarantee degree/ω2 0.367 0.608 0.720 
Correlation coefficient between objectives/ρ −0.890 −0.955 −0.955 

Correlation coefficient of Cj sequence between methods/ρ 0.976 0.885 0.949 

As the inflow runoff decreased, the proportion of the weight between the two indica-
tors showed that the weight of the annual energy generation gradually declined, and the 
weight of the annual average ecological guarantee degree gradually increased. The sched-
uling results from Model 1 and Model 2 with single objectives also suggest that, in situations 
of sufficient inflow, there is a great guarantee for ecological benefits, while the reservoir 
tends to prioritize maximizing energy generation benefits. Conversely, when inflow is in-
sufficient, reservoir management’s decisions should focus on enhancing ecological benefits. 
The reservoir needs to take measures to improve ecological benefits when there is insuffi-
cient inflow. Therefore, the weights assigned to each typical year in the decision-making 
process, as listed in Table 4, correspond to the actual operational situation, reflecting the 
superiority of the CV method. Based on the weight of each indicator determined above, the 
relative closeness of each evaluation scheme to the positive and negative ideal solutions was 
computed using the CV-ITOPSIS method. The evaluation results obtained using the TOPSIS 
method under the traditional Euclidean distance were compared, as shown in Figure 10. 

 
Figure 10. Scheme set relative closeness ranking result. Figure 10. Scheme set relative closeness ranking result.

(1) The top ten schemes in the CV-ITOPSIS method for the three typical wet, normal, and
dry years were stable around Scheme 50 and Scheme 40, and 25, respectively. In the
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case of sufficient incoming water, a series of schemes simultaneously consider both
energy generation and ecological benefits. A series of schemes prioritized ecological
benefits for normal and dry years with less incoming water. This decision aligns with
the practical production requirements and reflects the applicability of the CV-ITOPSIS
method. Furthermore, the optimal schemes for the three typical years correspond to
or are close to the inflection point schemes of the Pareto front curve, indicating that
the obtained decision schemes have reached a multi-objective equilibrium state and
comply with the multi-objective conversion law.

(2) In the decision results of the CV-ITOPSIS method, the decision results of the schemes
before the optimal schemes were influenced by many factors, and the ranking of
each scheme was closely related to the weight and degree of correlation between the
evaluation system indicators. Following the optimal scheme, the relative closeness
gradually decreased with an increase in energy generation, and the virtues or defect
degrees of the schemes were mainly determined by the degree of ecological guarantee.

(3) The optimal schemes and ranking results obtained using CV-ITOPSIS and traditional
TOPSIS methods were not completely consistent. However, as can be seen from the
top ten series of schemes, neither of the two decision-making methods recommends
the schemes with the highest energy generation as the optimal schemes. This results
from weighing the comprehensive benefits between the indicators, which reflects the
rationality of applying multi-attribute decision-making methods to scheme evaluation.
A correlation analysis of relative closeness under two decision-making methods was
performed. Combining Table 4 and Figure 9, it can be observed that the evaluation
results of the two methods show consistency in the overall trend. This indicates
that the Mahalanobis distance calculation evaluation results retain TOPSIS’s good
comprehensive evaluation performance while effectively weighting indicators and
removing overlapping information between indicators.

5. Conclusions

In this study, three reservoir operation models that consider both energy generation
and ecological water demand are constructed for Wan’an Reservoir in the middle and
lower reaches of the Ganjiang River, and the models are solved using DE and the improved
NSGA-II. Additionally, based on the multi-objective Pareto front curve, a CV-ITOPSIS
method was constructed to recommend an optimal operation scheme. The entire study
is based on the framework of the “objectives-modeling-constraints-optimization-schemes
decision”. The main research results are as follows:

(1) Two methods were used to diagnose the hydrological variations in the middle and
lower reaches of the Ganjiang River. The results showed no mutation points in the
59-year historical runoff sequence of Dongbei Station. Based on this, the complete
runoff sequence was used to calculate the minimum ecological flow and suitable eco-
logical flow, and the hierarchical and phased ecological flow processes were obtained.
Moreover, the degree of ecological guarantee was defined to construct the single- and
multi-objective scheduling models.

(2) Two single-objective optimal operation models were built with one maximizing energy
generation and the other maximizing ecological guarantee degree, respectively. The
comparison results revealed the competitive relationship between energy generation
objective and ecological objective. A non-fitting curve method was used to determine
the approximate inflection point of the Pareto front curve, and the curve was fitted
linearly based on the approximate inflection point to obtain a conversion formula
between the objectives. The results clarify the piecewise linear contradiction between
the objectives of energy generation and ecology; that is, improving energy generation
benefits will inevitably reduce ecological benefits. Moreover, as the frequency of the
incoming water increases, the contradiction between the two objectives intensifies.
Before the approximate inflection point, the head significantly influenced the con-
version rate from the energy generation to ecology, while the discharge flows is the
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major influencing factor after the point. The non-inferior solution set and conversion
formula for energy generation and ecology were obtained from the calculation results
of single- and multi-objective operation models, which provide a suitable coordination
scheme for the actual operation of reservoirs and watershed management.

(3) A novel multi-attribute decision-making method, CV-TOPSIS, is constructed. Com-
pared with the traditional decision-making method, this method fully considers the
correlation between indicators while considering the degree of differentiation of indi-
cator data. Moreover, it can recommend the optimal schemes from the multi-objective
non-inferior solution set. The schemes chosen by this method comprehensively coor-
dinate the competitive and synergistic relationship between energy generation and
ecological objectives for the Ganjiang River Basin’s ecological optimization operation
and decision-making. The decision-making results met the actual task requirements,
which improved the reliability of the reservoir operation decisions.
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