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Inter-basin water transfer projects play an important role in allocating water resources
that vary both in temporal and spatial scale while supporting regional development.
In the practical operation of inter-basin water transfer projects, high water level and
less inflow runoff would result in water supply destruction, while low water level and
more inflow runoff would cause abandoned water. How to play the compensation roles
of hydrological characteristics and storage capacities of multi-reservoirs to maximize
the utilization efficiency of water resources, the key is to select the basis for the
decision-making of starting water transfer process. In this paper, we selected the
“Datong-Huangshui” water transfer project as the research subject, analyzed the
composition of the inter-basin water transfer system, and constructed a dispatching
rule extraction model including water transfer rules, water diversion rules, and water
supply rules. Then the NSGA-II was used to solve the multi-objective optimization model
to obtain the Pareto frontier solution set of the dispatching rules. Finally, the optimal
operation scheme was determined and discussed according to the scheduling scheme
decision model. The model itself was based on the gray target model and prospect
theory. We found that: (1) The optimal target frontier obtained by the two-dimensional
scheduling diagram and the hedging rules for water supply was closer to the theoretical
optimal frontier of the multi-objective problem. This result indicated that the two-
dimensional scheduling diagram and the hedging rules for water supply could better
guide the water diversion operation of inter-basin water transfer projects. (2) Based on
the multi-objective optimal operation schemes set, the OPT scheme obtained by the
scheduling scheme decision model using gray target model and prospect theory could
generate 359 million Kwh. At the same time, it could guarantee 90% of municipal and
industrial water supply and 85% of agricultural water supply.

Keywords: inter-basin water transfer, two-dimensional scheduling diagram, hedging rules for water supply,
NSGA- II, scheme optimization
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INTRODUCTION

Inter-basin water transfer projects are critical to minimize
the conflicts between competing water resource demands and
supplies (Bonacci and Andric, 2010; Sadegh et al., 2010; Yu
et al., 2020). The inter-basin water transfer rules, particularly
the scheduling process, are subject to numerous studies because
it is challenging to balance between local water demand, the
environmental consequences and the economy and effectiveness
of water diversion to avoid water loss (Li et al., 2015). The
process requires a formulation of optimal scheduling decisions
and reasonable arrangements for diversion time, as well as the
amount of water diversion and supply (Jafarzadegan et al., 2014).

The joint dispatching rules for multi-reservoirs of the inter-
basin water transfer project usually focus on two aspects: the
determination of water transfer rules and the determination of
water supply rules. Water transfer rules included consideration
from upper-level decision makers regarding: (1) when and how
much water should be transferred from the source reservoir
(group) to the receiving reservoir (group), (2) water allocation
in the receiving area. Water supply rules included consideration
from the lower-level decision makers about how the reservoir
(group) can provide water users with timely and appropriate
amounts of water when the water transfer behavior is initiated.
So far, the most commonly used dispatching rules for joint
operation of multi-reservoirs are scheduling diagrams and
functions. Chang et al. (Chang and Chang, 2009) added a joint
water supply dispatching line to a reservoir scheduling diagram,
and determined which reservoir should supply water to the
public water supply area according to the positional relationship
between the storage capacity of the reservoir and the joint
dispatching line. Guo et al. (2011) used aggregate reservoir
scheduling diagrams and two-dimensional reservoir scheduling
diagrams to determine the total water supply volume of multi-
reservoirs, and then calculated the adjustment of each reservoir
according to the water allocation rules. Zhou (Zhou et al., 2012)
used the implicit stochastic optimization method to determine
the optimal operation process of the multi-reservoirs, and then
determined the scheduling function for each scheduling period
within a year through the regression analysis, and finally used
the simulation method to verify and modify the determined
scheduling function.

Simulation, optimization, simulation and optimization are
the common methods for rule extractions. Simulation methods
are divided into general simulation systems and specific basin
simulation systems according to their versatility (Yeh, 1985;
Wurbs, 1993; Rani and Moreira, 2010). Optimization methods
are mainly divided into mathematical programming methods
and artificial intelligence optimization methods (Hall et al., 1969;
Heidari et al., 1971; Lund and Ferreira, 1996; Hsu and Cheng,
2002; Tung et al., 2003; Reis et al., 2006). Currently, the most
widely used method is the simulation and optimization method,
which uses the parameters of dispatching rules as the decision
variables to directly optimize the dispatching rules. Neelakantan
and Pundarikathan (Neelakantan and Pundarikanthan, 2000)
embedded the feed-back neural network method into the
nonlinear programming model, and established a relatively

special simulation and optimization model. Chang et al. (2003,
2010), Tung et al. (2003); Suiadee and Tingsanchali (2007),
Hormwichian et al. (2009) used different forms of genetic
algorithms to determine the joint operation rules of reservoir
groups based on the simulation and optimization method.
Sulis (2009) established a simulation optimization model for
multi-reservoirs based on GRID optimization method. Kangrang
et al. (2009) used a combination method of heuristic algorithm
and simulation model to determine the scheduling diagram of
Ubolratana Reservoir in Thailand.

In the past, the starting standards for transferring water
were based on the current storage volume of the reservoir.
However, it did not consider the inflow runoff of the source
and receiving reservoir during the water transfer period. As a
result, “high water level and less inflow runoff” would result
in water supply destruction while “low water level and more
inflow runoff” would cause abandoned water. In this paper,
we tried to solve the above problem using the dispatching
rules extracted from the two-dimensional scheduling diagram.
Accordingly, the objective of this paper is: (1) to analyze the
composition of the inter-basin water transfer system, and to
construct a dispatching rule extraction model including water
transfer rules, water diversion rules, and water supply rules;
(2) to use the Pareto frontier solution set of the dispatching
rules obtained from the NSGA-II (Liu et al., 2020) to solve the
multi-objective optimization model; and (3) to determine the
optimal operation scheme according to the scheduling scheme
decision model based on gray target model (Luo et al., 2001)
and prospect theory (Tversky and Kahneman, 1992). The results
should provide a basis for decision-making process in the
“Datong-Huangshui” area.

STUDY AREA

The Huangshui Basin, that drains from the Huangshui River
(latitude N 36◦02′∼37◦28′, longitude E 100◦42′∼103◦01′) and
the Datong River (latitude N 36◦30′∼38◦25′, longitude E
98◦30′∼103◦15′), is a first-level tributary of the upper reaches
of the Yellow River. As shown in Figure 1, the Huangshui River
flows from northwest to southeast, originating in Haiyan County,
Qinghai Province, flowing eastward to Minhe County, and
entering the Yellow River in Yongjing County, Gansu Province.
Of the 374 km long and the 17,733 km2 area of the Huangshui
River, 336 km and 16,120 km2 are located in Qinghai Province.
This paper examined the “Datong-Huangshui” water transfer
project as an example to study the optimal joint operation
of inter-basin multi-reservoirs. The hydraulic connection of
the inter-basin water transfer project is shown in Figure 2.
In this project, the Shitouxia Reservoir (STX for short), as a
water source reservoir, has no hydraulic connection with the
receiving reservoir (Heiquan Reservoir, HQ for short), but they
are connected to each other through the main water transfer
canal. The two reservoirs have different dispatching targets in the
inter-basin water transfer system. The STX Reservoir transfers
water and generates power, and the electric dispatching is subject
to water dispatching. The HQ Reservoir supplies water by using
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FIGURE 1 | The location of research area.

FIGURE 2 | The hydraulic connection of the “Datong-Huangshui” water transfer project.

natural reservoir inflow and transferring water through its own
function of regulation and storage.

METHODS

Compared with the normal water supply system of multi-
reservoirs, the dispatching rules of the inter-basin water transfer
system should consider reasonable water supply, water transfer
and diversion. Therefore, the dispatching rules generally include:
water transfer rule, water diversion rule and water supply rule,
which jointly guide the operation of reservoirs and optimize the
benefits of water transfer system. Water transfer rule and water
diversion rule are used to guide the operation of the source and
the receiving reservoir, respectively. The optimization of the two
rules is to realize the optimal benefit of water transfer projects on
the basis of weighing water using efficiency of the source reservoir

and water diversion target of the receiving reservoir. Water
supply rule is to maximize the water use benefit of the receiving
reservoir under consideration of water diversion. Consequently,
the joint dispatching rule model proposed in this paper mainly
involved three modules: power generation module, water transfer
and diversion module, water supply module. For each module,
its dispatching rules were constructed based on power generation
scheduling diagram, two-dimensional water diversion scheduling
diagram and hedging rules for water supply, respectively.

Water Diversion Operation Model Based
on the Two-Dimensional Water Diversion
Scheduling Diagram
Water Diversion Dispatching Rule
The two-dimensional water diversion scheduling diagram
selected the state variables at the beginning of the scheduling
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FIGURE 3 | The two-dimensional water diversion scheduling diagram.

period and the state variables during the scheduling period as the
coordinate axes, respectively. The water storage capacity of the
receiving reservoir was used as the state variable at the beginning
of the scheduling period, and the inflow index calculated based
on the reservoir inflow and the water supply target were taken
as the state variables during the scheduling period. Because
monthly water demand varied greatly with the increase in the
proportion of agricultural water in the study area, there were
different satisfaction degrees of water demand under the same
inflow runoff. Therefore, this paper chose to use the ratio of
the reservoir inflow and the difference between water demand
and the minimum diversion amount as the inflow index. From
the perspective of mapping, the water diversion dispatching
rule was a multivariate function of the scheduling period and
the two state variables. The mapping relationship between the
function and the independent variable was expressed as the water
diversion dispatching rule based on two-dimensional reservoir
scheduling diagram.

In order to explain the specific water diversion rules shown
in the two-dimensional water diversion scheduling diagram,
we projected the section perpendicular to the time axis of
the scheduling diagram in a certain scheduling period to the
coordinate plane determined by two state variables. This method
resulted in a plane figure of the two-dimensional water diversion
scheduling diagram during a scheduling period (Figure 3). Water
diversion rules of the inter-basin water transfer project are
determined by the two state variables: water storage and inflow
index. The decisions of water diversion can be divided into three
situations: minimum water diversion, restricted water diversion

and full water diversion. The combination of the two state
variables constituted three types of water diversion modes under
nine situations in the two-dimensional scheduling diagram. The
specific rules are shown in Table 1.

Objective of Water Diversion
Water diversion aims to meet the water demand of the water
receiving area. Therefore, the minimum difference between
the annual actual diversion amount and the target diversion
amount can be used as the objective of the water transfer and
diversion module.

min
x

f1 =
m∑
i=1

∣∣∣∣∣∣D−
n∑
j=1

Bi,j

∣∣∣∣∣∣ (1)

Where, D and Bi,j represent the target diversion amount and
the actual water diversion amount, respectively. The target water
diversion amount is determined according to the inflow runoff
and water demand of the receiving reservoir. i and j represent
the serial number of year and month, respectively. m and n

TABLE 1 | Dispatching areas and rules of the water diversion scheduling diagram.

Area No. Dispatching area Dispatching rule (Mode)

I Minimum water diversion area Mode 1: Q = 10m3/s

II Restricted water diversion area Mode 2: Q = 20m3/s

III Full water diversion area Mode 3: Q = 35m3/s

Q means the amount of water diversion.
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represent the amount of years and months during the calculated
period, respectively.

Water Supply Operation Model Based on
Hedging Rules for Water Supply
Water Supply Dispatching Rule
There are three types of water use units for HQ Reservoir.
However, when hedging rules (Ji et al., 2016) for water supply
are applied, only the optimal total water supply amount during
the dispatching period can be obtained. Therefore, the total water
supply calculated by the hedging rules need to be allocated to each
water use unit. For the three water use units of HQ Reservoir, the
priority of water use from high to low is for municipal, industrial
and agricultural use. Assuming that the water supply volume of
the three water use units during the period t were R1(t), R2(t) and
R3(t), respectively, we established water supply rules for orderly
allocation based on the elastic coefficients of different water use
units. The specific rules are as follows:

The amount of water supply for municipal water:

R1 (t) =
{
D1 (t) , R∗ (t) ≥ D1 (t)
R∗ (t) , R∗ (t) < D1 (t)

(2)

The amount of water supply for industrial water:

R2 (t) =
{

D2 (t) , R∗ (t)− R1 (t) ≥ D2 (t)+ α3D3 (t)
α2D2 (t) , R∗ (t)− R1 (t) < D2 (t)+ α3D3 (t)

(3)

The amount of water supply for agricultural water:

R3 (t) =
{
D3 (t) , R∗ (t)− R1 (t)− R2 (t) ≥ D3 (t)

R∗ (t)− R1 (t)− R2 (t) , else
(4)

Where, R∗ (t) represents available water supply, which
is calculated according to initial water storage and water
diversion amount. D1 (t) ,D2 (t) and D3 (t) represent municipal
water demand, industrial water demand and agricultural
water demand, respectively. α represents restricting coefficient
for water supply.

Objective of Water Supply
The purpose of water supply scheduling is to minimize the
loss of water during the reservoir operation. In addition to
the linear function relationship within the elasticity of demand,
the amount of water losses and water shortage generally show
a convex function relationship. In other words, the minimum
cumulative water shortage amount does not necessarily guarantee
the minimum economic water loss. Therefore, this paper chose
water shortage index as the objective of water supply. The
calculation formula of the water shortage index is as follows:

SIi,t =
(
Di,t − Ri,t

Di,t

)m
(5)

Where, SIi,t represents the water shortage index of water use
unit i during time period t. Di,trepresents water demand amount
of water use unit i during time period t. Ri,t represents water
supply amount of water use unit i during time period t. m is the
benefit index, and the value is generally 2.

Constrained Conditions
(1) Constraint of water balance:

Vt+1 = Vt + It − St − qt − lt (6)

Where, Vt+1, Vt are the reservoir storage volume at time
t and t+1, respectively; It is the inflow runoff at time t; St
is the water amount for power generation at time t; qt is
the abandoned water at time t; lt is the water loss at time t,
including evaporation and leakage.

(2) Constraint of reservoir storage capacity:

Vd ≤ Vt ≤ Vc (7)

Where, Vd, Vc are the dead storage capacity and normal
storage capacity of the reservoir, respectively.

(3) Constraint of output during the period:

Nmin ≤ Nt ≤ Nmax (8)

Where, Nmin, Nmax are the minimum output and the
installed output of the reservoir, respectively.

(4) Constraint of discharged water:

qmin ≤ qt ≤ qmax (9)

Where, qmin is the minimum discharged water, in this
paper it refers to the ecological water demand in the
downstream. qmax is the maximum discharged water that
will not cause damage to the downstream.

(5) Constraint of power generation guarantee rate:

ppg ≥ ppg,d (10)

Where, ppg is the power generation guarantee rate, ppg,d is
the designed value for the power generation guarantee rate.

(6) Constraint of water transfer guarantee rate:

ptg ≥ ptg,d (11)

Where, ptg is the water transfer guarantee rate; ptg,d is the
designed value for the water transfer guarantee rate.

Implementation of the Joint Operation
Models
A FORTRAN program was coded to implement the joint
operation model and NSGA-II algorithm. The joint operation
model includes water transfer rules, water diversion rules, and
water supply rules. Among which, the water diversion rules and
water supply rules were designed based on the two-dimensional
scheduling diagram and the hedging rules for water supply,
respectively. In addition, the population size, the maximum
number of iterations, the crossover probability and the mutation
probability of NSGA-II were set to 100, 1000, 0.75 and 0.01,
respectively. Then 200 groups of Pareto optimal solutions were
obtained after calculation. The implementation processes are
shown in Figure 4.
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FIGURE 4 | The implementation processes.

RESULTS

Solution and Result Analysis of the Joint
Operation Model
In order to analyze the rationale and effectiveness of the
dispatching rules designed in this paper, a set of comparison
schemes (CS1 and CS2) were set (Table 2). The NSGA-
II algorithm was used for optimization, and the optimized
operation results of the two sets of comparison schemes were
compared. The Pareto frontier solution set obtained by CS 1 is
shown in Figure 5.

The main purpose of the joint operation of inter-basin
water transfer projects is to solve the contradiction between the
operation targets of the source and the receiving reservoir. There
are three targets for the joint operation model constructed in
this paper: power generation, water diversion, and water supply.
Power generation is only for the source reservoir that has power
generation target. Water diversion and water supply are for the
receiving reservoir. Therefore, the amount of power generation
and water supply, and the amount of power generation and water

TABLE 2 | Dispatching rules set for comparison schemes.

Scheme No. Power generation
rules

Water diversion
rules

Water supply
rules

Scheme 1
(CS1)

power generation
scheduling diagram

Two-dimensional
water diversion
scheduling diagram

Hedging rules
for water
supply

Scheme 2
(CS2)

power generation
scheduling diagram

Normal water
diversion
scheduling diagram

Hedging rules
for water
supply

diversion can be compared in pairs. This paper projected the
three-dimensional distribution map of the Pareto solution set to
obtain the spatial distribution maps of the two sets of non-inferior
scheduling schemes for the average annual power generation
and the average annual water shortage index, and the average
annual power generation and the average annual water diversion
difference, respectively (Figure 6).

Our results showed that: (1) the numerical trends of the
average annual water shortage index and the average annual
water diversion difference were the same despite changes in the
average annual power generation (Figure 6). As the average
annual power generation increased, the average annual water
shortage index and the average annual water diversion difference
of the two schemes both increased, and vice versa. Since the
average annual power generation is a profit-based indicator; it is
better when the value is larger. In contrast, the average annual
water shortage index and the water diversion difference are both
cost-based indicators; they are better when the values are smaller.
Based on these similar changing trends, there was a restriction
and competition relationship between power generation target,
water supply target, and water diversion target. In other words,
there was a contradiction between the source and the receiving
reservoir in the scheduling process. The water supply and
diversion targets of the receiving reservoir need to be improved
at the expense of the power generation benefit of the source
reservoir. (2) The non-inferior frontiers of CS1 based on the
two-dimensional water diversion scheduling diagram were below
the non-inferior frontiers obtained from CS2. Under the same
power generation conditions, water shortage index and water
diversion difference of CS1 were smaller than the target values
of CS2. This result indicated that the optimal target frontier
obtained from CS1 was closer to the theoretical optimal frontier
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FIGURE 5 | Three-dimensional distribution diagram of Pareto solution set.

of the multi-objective problems. The inter-basin dispatching
rules constructed based on the two-dimensional water diversion
scheduling diagram can better guide the operation of inter-basin
water diversion projects and provide more accurate scheduling
information for decision-makers. (3) As the average annual
power generation increased, the water shortage index and water
diversion difference of CS1 rose rapidly (Figure 6A). When
the power generation reached about 370 million Kwh, the
water shortage index and water diversion difference of the two
schemes were similar. With the increase of power generation,
the method of water discharge from STX Reservoir became
more unfavorable for the diversion of the main water transfer
canal and the water supply of HQ Reservoir. When the power
generation target reached the maximum value, the water shortage
index and water diversion difference of CS1 and CS2 were
the same.

Scheduling Scheme Decision Model
Based on Gray Target Model and
Prospect Theory
Based on the complexity and uncertainty of reservoir operation,
four evaluation indicators for joint operation were selected
to construct an evaluation index system for the inter-basin
scheduling schemes, namely, power generation difference (f1),
water shortage index (f2), water diversion target difference (f3),
and abandoned water (f4). The joint operation optimization
model was used to calculate the eigenvalues of the four evaluation
indicators in the comparison schemes (Pareto non-inferior
solution set). The gray target model was then used to calculate the
positive and negative value functions in the scenario theory. By
establishing an optimization model based on weights and using

Lingo to solve the model, the optimal weight vector of f1∼f4 can
be obtained as:

q∗ = (0.418, 0.312, 0.230, 0.050) (12)

Based on the analysis of the optimal weight vector, we found
that: 1) The evaluation index with the largest weight ratio was
the power generation difference (f1), and the weight ratio of
abandoned water (f4) was the smallest. However, the sum of the
weights of the water shortage index (f2) and the water diversion
target difference (f3) exceeded 50% of the total weight, which was
greater than the weight ratio of f1. It can be concluded that the
water transfer and water supply targets had the greatest impact
on scheduling scheme decisions, which was consistent with the
principle that the power regulation subject to water regulation of
“Datong-Huangshui” water transfer project.

By substituting the optimal weight vector q∗ into the
comprehensive prospect value function of the alternative
schemes, the optimal comprehensive prospect value of the
schemes was obtained. Then by comparing the comprehensive
prospect value of each scheme, the alternative schemes were
ranked. The results showed that the alternative scheme numbered
62 (namely, the OPT Scheme in Figure 7) ranked first and was
called the optimal (OPT for short) scheduling scheme.

DISCUSSION

Rationale Analysis of Power Generation
The power generation dispatching rule of the OPT scheme
was compared with the two typical feasible solutions (CS1 and
CS2) in the Pareto solution set. Figures 8, 9 showed that the

Frontiers in Earth Science | www.frontiersin.org 7 May 2021 | Volume 9 | Article 664201

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-09-664201 May 4, 2021 Time: 16:10 # 8

Cai et al. Two-Dimensional Scheduling Diagram

FIGURE 6 | The frontier projection of Pareto solution set. (A) Pareto frontier projection of power generation target and water supply target. (B) Pareto frontier
projection of power generation target and water diversion target.

guaranteed output area of CS2 and its power generation were
the largest. On the contrary, the guaranteed output area of
CS1 and its power generation were the smallest. These results
implied that the size of the guaranteed output area was directly
related to power generation. Among the three comparison
schemes, the OPT scheme had the most even distribution of
guaranteed output areas.

By comparing the CS1 scheme and the OPT scheme, we found
that the dispatching rules of CS1were to increase the amount
of discharged water to meet the water transfer requirements.
The restricted output area from January to May was small.
Especially between March and May, the increased output line
was greatly reduced to meet the requirements of water transfer
(Figure 8). We found that except for April, the amount of
discharged water of CS1 was higher than that of the OPT
scheme from January to May, resulting in the lowest value
of the storage capacity in March (Figure 10). From June to

September, due to the increase in reservoir runoff during the
flood season and the decrease in water transfer pressure, the
restricted output area of CS1 increased. Consequently, there
was an increase in the storage capacity, but a decrease in
water discharge volume. Due to the large amount of water
discharged from January to March, the potential energy during
this period was low, making the output of CS1 far less than
the OPT scheme.

Based on the comparison between CS2 scheme and OPT
scheme, we found that from January to June, the guaranteed
output line of CS2 was smaller than the OPT scheme in the
increased output area, but greater than the OPT scheme in
the restricted output area (Figure 9). As a result, the amount
of discharged water of CS2 scheme during this period was
continuously smaller than that of the OPT scheme (Figure 11),
which was very unfavorable for the diversion of main canal
in the downstream.
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FIGURE 7 | Location of the optimal schemes in the Pareto scheme set. Triangle represents the comparison schemes (CS1 and CS2) and square represents the
optimal scheme (OPT). (A) Pareto frontier projection of power generation target and water supply target. (B) Pareto frontier projection of power generation target and
water diversion target.

FIGURE 8 | Comparison of power generation rules between OPT and CS1.
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FIGURE 9 | Comparison of power generation rules between OPT and CS2.

FIGURE 10 | Comparison of power generation scheduling results between OPT and CS1.

FIGURE 11 | Comparison of power generation scheduling results between OPT and CS2.
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FIGURE 12 | Water diversion scheduling results between April and October.
Each square point represents the scheduling status at the beginning of the
scheduling period, so that the corresponding mode can be selected. (A–G)
Water diversion scheduling results in April, May, June, July, August,
September, and October, which have been displayed in the upper part of
each sub-figure.

Rationale Analysis of Water Diversion
Scheduling schemes could be generated through optimizing
dispatching rules to simulate long-time series (1956–2010) of
water transfers. Since the inflow runoff was small during the dry
season, from November to March of the following year, it had
little impact on the decision-making of water supply operation
of HQ Reservoir after the increase in water supply targets. As
a result, the use of the two-dimensional scheduling diagram to
guide the water diversion operation of the reservoir was not
required during these months. Instead, we adopted the normal
water diversion scheduling diagram method. According to the
OPT scheme to simulate water diversion, we counted the number
of diversion modes used in different periods (Figure 12), and

introduced the probability distribution of water diversion state to
illustrate how improved rules could increase diversion efficiency
(Table 3). The probability of water diversion state is defined
as the ratio of the number of diversion modes to the total
number of years.

By combining the results of different water diversion
scheduling modes with the changes of the monthly average
storage volume of HQ Reservoir (Figure 13), we found that:

(1) From January to March, mode 1 showed that each month,
the number of time periods for water diversion was less
than 30%. Mode 2 showed an increasing trend while mode
3 had a decreasing trend. Because the storage capacity of
the reservoir was large while the water demand was small
at the beginning of January, the amount of water diversion
was reduced to avoid abandoned water. Since the amount
of water diversion was less than water supply, the storage
capacity continued to decrease during this period. To avoid
future reduction in water supply, the proportion of mode 2
gradually increased.

(2) During the flood season from April to September, the
inflow runoff gradually increased, but the demand also
increased. Because the inflow of the HQ Reservoir was
much smaller than water demand, it could not meet the
water supply target. Therefore, except for September at
the end of the flood season, the proportion of water
diversion in other months using mode 3 was within 30%.
Especially in the middle of the flood season (June to
August), due to the continuous increase in water supply,
the storage capacity was continuously reduced. In order
to meet the water supply target, the probability of water
diversion of mode 1 should be maintained at more than
50% during this period.

(3) Due to the decrease of water demand from October to
December, the probability of water diversion of mode 1 was
lower than that of the flood season. However, the sum of
the water diversion probability of mode 1 and model 2 was
still relatively large to meet the demand at the end of the
dry season (January to March). Especially in December, in
order to supplement water loss caused by winter irrigation,
the sum of the water diversion probability of mode 1 and
mode 2 reached 91.01%.

Rationale Analysis of Water Supply
The water supply rules used the hedging rules for water supply
constructed in Chapter “Water Supply Operation Model Based
on Hedging Rules for Water Supply.”. The target storage level
and water supply weight coefficient were used as decision-making
variables to determine the hedging rules for water supply of
HQ Reservoir. Figure 14 shows that the target storage level
in the hedging rules for water supply had the following two
characteristics:

(1) The water demand of Heiquan Reservoir was relatively
large, accounted for 45.6%∼80.0% of the active storage
capacity in each month. The total annual water transfer was
much larger than the reservoir storage capacity. Therefore,
the water storage benefit of HQ Reservoir was small and
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TABLE 3 | Results of different water diversion modes.

Month Mode 1 Mode 2 Mode 3

Occurrence Probability Occurrence Probability Occurrence Probability

1 7 12.73% 15 27.27% 33 60.00%

2 8 14.55% 17 30.91% 30 54.55%

3 10 18.18% 20 36.36% 25 45.45%

4 12 21.82% 39 70.91% 4 7.27%

5 22 40.00% 20 36.36% 13 23.64%

6 28 50.91% 16 29.09% 11 20.00%

7 27 49.09% 12 21.82% 16 29.09%

8 24 43.64% 14 25.45% 17 30.91%

9 15 27.27% 10 18.18% 30 54.55%

10 12 21.82% 10 18.18% 33 60.00%

11 18 32.73% 22 40.00% 15 27.27%

12 25 45.45% 20 36.36% 10 18.18%

Sum/Avg 208 31.52% 215 32.58% 237 35.91%

FIGURE 13 | Monthly average storage volume of HQ Reservoir.

FIGURE 14 | The target storage level and water demand of HQ Reservoir.
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TABLE 4 | The process of water supply for different schemes units: 104 m3.

Month OPT Scheme CS1 Scheme CS2 Scheme

Municipal
water supply

Industrial
water supply

Agricultural
water supply

Municipal
water supply

Industrial
water supply

Agricultural
water supply

Municipal
water supply

Industrial
water supply

Agricultural
water supply

1 1974.0 3625.0 443.9 1968.7 3559.1 436.9 1974.0 3615.5 442.6
2 1965.8 3546.5 434.5 1948.2 3559.1 436.9 1966.5 3464.8 420.7
3 1928.8 3506.0 421.4 1924.0 3541.2 428.8 1908.3 3233.6 374.7
4 1974.0 3531.8 3146.1 1974.0 3611.8 3430.6 1974.0 3344.0 2605.0
5 1988.0 3568.0 3788.0 1988.0 3625.0 4075.6 1988.0 3573.6 3896.7
6 2014.0 3611.8 4552.2 2014.0 3602.8 4584.5 2014.0 3553.3 4339.7
7 2041.0 3623.2 4568.8 2041.0 3619.7 4517.2 2041.0 3625.0 4546.7
8 2068.0 3607.9 4721.2 2068.0 3625.0 4873.0 2068.0 3582.7 4603.4
9 2055.0 3506.2 3342.3 2055.0 3625.0 3770.0 2055.0 3525.7 3407.5
10 2028.0 3625.0 445.0 2028.0 3625.0 445.0 2028.0 3625.0 445.0
11 2014.0 3625.0 3574.0 2014.0 3625.0 3574.0 2014.0 3625.0 3574.0
12 1988.0 2986.0 1321.7 1988.0 3124.0 1485.1 1988.0 2993.8 1357.9
Sum 24038.6 42362.5 30758.9 24010.9 42742.8 32057.7 24018.8 41762.0 30013.8
Water supply
guarantee rate

99.5% 91.1% 85.4% 99.5% 97.9% 95.6% 99.2% 85.4% 75.0%

Annual average
water shortage

26.4 1137.5 2440.1 54.1 757.2 1141.3 46.2 1738.0 3185.2

it had a relatively low storage level target in the joint
dispatching rules. This can trigger the stop condition of
hedging rules for water supply as early as possible, and
narrow the restricted water supply area, which is beneficial
for water supply.

(2) The trend of the target water storage level was opposite
to that of the water demand volume. During the months
when water demand was large, the target storage level was
low, and vice versa. The requirements for water supply and
water storage in different months can be satisfied when
the restricted water supply area was narrowed through
reducing the target water storage level as much as possible
during the water supply process.

According to the dispatching rules of the selected OPT
scheme and the two comparison schemes (CS1 and CS2), the
simulated water supply results showed that for both OPT and
CS1 scheme, water supply guarantee rates were: 1) more than
90% for municipal and industrial water and 2) more than 85% for
agriculture. In contrast, the agricultural water supply guarantee
rate of CS2 was only 75% (Table 4). In the OPT scheme, the
annual available water supplies for industry and agriculture
accounted for 97.4% and 92.7% of the annual water demand,
respectively, while in the CS1 scheme, they were 98.2% and
96.6%, respectively. The difference between the two schemes were
only 0.8% and 3.9%.

CONCLUSION

In the previous study, only the current storage volume of the
receiving reservoir was used as the basis for decision-making
of starting water transfer process. Due to the lack of inflow
runoff information, the receiving reservoir is prone to water
supply destruction at high water levels and abandoned water
at low water levels. Through extracting dispatching rules based
on the two-dimensional scheduling diagram, this paper used the

current storage state and inflow runoff of the receiving reservoir
as the basis for decision-making during the scheduling period,
which effectively solved the problems existing in the starting
rules of regular water transfer. Aimed at the multi-objective joint
optimization scheduling problem of “Datong-Huangshui” water
transfer project, we concluded that:

(1) The non-inferior frontiers of the two scheduling targets
obtained by the OPT scheme were below the non-inferior
frontiers obtained from the CS1 and CS2 schemes. The
optimal target frontier obtained by the optimized scheme
was closer to the theoretical optimal frontier of the
multi-objective problem. Therefore, the two-dimensional
scheduling diagram can better guide the water diversion
operation of inter-basin water transfer projects.

(2) Based on the multi-objective optimal operation schemes
set, the OPT scheme obtained by the scheduling scheme
decision model using gray target model and prospect
theory could generate power by as much as 359 million
Kwh. It was also able to guarantee 90% of municipal and
industrial water supply, as well as 85% of agricultural
water supply. This model could better meet the real
scheduling requirements.
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