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Abstract: For reservoirs with combined storage capacity for flood control and beneficial purposes,
there tends to be potential benefit loss when the flood control limited water level is used in medium
and small floods. How to find the optimal water level scheme for profit-making and pursue the opti-
mization of comprehensive benefits has always been a difficult problem in multi-objective reservoir
optimal operation. Based on the principle of the maximum benefit obtained by the product conver-
sion curve and the isorevenue line in microeconomics, taking flood control and power generation as
two products of a reservoir, a multi-objective optimal operation scheme decision-making model is
established to seek the highest water level scheme that can produce the maximum comprehensive
benefits of flood control and power generation. A case study of the Three Gorges reservoir in the
early flood season of a dry year shows that on the one hand, under the condition of deterministic
inflow, the model can work out the optimal water level and the corresponding best equilibrium point
for both flood control and power generation, and it can increase the total power output by 4.48%
without reducing the flood control benefits; on the other hand, it can also obtain the dynamic control
area of the maximum allowable water level for power generation considering inflow forecast error,
which provides a theoretical reference for determining the starting water level in medium and small
floods and utilizing flood resources.

Keywords: marginal rate of transformation; multi-objective reservoir optimal operation; scheme
decision; forecast error; best equilibrium point; the maximum allowable water level for power generation

1. Introduction

Multi-objective reservoir optimal operation generally considers the benefits of multiple
objectives such as flood control, power generation, and water supply, which are neither
completely conflicting nor coordinated [1]. The increase of one objective benefit may lead to
an increase or decrease of other objective benefits, and there are varying degrees of mutual
feedback among the objectives [2]. In addition, as multi-objective problems under uncertain
conditions often face complex non-inferior solution sets, it is a major problem to make
reasonable decisions at present [3]. Under the condition of deterministic inflow runoff,
the uncertainty can be diminished by runoff forecast [4]. However, due to the existence of
forecast error, in the multi-objective reservoir optimal operation based on forecast runoff,
each objective benefit may have a certain degree of uncertainty, which is actually a multi-
dimensional, continuous, and nonlinear optimization problem, aggravating the difficulty
of operation decision making [5].

Currently, the research on decision-making methods of multi-objective reservoir opti-
mal operation schemes [6–11] focuses on the analysis of the competition and coordination
among objectives [12], and the formulation of a relatively compromise scheme by com-
prehensively considering various objectives. For example, Zhang Yongchuan et al. [13,14]
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applied fuzzy sets to multi-objective optimal operation scheme decision making of reser-
voirs; Ji Changming et al. [15,16] used the ideal mean rate method to determine the best
compromised solution of a multi-objective reservoir scheme set, and they solved the prob-
lem of non-unique equilibrium solution when the multi-objective non-inferior solution set
is non-convex; Peng Yang et al. [17] used the weighted ideal point evaluation model to sort
the set of non-inferior solutions, in which decision makers could select the optimal scheme
according to their subjective preferences; Zhou Yanlai et al. [18] used a multi-objective eval-
uation method combining the weighting method and projection pursuit to select the joint
storage scheme of the Xiluodu–Xiangjiaba–Three Gorges cascade reservoirs; Gabriel-Martn
et al. proposed a method to solve conflicts that arise in the operation of multipurpose
reservoirs when determining maximum conservation levels [19]. These achievements
have laid a sound theoretical basis for the decision making of multi-objective reservoir
operation schemes. However, due to the complexity of such a decision-making problem,
especially when strong subjectivity emerges in determining the weight value of each index,
the influence of uncertain factors on multi-objective reservoir optimal operation scheme
decision making is often neglected.

The marginal rate of transformation (MRT) is often used to analyze the best combina-
tion of output between different products in economics. MRT refers to a ratio according to
which two kinds of products can be converted to each other. On the premise of maintaining
the same degree of satisfaction (that is, on the same indifference curve), MRT is the ratio
between one unit increase of a product and the abandonment of another, which can be
represented graphically by the gradient of a line between two points on the indifference
curve. For multi-objective reservoir optimal operation scheme decision making, flood
control, power generation, water supply, and so on can be regarded as products, and their
best output combination is the best benefit combination. In water conservancy engineering,
some scholars have used similar concepts for related applications (e.g., Zhang Juntao
et al. [3] carried out marginal analysis through objective weight coefficients to guide the
multi-objective optimal operation decision of cascade hydropower stations). Yet so far,
there is no research and application of directly using the MRT method for evaluation and
analysis in multi-objective reservoir optimal operation decision making.

In order to explore the reasonable decision-making method of multi-objective reservoir
optimal operation schemes, this paper uses the MRT method in microeconomics to seek the
operation scheme with the maximum expected benefit of different objective combinations.
Taking the early flood season of a dry year as the studied period, the mutual feedback
relationship between flood control and power generation benefits is analyzed. The MRT
method can avoid the common uncertainty in previous multi-objective evaluation methods
due to the influence of subjective factors, and it can work out the best equilibrium solution
of the benefit combinations of flood control and power generation. This method is also ap-
plied to the multi-objective optimal operation scheme decision making under the condition
of uncertain inflow. The optimal scheme is consistent with the actual runoff process, which
can provide reference and guidance for the actual reservoir operation.

2. Materials and Methods

In order to study the selection and decision-making of multi-objective reservoir op-
timal operation schemes, firstly, a multi-objective reservoir optimal operation model is
developed and solved. Then, the MRT method is used to select a suitable scheme based on
the calculation results.

2.1. Multi-Objective Reservoir Optimal Operation Model and its Solution

Taking a reservoir with combined storage capacity for flood control and power gener-
ation as an example, a multi-objective reservoir optimal operation model is established,
which aims to maximize the benefits of power generation and flood control, respectively.
Taking the maximum allowable water level for power generation in the early flood season
as the key decision variable, this paper focuses on the analysis of the mutual feedback



Sustainability 2021, 13, 1488 3 of 17

response relationship between the two objectives. Taking the MRT as the intermediate
variable, the principle in microeconomics that the product conversion curve is tangent to
the isorevenue line is used to determine the maximum allowable water level for power
generation in the early flood season, so as to maximize the overall objective benefits.

2.1.1. Objective Function

In order to analyze the mutual feedback relationship between power generation and
flood control benefits in the early flood season, two indexes—power generation and relative
flood control guarantee rate—are calculated to indirectly reflect the relationship between
power generation benefits and flood control benefits.

Max{F1, F2} (1)

where F1 =
T
∑

i=1
Ni × ∆t, F2 = 1

T

T
∑

i=1
Pf ; F1 is the total power generation in an operation

cycle; T is the number of periods in an operation cycle; i is the identifier of a period; ∆t is
the length of a period; Ni is the power output in period i; F2 is the flood control benefits
in an operation cycle; Pf is the relative flood control guarantee rate; Pf = Zd − Zm

Zd − Z f
× 100%,

Zm is the maximum allowable water level for power generation in an operation cycle,
Zd is the high pool level for flood control, and Zf is the flood control limited water level.
The relative flood control guarantee rate is related to the maximum allowable water level
for power generation. The higher the maximum allowable water level, the higher the
risk that the water level cannot fall below the flood control limited water level at the end
of the operation cycle, and the smaller the flood control benefits. See Figure 1 for their
specific relationship.
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Figure 1. Conversion of storage capacity for flood control and power generation. 
Figure 1. Conversion of storage capacity for flood control and power generation.

2.1.2. Constraints Conditions

(1) Water balance constraint
Vi+1= Vi + (Qi − qi)∆t (2)

where Vi and Vi+1 are the reservoir storage capacity at the beginning and the end of period
i respectively; Qi and qi are the reservoir inflow and outflow in period i, respectively.
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(2) Outflow constraint
qmin

i ≤ qi ≤ qmax
i (3)

where qmin
i and qmax

i are the minimum and the maximum allowable reservoir outflow in
period i, respectively.

(3) Water level constraint
Zmin

i ≤ Zi ≤ Zmax
i (4)

where Zi is the reservoir water level at moment i; Zmin
i and Zmax

i are the upper and the
lower limits of water level at moment i, respectively.

(4) Power output constraint
Nmin

i ≤ Ni ≤ Nmax
i (5)

where Ni is the power output in period i; Nmin
i and Nmax

i are the minimum and the
maximum allowable power output in period i, respectively (e.g., the guaranteed output
and the expected output, respectively).

(5) Variables are not negatively constrained

All variables in the model are greater than 0 or equal to 0.

2.1.3. Model Solution

By the constraint method, maximizing power generation is taken as the major objective
and maximizing flood control benefit is transformed into the constraint condition. In other
words, the multi-objective optimization is converted into a single-objective problem. Dif-
ferent schemes of the maximum allowable water level for power generation are selected,
and then, the genetic algorithm [20] is used to solve the transformed single-objective model.

2.2. Marginal Substitution Relation of Reservoir Operation Benefits

The concept of MRT comes from the ordinal utility theory in microeconomics [21].
It refers to how much the output of a product will decrease with each unit of another
product added, which means the gradient of the product conversion curve. The product
conversion curve represents the maximum limit of various production combinations of
different commodities by using existing resources under certain technical conditions, which
constitutes the production possibility boundary. On this boundary, each point represents
a certain combination of two products. Moving from one point to another means the
increase of one product with the decrease of the other. This kind of curve with equivalent
utility is generally called the indifference curve. It reflects a kind of “equal value” state
of product combination for consumers; that is, every point on the curve has the same
value at a certain angle. The movement of points on the curve indicates the change of
combination modes with a constant value and also the competitive relationship between
two products. The MRT at each point can be deemed as the relative competitive value of
the two products in the current situation, which is an objective law of replacement. In the
case of two products, each point on the curve represents a product combination, and the
absolute value of its gradient is the MRT of that combination.

The result of a multi-objective reservoir optimal operation model is often a group of
non-inferior solutions. According to the Pareto optimization theory, it can be regarded as an
indifference line or indifference surface. Here, the concept of MRT can be used to measure
the mutual feedback between the objectives. This is a quantitative method to describe the
relationship between the objectives under uncertain conditions, which makes it convenient
for decision makers to formulate the optimal operation scheme in different scenarios.

Similar to the concepts in economics, the concepts of product and utility have cor-
responding meanings in reservoir operation [22]. The composition of products includes
power generation, flood control, water supply, etc., which means how to distribute the
water so that the benefit relationship between the objectives can reach the best state. In op-
eration decision making, the data of the indifference curve are composed of the non-inferior
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solution set, and the utility effect of water resources for a particular set of non-inferior
solutions is the same under the same conditions. Therefore, in the application of MRT,
an indifference curve represents the output level of power generation, flood control, and wa-
ter supply under the same inflow condition, which is the product conversion curve or
conversion surface.

Based on the above two premises, the mutual feedback relationship between flood
control and power generation in reservoir operation is analyzed through the marginal rate
of transformation. Taking the early flood season as the studied period, the production
combinations of flood control and power generation under different maximum water levels
are derived through optimal operation, and thus their product conversion curve under
the same inflow condition is obtained. The points with different gradients on the curve
correspond to different marginal rates of transformation, which represent the conversion
relationship between the two objectives and also their relative value, indicating the practical
benefits of reservoir operation. This specific relationship is shown in Figure 2.
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Assuming that the flood control benefit is expressed as X and the power generation
benefit is expressed as Y, then their total utility function U can be expressed as Equation (6).

U = f (X ·Y) (6)

The MRT is a negative gradient of the benefit conversion curve, and its specific
calculation is shown in Formula (7).

MRT =− ∆Y
∆X

= f ′(X ·Y) (7)

where ∆X is the variation of flood control benefits and ∆Y is the variation of power
generation benefits.
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For multi-objective reservoir decision making, the isorevenue line stands for different
production combinations that yield certain total benefits of flood control and power gener-
ation under the same inflow condition, and its gradient is the market price ratio of the two
products, as shown in Equation (8).

IC = PX ·X + PY·Y (8)

where PX is the price of flood control benefits; PY is the price of power generation benefits;
and IC is the total income.

When the MRT is equal to the price ratio, the investment for flood control and power
generation is the best combination:

MRT =
PX
PY

(9)

In Figure 2, when the MRT of a certain point on the product conversion curve is the
same as the gradient of the isorevenue line, the combined benefits of power generation and
flood control are the largest. Point O is the best combination point of flood control and
power generation benefits, which is also known as the best equilibrium point.

2.3. Decision Making of Multi-Objective Reservoir Optimal Operation Scheme with
Deterministic Inflow

Under the condition of deterministic inflow, the power generation and flood control
operation scheme is formulated with forecast runoff. The decision-making steps of the
optimal operation scheme using the MRT method are as follows.

Step 1: Draw the product conversion curve according to the optimal operation results.
This paper mainly studies the maximum benefit combination that sacrifices flood control
benefits for more power generation benefits while ensuring flood control safety in the
flood season. For the objective function in this paper, the production of power generation
is expressed in the form of generated energy, whereas the production of flood control is
expressed in the form of flood control storage capacity. Since the flood control storage
capacity is sacrificed to increase power generation, the independent variable of the function
is flood control storage capacity, and the dependent variable is power generation. Thereby,
the abscissa and ordinate of the product conversion curve are flood control storage capacity
and power generation respectively, which are expressed by the letters x and y. Work out
their function expression y = f (x).

Step 2: Differentiate the function y = f (x) and obtain the MRT function y′ of power
generation and flood control storage capacity.

Step 3: Obtain the isorevenue line according to the price ratio of flood control and
power generation ( PX

PY
), where PX is the price of flood control and PY is the price of

power generation.
Step 4: From MRT = PX

PY
, calculate the MRT of the optimal benefit combination (MRT*).

Step 5: According to MRT* and the MRT function, reversely calculate the power
generation, flood control storage capacity, and maximum allowable water level at the best
equilibrium point.

2.4. Decision Making of Multi-Objective Reservoir Optimal Operation Scheme with
Uncertain Inflow

Reservoir inflow plays an important role in multi-objective reservoir optimal operation,
as it determines the flow distribution among each objective. In general, the forecast runoff
is directly used in the multi-objective reservoir optimal operation and decision making.
However, due to the existence of forecast error, there are some differences between the
actual inflow and the forecast inflow. This uncertainty of inflow is detrimental to the
formulation of reservoir operation schemes and the decision making. While it is difficult to
improve the accuracy of forecast models, the quantitative analysis of runoff forecast error
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can help enhance the accuracy of formulated reservoir operation schemes. It is important
to make full use of hydrological forecast information, reasonably consider forecast error,
and reduce the loss caused by error. Here, the t-Copula function method is used to obtain
the joint distribution function of runoff forecast error variables. Then, n values of forecast
runoff are simulated based on the Monte Carlo method and the forecast error function.
Next, the constraint method is used to convert the multi-objective problem into a single-
objective problem to solve. Finally, the MRT method is employed to obtain the optimal
equilibrium solution area under different inflow probabilities.

For the simulation of the runoff forecast error function, this paper refers to [23,24],
and the specific steps are as follows.

Step 1: Based on statistical analysis of historical reservoir runoff data, calculate the
relative error of forecast inflow (∆X).

Step 2: Calculate the mean value and variance of the series of relative error, and obtain
the error domain.

Step 3: Under the constraints of the mean value and variance, and based on the
Gaussian mixture model, work out the distribution function of runoff forecast errors
of different periods (u1, u1, . . . ut), where t = 1, 2, . . . , T and T is the total number of
runoff periods.

Step 4: Analyze the correlation between the runoff forecast errors in each period.
Step 5: Use the t-Copula function to simulate the joint distribution function of reservoir

runoff forecast error c(u1, u1, . . . ut), as shown in Equation (10).

c(u1, u2, . . . ut)

=
∫ t−1

v (u1)
−∞ · · ·

∫ t−1
v (ut)
−∞

Γ( v+t
v )

Γ( v
2 )
√

(πv)t |Σ|

(
1 + 1

v XTΣ−1X
) v+t

2 dx
(10)

where Σ is the correlation matrix; v is the degree of freedom; t−1
v (·) is the inverse function

of the t distribution whose degree of freedom is v; X is the matrix of forecast error variables
in different forecast periods.

Step 6: Based on the joint distribution function, use the Monte Carlo method to
simulate the runoff forecast error in each forecast period. Suppose that m sets of forecast
errors are simulated.

Step 7: Combine the m sets of forecast error with the forecast runoff to obtain m sets of
simulated runoff, as shown in Equation (11).

Qs =
Qp

1 + ∆X
(11)

where Qs is the simulated runoff, Qp is the forecast runoff, and ∆x is the simulated forecast
error. Due to the existence of inflow runoff forecast error, it is necessary to fit the runoff
forecast error function before multi-objective operation. The decision-making process of
multi-objective optimal operation scheme considering runoff forecast error by using the
MRT method is shown in Figure 3.
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3. Case Study

In order to analyze and test the application of the MRT method in multi-objective
optimal reservoir decision making, the Three Gorges reservoir is taken as an example to seek
the best equilibrium point between flood control and power generation. The Three Gorges
reservoir is located in Yichang, Hubei province, the hinterland of the mainstream of the
Yangtze River, and the center of central China. It is about 40 km away from the Gezhouba
reservoir, with a drainage area of 1 million km2 and an average annual runoff of 451 billion
m3. The hydropower reserves reach 270 million kW, which is mainly distributed in the
mainstream and tributaries of the upper reaches. The exploitable capacity is 197 million kW,
accounting for 53% of China’s exploitable hydropower resources. The Three Gorges
reservoir is a large reservoir with comprehensive benefits of flood control, power generation,
and navigation. Its main parameters are shown in Table 1, and the location map of its basin
is shown in Figure 4.

Table 1. Main parameters of Three Gorges Reservoir.

Reservoir
Name

Output
Coefficient

Installed
Capacity
×104 kW

Minimum
Output
×104 kW

Normal Water
Level

m

Design Flood
Level

m

Flood Limit
Water Level

m

Three Gorges 8.5 2250 180 175 175 145
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The flood season of the Three Gorges reservoir is from 10 June to 30 September, the
transition period is from late May to early June, and the non-flood season is from mid
September to mid May. Based on the existing runoff data, this paper selects the early flood
season in 2006 as the research period, and the operation cycle is from 11 June to 30 June
before the first flood. Generally, the maximum allowable water level for power generation
in flood season is the flood control limited water level. The flow variation process from
1 June to 30 July is shown in Figure 5. By analyzing the inflow data series in June and
July 2006, the maximum value from 11 June to 30 June is 15,600 m3/s, while the power
generation flow for the generating unit at full capacity is about 30,000 m3/s. Therefore,
the maximum allowable water level for power generation in the early flood season can be
raised to increase water storage and thus enhance power generation. Different maximum
allowable water levels for power generation are selected to calculate the power generation
and flood control benefits under different flood control starting water levels. Taking one
day as the calculation period, the multi-objective optimal operation and decision making
are carried out by considering different water level upper limit schemes, and the mutual
feedback relationship between flood control and power generation is analyzed. Further-
more, the multi-objective optimal operation and scheme decision making considering
runoff forecast error is studied and analyzed.

In order to compare and analyze the two objectives of power generation and flood
control, the two products are respectively expressed by power generation and flood control
storage capacity. Power generation includes fixed power generation and variable power
generation. Variable power generation is the power generation from sacrificing flood
control benefits, while fixed power generation can be obtained without sacrificing flood
control benefits. Here, the variable power generation is selected to analyze the relationship
between power generation and flood control benefits. Since the flood control limited water
level is the maximum allowable water level limit for power generation in the flood season,
the fixed power generation in this example is the optimal operation power generation when
the maximum water level is equal to the flood control limited water level. Through the
calculation results of multi-objective optimal operation, it is found that when the maximum
allowable water level for power generation exceeds 154 m, the power generation will
not change anymore. Hence, for the convenience of calculation and without affecting the
calculation results, the relative flood control storage capacity is used for calculation and
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analysis. The calculation of variable power generation and relative flood control storage
capacity is shown in Equations (12) and (13).

Ev = Es − E0 (12)

C∗ = Cs − C0 (13)

where Ev is the variable power generation; Es is the power generation of the maximum
water level schemes; E0 is the power generation when the maximum water level equals
to the flood limited water level; C* is the relative flood control storage capacity; Cs is the
flood control storage capacity of the maximum water level schemes; and C0 is the flood
control storage capacity of the highest maximum water level scheme, which in this paper
is the flood control storage capacity when the maximum allowable water level for power
generation is 154 m.
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3.1. Analysis of the Relationship between Flood Control and Power Generation Benefits under the
Condition of Deterministic Inflow

In order to make a comparative analysis with the condition of uncertain inflow,
the measured runoff in 2006 is taken as the deterministic inflow for calculation. The schemes
of maximum water level for power generation starts from 145 m and rises every 0.5 m.
The optimal operation result shows that when the maximum allowable water level for
power generation reaches 154 m, the power generation will no longer continue to grow.
Therefore, we select 19 schemes of maximum allowable water level for power generation
from 145 to 154 m for analysis, as shown in Table 2.

The variation in actual reservoir levels and the reservoir-level pattern for MRT op-
timized operation in 2006 from 11 June to 30 June is shown in Figure 6. On the basis of
ensuring the safety of flood control, the MRT method makes full use of water quantity and
increases the benefit of power generation.

The following can be seen from Table 2: (1) The total power generation increases with
the rising of the maximum allowable water level for power generation, indicating that the
reasonable increase of the maximum allowable water level for power generation can make
full use of the water and increase the water head, which is conducive to power generation.
(2) By contrary, the flood control guarantee rate decreases with the rising of the maximum
allowable water level for power generation, which is in line with the theoretical analysis.
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Table 2. Multi-objective optimal operation results of different schemes.

Operation
Scheme

Maximum
Allowable

Water Level for
Power

Generation
m

Power
Generation
×108 kW·h

Variable Power
Generation
×108 kW·h

Relative Flood
Control

Guarantee
Rate%

Flood Control
Storage

Capacity
×108 m3

Relative Flood
Control
Storage

Capacity
×108 m3

1 145.00 46.58 0 100.00% 221.50 50.28
2 145.50 46.86 0.28 98.33% 219.00 47.78
3 146.00 47.11 0.53 96.67% 216.51 45.29
4 146.50 47.36 0.78 95.00% 214.01 42.79
5 147.00 47.58 1 93.33% 211.51 40.29
6 147.50 47.8 1.22 91.67% 209.02 37.80
7 148.00 48.01 1.43 90.00% 206.52 35.30
8 148.50 48.2 1.62 88.33% 203.92 32.70
9 149.00 48.37 1.79 86.67% 201.31 30.09
10 149.50 48.54 1.96 85.00% 198.71 27.49
11 150.00 48.69 2.11 83.33% 196.10 24.88
12 150.50 48.83 2.25 81.67% 192.99 21.77
13 151.00 48.95 2.37 80.00% 189.88 18.66
14 151.50 49.06 2.48 78.33% 186.77 15.55
15 152.00 49.14 2.56 76.67% 183.66 12.44
16 152.50 49.21 2.63 75.00% 180.55 9.33
17 153.00 49.25 2.67 73.33% 177.44 6.22
18 153.50 49.28 2.7 71.67% 174.33 3.11
19 154.00 49.31 2.73 70.00% 171.22 0.00
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Figure 6. The variation in actual reservoir levels and the reservoir-level pattern for MRT optimized operation in 2006 from
11 June to 30 June.

The essence of changing the maximum allowable water level for power generation is to
sacrifice part of flood control benefits in exchange for power generation benefits. However,
as the maximum allowable water level for power generation keeps rising, the sacrifice
of flood control benefits cannot bring proportional power generation benefits, which is
unacceptable for decision makers. To further quantitatively analyze their relationship,
the MRT method is used to find their best equilibrium point. Taking the flood control
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storage capacity as the independent variable and the variable power generation as the
dependent variable, the equivalent utility curve is drawn, as shown in Figure 7.
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Figure 7. Conversion curve of power generation and flood control.

The polynomial function is used to fit the benefit conversion curve in Figure 7. The fit-
ting function is a quadratic function, with a high fitting degree of 99.99%. Through the
derivation of the fitting function, we can get that the MRT of the curve changes from left to
right in the range of 0.0964 to 1.1214, increasing by 1.0250, which conforms to the law of
progressively increasing MRT.

Figure 8 shows the optimal output of flood control and power generation with the
measured runoff. The tangent point of the isorevenue line and the product conversion
curve is the best equilibrium point of the multi-objective operation schemes. When the
derivative of the fitting function (denoted as y′) is equal to the gradient of the isorevenue
line, the variable power generation at the best equilibrium point can be obtained, after
which the corresponding flood control storage capacity and maximum allowable water
level for power generation can be determined. At the best equilibrium point, the variable
power generation is 20.92 × 107 kW·h, the flood control storage capacity is 25.46 × 108 m3,
and the maximum allowable water level for power generation is 149.88 m (4.88 m higher
than the flood control limited water level of 145 m). The total power generation is increased
by 20.92 × 107 kW·h (4.48% relatively), which demonstrates that the elevation of the
maximum allowable water level for power generation increases the water head and also
the water amount for power generation, thus improving power generation benefits.
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Figure 8. Optimal output of flood control and power generation benefits with deterministic in-
flow runoff.

3.2. Analysis of the Relationship between Flood Control and Power Generation Benefits under the
Condition of Uncertain Inflow

In order to analyze how to optimize the multi-objective reservoir operation decision
with runoff forecast error, this study carries out the optimal operation calculation on
the measured runoff data in 2006 and 90 simulated runoff processes with forecast error.
The MRT method is used for the multi-objective decision making to obtain the best equi-
librium point of each runoff process, as shown in Figure 9. For the actual runoff process,
the maximum allowable water level for power generation at the best equilibrium point is
149.88 m, the variable power generation is 20.92 × 107 kW·h, and the flood control storage
capacity is 25.46 × 108 m3. For the simulated runoff process, the best equilibrium point
is near that of the actual runoff, which means that the simulation accuracy is high and
the proposed method can guide the decision making of multi-objective optimal operation
scheme under runoff uncertainty.

To present the maximum allowable water level for power generation range with
uncertain inflow, the maximum allowable water level for power generation at the best
equilibrium point of each runoff series is plotted on a graph, as shown in Figure 10. It is il-
lustrated that there is little difference between the simulated runoff series and the measured
runoff in the maximum allowable water level for power generation, which are both around
149.88 m. The percentage of 149.86–149.89 m, 149.89–149.92 m, 149.80–149.83 m, and 149.00–
149.92 m is 38.89%, 34.44%, 18%, and 91.33%, respectively. Accordingly, the range of
149.00–149.92 m can be selected as the optimal area of maximum allowable water level for
power generation in the early flood season of the dry year.
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Figure 9. Best equilibrium points of the actual and the simulated runoff processes.
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4. Discussion

(1) Based on the analysis of the runoff data, it is found that the runoff is not very
large at the beginning of the flood season. If we stick to the flood control limited water
level for power generation, part of the water will be wasted. So, we can make full use of
this part of water by raising the maximum allowable water level for power generation
to increase power generation benefits. On the basis of ensuring the flood control safety,
the optimal maximum allowable water level for power generation is 149.88 m, which can
produce the greatest combined benefits (a considerable increase of 20.90 × 107 kW·h in
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power generation compared with the maximum water level of 145 m). Currently, the runoff
forecast technology is relatively mature, a flood can be predicted based on the analysis of
forecast runoff and forecast error, so that the operating water level in flood season can be
flexibly controlled and the utilization rate of flood resources can be improved.

(2) For the 90 simulated runoff processes, the range of variable power generation
at the best equilibrium point is 26.13 × 107–15.79 × 107 kW·h, whose expected value is
20.95 × 107 kW·h and is 0.03 × 107 kW·h different from that of the actual runoff process.
The variable power generation of the simulated runoff is basically consistent with the
actual runoff. The maximum allowable water level for power generation ranges from
149.74 to 149.95 m, whose expected value is 149.88 m, which is consistent with that of the
actual runoff. The calculation of the expected maximum allowable water level for power
generation of the best equilibrium solution set from simulated runoff can guide the actual
reservoir operation.

(3) At the left end of the conversion curve of power generation and flood control
(Figure 7), the maximum allowable water level for power generation is quite different from
the flood limited water level. Since the inflow is large in flood season, the objective of
power generation is gradually saturated, and the increase of storage capacity cannot bring
more power generation benefits. Instead, the large occupation of flood control storage
capacity dwindles the flood control benefits. At the right end of the Figure 7, the maximum
allowable water level for power generation is close to the flood limited water level, where
raising the maximum water level will significantly increase water head and thus power
generation benefits. In addition, the occupation of flood control storage capacity is less,
so the conversion efficiency between flood control and power generation is relatively high.
This index is very important for decision making. It represents the conversion efficiency
between the two objectives. High efficiency means that taking part of the risk will bring
the same or even more benefits, while low efficiency means that the benefits and sacrifices
are not proportional, and in other words, the risk increases.

5. Conclusions

Based on the MRT method, this paper analyzes the mutual feedback relationship
between flood control and power generation benefits in the dry year under deterministic
and uncertain inflow conditions. The conclusions are as follows.

(1) The calculation principle of the MRT method is relatively simple. For the complex
multi-objective reservoir optimal operation decision-making problem, it is more convenient
and practical to use, and the result is less affected by subjective factors.

(2) In the dry year with small inflow, changing the maximum allowable water level for
power generation in the flood season will have a certain impact on flood control and power
generation benefits. However, if we choose a good scheme, we can get the maximum
comprehensive benefits.

(3) Based on the simulation of runoff forecast error in the dry year, the mutual feedback
relationship between flood control and power generation benefits with the forecast runoff
series is analyzed, and the optimal maximum allowable water level for power generation
area is obtained, which can be used to guide the actual operation and achieve the best
expected combined benefits of flood control and power generation.

(4) Most of the commonly used multi-objective evaluation methods are greatly influ-
enced by subjective factors, which affect the rationality of the results. The MRT method uses
the principle of equivalent utility to find the best equilibrium point of the two objectives,
so as to maximize their comprehensive utility. This method is practical and straightfor-
ward, and it avoids the influence of subjective factors. However, how to deal with the
substitution relationship among three or more objectives by the MRT method needs to be
further studied in the future work.
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