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Abstract: In order to meet the demand of emergency water supply in the northern region without
affecting normal water transfer, considering the use of the existing South-to-North Water Transfer
eastern route project to explore the potential of floodwater resource utilization in the flood season of
Hongze Lake and Luoma Lake in Jiangsu Province, this paper carried out relevant optimal operating
research. First, the hydraulic linkages between the lakes were generalized, then the water resources
allocation mode and the scale of existing projects were clarified. After that, the actual available
amount of flood resources in the lakes was evaluated. The average annual available floodwater
resources in 2003–2017 was 1.49 billion m3, and the maximum available capacity was 30.84 billion m3.
Then, using the floodwater resource utilization method of multi period flood limited water levels,
the research period was divided into the main flood season (15 July to 15 August) and the later flood
season (16 August to 10 September, 11 September to 30 September) by the Systematic Clustering
Analysis method. After the flood control calculation, the limited water level of Hongze Lake in
the later flood season can be raised from 12.5 m to 13.0 m, and the capacity of reservoir storage
can increase to 696 million m3. The limited water level of Luoma Lake can be raised from 22.5 m
to 23.0 m (16 August to 10 September), 23.5 m (11 September to 30 September), and the capacity
of reservoir storage can increase from 150 to 300 million m3. Finally, establishing the floodwater
resource optimization model of the lake group with the goals of maximizing the floodwater transfer
amount and minimizing the flood control risk rate, the optimal water allocation scheme is obtained
through the optimization algorithm.

Keywords: floodwater resource utilization; utilization pattern; stage water level; optimized scheduling

1. Introduction

The spatial and temporal distribution of water resources in China are very different,
and decrease from southeast to northwest. The annual precipitation in eastern China is
relatively large; 70% of the precipitation is concentrated in the flood season from June
to September, which often leads to frequent flood disasters. This feature has become an
important constraint factor for China’s economic and social development. In order to
alleviate the shortage of water resources in North China, a series of inter basin water
transfer projects should be put into operation. The utilization of unconventional water
resources, such as rainwater and flood resources, has gradually come into people’s vision,
and the concern of the flood management concept has changed from defense and response
to rational utilization and allocation. The method of flood resource utilization is to give
consideration to the point (reservoir, dam), line (river, channel, dike) and surface (flood
storage and detention area, field and surface), paying equal attention to engineering mea-
sures, non-engineering measures and management measures, and organically combine
storage, discharge, detention, diversion and compensation [1]. Deng, PX [2] put forward
the evaluation method of rain-flood utilization availability at the distributed watershed
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scale and applied it to water resources management in the Hanjiang River Basin. Liu,
YQ [3] proposed a new algorithm, named the multi-objective cultured evolutionary al-
gorithm based on decomposition (MOCEA/D), and applied it to a case study of HFORs
optimization for the Three Gorges Project (TGP). Takeuchi, K [4] shows the process by
which the ever-increasing flood damage potential and the recent increase in flood damages
necessitated the official move in flood control management from rivers to basins. Kumar,
DN [5] adopted Folded Dynamic Programming (FDP) for developing optimal reservoir
operation policies for flood control and applied it to a case study of the Hirakud Reservoir
in the Mahanadi basin, India. On the premise of ensuring the safety of flood control and
not damaging the ecological health of the river, it is necessary to transform part of the
flood into conventional water resources, so as to improve the carrying capacity of water
resources in the basin. The basins in northern China are often driven by the need to tap the
potential of water resources. In recent years, typical analysis and exploration have been
carried out on the implementation of flood forecasting and regulation, and the adjustment
of the flood limit water level of some reservoirs, and good results have been achieved [6].

In recent years, scholars from all over the world have carried out a series of studies on
the utilization of flood resources. Based on the historical data of the relevant parameters
of water resources management, Pal, SK [7] concluded that the flexible flood control
policy will help to bring more benefits. G Zhai [8] establishes a framework of a multi-risk
context and examines how other risks affect flood risk acceptability by using a survey
conducted in the Toki-Shonai River region of Japan. I Maqsood [9] introduces a hybrid
optimization approach for flood management under multiple uncertainties and its dual
formation is developed by integrating the concepts of mixed-integer and interval-parameter
programming techniques into a general framework of two-stage stochastic programming.
Sheehan, J [10] highlight how crucial private stakeholders are to the effectiveness of any
instrument for flood risk and hence, their direct impact on the effectiveness of flood
management. Mobley, W [11] proposed using random forest classification to predict flood
probability and using the national flood insurance program (NFIP) to predict flood disaster.
At present, the utilization of flood resources mainly focuses on improving the limited water
level of flood control during flood season by using the existing water conservancy projects
combined with the rainfall runoff forecast and other non-engineering measures [12], and
realizing the utilization of flood resources through the risk and benefit management of the
reservoir [13].

The South-to-North Water Transfer Project (SNWT Project) is a super large infrastruc-
ture to alleviate the water shortage in northern China [14]. Since the completion of the
Jiangsu section of phase I of the east line of the SNWT Project at the end of 2013, four water
transfer operations have been carried out, but the net increase in water supply has not
reached the expected planning value. At present, there is still a period of time before the
start of the phase II project. Using phase I of the project to expand the emergency water
supply is needed to alleviate the shortage of water resources in northern China. Due to
the large amount of available flood resources in Hongze Lake and Luoma Lake, it is the
key to adopt the optimal scheduling scheme to reduce the flood control risk on the basis
of appropriately increasing the flood limit water level. This paper intends to evaluate the
flood resources’ utilization potential of lakes in the East Route of the SNWT Project, analyze
the reasonable flood resources utilization mode, construct the optimal operation model
of flood resources of lakes in the SNWT Project with the goal of maximizing the flood
diversion amount and minimizing flood control risk, and use the improved particle swarm
optimization algorithm to solve the problem. Finally, the optimal scheme is determined by
a comprehensive benefit calculation.

2. Materials and Methods
2.1. General Situation of Jiangsu Section of Phase I of East Line of SNWT Project

The SNWT Project is an important strategic measure to solve the serious shortage of
water resources in the northern regions of China, and it is also a super large infrastructure



Sustainability 2021, 13, 4857 3 of 15

related to the sustainable development of China’s economy and society. Since the Jiangsu
section of phase I of the east line of the SNWT Project was successfully opened in 2013,
according to the dispatching requirements of relevant national and provincial departments,
10 times water transfer tasks to Shandong have been completed, with a total of 111,700 op-
eration hours, 11.166 billion m3 of pumping water, 1.698 billion m3 of pumping water, and
1.994 billion m3 of water out of the province. At the same time, the project has participated
in flood control, flood drainage, drought resistance and other related work in the province
many times, with 27,900 operation hours and 2.941 billion m3 of pumping water. However,
the project has some negative hydrological and environmental impacts. With the gradual
increase in water transfer in the future, the impact on the water level of the Yangtze River
below the water transfer mouth, the siltation of the river channel and the position of the
mouth bar will be intensified. At the same time, the water quality of the project is easily
affected by the pollution discharge of the cities along the line. With the establishment of the
integrated pollution control system along the line, the total discharge of main pollutants
has been reduced by more than 80%, the total amount of water into the river has basically
reached the target control requirements, and the water quality and ecological environment
along the line have been continuously improved. The sketch map of the Jiangsu section of
phase I of the east line of the SNWT Project is shown in Figure 1 [15].
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2.2. System Generalization and Engineering Overview
2.2.1. Generalization of Lake Group System

The East Route of the SNWT Project starts from Jiangdu station, connecting Hongze
Lake, Luoma Lake, Nansi Lake and Dongping Lake, undertakes the water supply task of
180,000 km2 in the east of Huanghuaihai Plain and the Jiaodong area, and connects with the
Xintongyang canal, North Jiangsu irrigation canal, Huaishu River, Xinyi River and other
key rivers along the way. The system is huge and complex, and it is difficult to consider all
factors. On the basis of fully considering the working characteristics of pump gate station
and the hydraulic connection between rivers and lakes, the system is generalized with
lakes as the water allocation center, focusing on the allocation mode of flood resources
among lakes, as shown in Figure 2 [16].
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Figure 2. Lake group water transfer system generalization map.

As shown in Figure 2, taking Hongze Lake, Luoma Lake, Nansi Lake and Dongping
Lake as water allocation centers, the whole system is divided into the Jiangsu section and
Shandong section, with emphasis on the water transfer route between the lakes and the
pumping stations along the line. This paper mainly studies the utilization of flood resources
in the Jiangsu section of the eastern route during flood season. In the generalization, it
ignores the water receiving area in the normal route of the SNWT Project, as well as the
pump gate station and water delivery route which are not in the emergency water supply
line. This paper does not consider the water storage capacity of the river and the water
distribution between the two lines.

2.2.2. General Situation of Pumping Station Project System

The Jiangsu section of the East Route of the SNWT Project is equipped with 9-level
pumping stations, which have low lift (mostly 2–6 m), large flow (the single unit flow is
generally 15–40 m3/s), and long operation time. Some of the pumping stations also have
the task of drainage. It is very important to make clear the design scale and operation
conditions of all levels of pumping stations connecting with lakes for the utilization of
flood resources [17]. The general situation of the Hongzehu pumping station project in the
Jiangsu section of the first phase of the East Route is shown in Table 1 [15].
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Table 1. Basic situation of the first phase pump station project of the East Route.

Section Level Name of Pumping
Station

Design
Scale/(m3/s) Design Head/(m) Number of

Installed Units

Hongze Lake
~Luoma Lake

4 Siyang Station 230 6.3 6
4 Sihong Station 120 3.7 5
5 Liulaojian Station 230 3.7 4
5 Suining Station 110 9.2 3
6 Zaohe Station 175 4.65 2
6 Pizhou Station 100 3.2 4

Luoma Lake
~Nansi Lower Lake

7 Liushan Station 125 5.73 5
7 Taierzhuang Station 125 4.53 6
8 Xietai Station 125 5.84 5
8 Wannian Gate Station 125 5.49 5
9 Linjiaba Station 75 2.4 4
9 Hanzhuang Station 125 4.15 5

It is expected that the utilization of abandoned water during flood season of lakes will
not affect the normal water transfer of the SNWT Project, and the main operation period
of each year from October to May of the following year will be avoided. The operation of
pumping stations during flood season can increase the operation time of pumping stations
along the line in a year and reduce idle operation, but correspondingly, a part of water
and electricity consumption will be increased, which will affect the drainage work and
maintenance of pump stations during flood season. Meanwhile, the uncertainty of flood
may also lead to unstable working time and pumping volume of pumping stations. The
pump station is the core of the SNWT Project [18]. The efficiency of the pump station
directly affects the water supply of the East Route of the SNWT Project. The increase in
the water supply time of the pump station will also cause an increase in the operation cost
of the pump stations. It is also necessary to maintain, replace the new water pump and
select a reasonable motor in a timely manner. Therefore, standardizing the management of
the pumping station, improving its management level, strengthening technical training
and heightening the quality of management staff are important measures to improve the
operation efficiency of the pumping station, reduce the operation cost and ensure the time
of water replenishment [19].

2.3. Utilization Mode and Potential Evaluation of Flood Resources
2.3.1. Estimation of Available Flood Resources

In order to realize the optimal operation of flood resources, the available amount
of flood resources should be estimated. According to the data of the lake in and out of
the lake in a certain period, the annual flood season is determined, and the amount of
water discharged during this period is temporarily called abandoned water. However,
considering the limited storage capacity of lakes and the limitations of corresponding
water transfer engineering measures, it is difficult to fully utilize the floodwater resource
during flood season. When calculating the available amount of flood resources of lakes,
the scale of corresponding pumping stations, the requirements of opening and closing, the
water carrying capacity of water conveyance channels and the ecological water shortage in
Jiangsu Province should be considered. Taking the basin as a water storage system, x is
the maximum flood resources that can be regulated, stored and utilized during the flood
season when the flood control safety is guaranteed.

The available amount of floodwater resources in the basin with defined period t
corresponding to flood regulation and utilization capacity x can be described as follows:

Qx
a (t) = Q1(t)− g(Q4(t), Qx

u(t)) (1)

Q1(t) is the inflow flood of period t, Q4(t) is to ensure that the water receiving area and
ecological water shortage are not allowed to be used; Qx

u(t) is the unavailable floodwater
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resources limited by the system regulation and utilization capacity x; g(Q4(t), Qx
u(t)) is the

“un-utilizable” amount of floodwater resources corresponding to x.

2.3.2. Selection of Floodwater Resources Utilization Mode

At present, most of the reservoirs in China operate according to the single limited
water level during the whole flood season to prevent the occurrence of small probability
flood events. However, precipitation during the flood season is not uniform, and the
adoption of fixed flood limit water levels is seriously inconsistent with the fact that the
time distribution during the flood season is uneven, which often leads to the embarrassing
situation of having more abandoned water during the flood season and the difficulty
of filling up after the flood season, and the precious water resources are not effectively
utilized [20]. Therefore, under the premise of ensuring the safety of flood control, it is
considered an effective way to utilize flood resources to optimize the limited water level of
reservoirs during flood season. Considering the limited level of rainfall and flood forecast
in Hongze Lake and Luoma Lake, the flood resource utilization mode of using flood limited
water levels by stages is adopted to control and utilize flood resources to the maximum
extent, so as to supply emergency water shortage in North China.

The application of flood control water level by stages is divided into flood season
division, design flood calculation by stages and flood limit water level calculation by
stages [21]. Based on the data of the daily inflow of lakes, the maximum ten-day inflow, the
maximum 3-day runoff and the maximum 7-day inflow during flood season are calculated.
Establishing the multi-dimensional time series matrix, the research period of the flood
season is divided into the main flood season and the later flood season. Among them, the
period of the main flood season is the period of high flood occurrence in the basin with
abundant incoming water, which mainly meets the requirements of flood control; in the
later flood season, the flood control pressure will be reduced to a certain extent, so it is
considered to gradually raise the flood limit water level to ensure that the reservoir can be
full at the end of the flood season. In order to reduce the risk of flood control, the rising
range of water level in the first half of the later flood season should be controlled.

2.4. Optimal Operation of Floodwater Resources Utilization of Lakes
2.4.1. Establishment of Floodwater Resource Utilization Model for Lakes

(1) Objective Function:
The purpose of floodwater resource utilization of the East Route of the SNWT project

is to realize the maximum benefit of flood resources through the existing water transfer
scale under the condition that the flood control safety during flood season and the normal
operation of the project are not affected. Therefore, the objective function of the optimal
operation model is established by considering the two objectives of maximum floodwater
utilization amount and minimum comprehensive risk value of flood control.

(I) The maximum amount of floodwater utilization:
The maximum amount of floodwater regulation is to transfer floodwater resources

out of Jiangsu Province as much as possible:

OBJ1 = max∑
t

QS(j, t) (2)

t is the sequence number of the period; j is the number of pump station, QS(j,t) is the
pumping capacity of pump station j of Liangji Canal in period t, 108 ×m3.

(II) The minimum comprehensive risk value of flood control:
According to the lake, river channel and pumping station of the water transfer route,

the main risk indicators of floodwater resources utilization in the East Route are identified
through the engineering sketch map. The risk of water storage project mainly includes the
risk of over storage of Hongze Lake and Luoma Lake. The risk of the water conveyance
project includes the risk of super capacity of the Zhong Canal, Xuhong River, Bulao River
and Hanzhuang Canal. The risk of the water lifting project includes the risk of exceeding
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the engineering design water level of Siyang station, Sihong station, Liulaojian station,
Suining station, Zaohe station, Pizhou station and Liushan pumping station. Based on the
full analysis of hydrological data and engineering parameters, the risk rate is calculated in
combination with the water transfer of each period. The risk evaluation value is obtained
by estimating the risk loss and considering the severity of the consequences. The product
of the risk rate and risk evaluation value is taken as the risk evaluation value of each index.
Finally, the comprehensive risk of flood control is obtained by the weighted sum of the risk
value of each index value [22–24].

OBJ2 = min

[
w1∑

i
RX(i, t) + w2∑

j
RQ(j, t) + w3∑

k
RR(k, t)

]
(3)

i is the number of lakes (1—Hongze Lake, 2—Luoma Lake), j is the number of pump
station (1—Siyang Station, 2—Sihong Station, 3—Liulaojian Station, 4—Suining Station, 5—
Zaohe Station, 6—Pizhou Station, 7—Liushan Station), k is the number of Canal (1—Zhong
Canal, 2—Xuhong Canal, 3—Bulao Canal, 4—Hanzhuang Canal), RX(i,t) is the risk of
water storage project in period t, RQ(j,t) is the risk of water lifting project in period t, RR(k,t)
is the risk of water conveyance project in period t, and w1, w2, w3 are the corresponding
combination weights of the three risk indicators.

(2) Constraint conditions:
(I) Water balance constraints in lakes:

V(i, t + 1) = V(i, t) + Q(i, t) + DI(i, t) + PC(i + 1, t)− DO(i, t)− PR(i, t) (4)

Q(i,t) is the inflow runoff of i lake in t period, 108 ×m3. DO(i,t), DI(i,t) are the inflow
and outflow of i lake in t period, 108 × m3. PC(i,t)is the water discharged into i lake in t
period, 108 ×m3. PR(i,t) is the water discharged from i lake in t period, 108 ×m3.

(II) Working capacity constraints of pumping stations:{
0 ≤ DO(i, t) ≤ DOmax(i, t)
0 ≤ DI(i, t) ≤ DImax(i, t)

(5)

DOmax, DImax are the pumping capacity of lakes and corresponding pumping station,
108 ×m3.

(III) Capacity constraints of reservoir storage:

V∗min(i, t) ≤ V(i, t) ≤ V∗max(i, t) (6)

Vmin, Vmax are the minimum and maximum water storage capacity of the lake in
each period, 108 ×m3.

(IV) Maximum discharge capacity constraints of control gate station:

0 ≤ PR(i, t) ≤ PRmax(i, t) (7)

PRmax(i,t) is the maximum discharge capacity of the corresponding control gate
station, 108 ×m3.

(V) Constraints of control water level:

Zmin(i, t) ≤ Z(i, t) ≤ Zmax(i, t) (8)

Zmin(i,t), Zmax(i,t) are the lowest and highest control water levels of i lake in t period.
The control water level is determined by the stage limited water levels.

(VI) Other constraints include constraints of canal water carrying capacity, nonnegative
constraints, etc.
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2.4.2. Solution Algorithm

In this paper, an improved multi-objective particle swarm optimization (MOPSO) algo-
rithm is used to solve the optimal operation of floodwater resources utilization of lakes.
Aiming at the problems of local convergence and uneven distribution of the Pareto front in
the particle swarm optimization algorithm [25], the following improvements are made [26]:

(1) The adaptive inertia weight strategy can change the single of the PSO algorithm in
the actual search process, so that it can adapt to the complex real environment. The optimal
fitness change rate k is defined as follows:

k =
| f (t)− f (t− 5)|
| f (t− 5)| (9)

where, f (t) is the optimal fitness value of the t-th generation of the population; f (t− 5)
is the optimal fitness value of the (t − 5)-th generation of the population; k is the relative
change rate of the optimal fitness value of the population in the last 5 generations. The
value of inertia weight w is adjusted adaptively with the size of k, as shown in Formula (10):

w =

{
α1 + r/2.0, k ≥ 0.05
α2 + r/2.0, k < 0.05

(10)

where, r is a random number uniformly distributed between [0,1]. When k ≥ 0.05, the
optimal fitness value of the population changes greatly in the evolution process, and the
population is in the exploration stage. At this time, the larger inertia weight is conducive
to the convergence of the algorithm, and its mathematical expectation is E(w) = α1 + 0.25.
When k < 0.05, the change of the optimal fitness value of the population in the evolution
process is small, and the population is in the development stage. At this time, taking
a small value of inertia weight is conducive to obtaining an accurate solution, which is
E(w) = α2 + 0.25. α1 > α2, generally α1 = 0.6, α2 = 0.2.

(2) The average particle distance is used to describe the diversity of the population to
avoid the premature convergence problem caused by the lack of population diversity in
the actual search process of the PSO algorithm. Let L be the maximum diagonal length of
the search space, S be the size of the population, n be the dimension of the solution space,
xt

id be the i-th coordinate value of the d-th particle, and pd be the mean value of the d-th
coordinate value of all particles. Then the average grain distance D(t) of the population in
the i-th iteration is defined as follows:

D(t) =
1

S · L
S

∑
i=1

√
n

∑
d=1

(xt
id − Pd)

2 (11)

The average particle distance describes the dispersion degree of distribution among
particles in the population. The smaller the D(t), the more concentrated the population is.

Through the improved particle swarm optimization algorithm, the uniform non
inferior solution set can be obtained. Finally, the energy analysis method and the ecological
environment water use benefit sharing coefficient method are used to calculate the benefit
and cost of flood resources utilization of each water transfer scheme. Combined with the
possible loss of corresponding risk degrees and treatment measures, the comprehensive
benefit of each scheme is calculated, so as to determine a more reasonable flood resource
utilization scheme.

In order to characterize the generality of floodwater resource utilization potential in
the basin, the runoff data were analyzed, and the normal year with a 50% assurance rate
was determined as the typical hydrological year, with ten days as the calculation period,
and the flood season from the middle of July to the end of September as the calculation
period. Taking the discharge data of Hongze Lake and Luoma Lake during the flood season
as input, the floodwater resources of the Jiangsu section of the East Route of the SNWT
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project in Jiangsu Province is studied by taking the discharge data of flood dis-charge of
Hongze Lake and Luoma Lake as input.

3. Results and Discussion
3.1. Utilization Mode and Potential Evaluation of Flood Resources in the Study Area
3.1.1. Estimation of Available Flood Resources

The Jiangsu section of the East Route of the SNWT project is located in the lower
reaches of various major river basins with abundant water resources. Hongze Lake and
Luoma Lake have a large amount of abandoned water during flood season every year. If
the abandoned water can be optimized and supplied to Beijing, Tianjin, and Hebei region
through lake regulation and storage, the benefit of water resources will be maximized.

Hongze Lake is located in the lower reaches of the Huaihe River in the west of the
Jiangsu Province, with a total storage capacity of 4.25 billion m3 and a regulation capacity
of 3.15 billion m3 during the non-flood season, which is the largest storage area in the
system. During the flood season, the water level is 12.5 m, the lake water area is 2069 km2,
and the deepest water level is 5.5 m. During the flood season or flood year, the water level
can be as high as 15.5 m and the area can be expanded to 3500 km2. With the completion of
the Hongze Lake dike reinforcement project in 2014, the flood control standard of Hongze
Lake has reached a 100 year return period. The average annual runoff into the lake of
Hongze Lake is 32.51 billion m3 (66% of which is from June to September), and the average
annual inflow into the river is 16.48 billion m3, including 11.93 billion m3 during flood
season and 5.53 billion m3 in sea, including 1.70 billion m3 in North Jiangsu Irrigation
Canal, 2.13 billion m3 in Abandoned Yellow River and 700 million m3 in Huaishuxin River.
Hongze Lake completes the water abandonment task by Erhe Sluice and Sanhe Sluice
during flood season [27].

Luoma Lake is one of the four largest lakes in Jiangsu Province, which straddles
Xuzhou and Suqian. The water area of the lake is 375 km2 (water level is 23 m), of
which are Suqian City and Xuzhou City with 232 km2 and 143 km2, respectively, and the
maximum water capacity is 1.45 billion m3 (water level is 24 m). With the completion of
the project of flood diversion from east to south of Yishusi River, Luoma Lake has basically
reached the flood control standard of a 50 year return period. In flood season, Zhangshan
Sluice is mainly used to dispose of the water of Luoma Lake [28]. Refer to the flood control
operation dispatching situation map of Hongze Lake and Luoma Lake (Figure 3) for the
relevant conditions of Hongze Lake and Luoma Lake [29,30].
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According to the situation of the above lakes, this paper collected the daily inflow
and outflow data of Hongze Lake and Luoma Lake for the past 15 years from 2003 to 2017:
among them, the flood season is from June to September every year. During this period,
the amount of water discharged from the Yangtze River is temporarily called abandoned
water. The discharge of Sanhe Sluice is considered the abandoned water of Hongze Lake,
and Zhangshan Sluice is considered that of Luoma Lake. The annual average floodwater
resource of lake group during the flood season is shown in Figure 4.
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Figure 4. Lake group floodwater resource of July to September of 2003–2007.

The average annual floodwater resource of Hongze Lake and Luoma Lake is 16.885 bil-
lion m3; the maximum value is 56.554 billion m3 in 2003, and the minimum value is 0.
Hongze Lake has great flood utilization potential and more floodwater resources. Accord-
ing to the analysis of water use in Jiangsu Province, from June to the first ten days of July
is the time of large-scale irrigation water consumption in the province, and this period is
the initial stage of flood formation. The water quantity and quality of the lake group is
in the process of water storage, so the estimation of the available quantity of floodwater
resources of the lake group is set from 15 July to 30 September without affecting the normal
operation of the SNWT Project. The estimated results are shown in Figure 5.
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Figure 5. Lake group floodwater resource availability of July to September of 2003–2007.

3.1.2. Selection of Floodwater Resources Utilization Mode

According to the existing daily inflow data and water resources bulletin of Hongze
Lake and Luoma Lake from 2003 to 2017, the maximum ten day inflow, the maximum
3-day runoff and the maximum 7-day inflow during flood season (15 July–30 September)
are calculated. Establishing the multi-dimensional time series matrix, the research period
of the flood season is divided into the main flood season (15 July to 15 August) and the later
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flood season (16 August to 10 September, 11 September to 30 September). Among them,
the period from 15 July to 15 August is the period of high flood occurrence in the basin
with abundant incoming water, which mainly meets the requirements of flood control; in
the later flood season, the flood control pressure will be reduced to a certain extent, so it is
considered to gradually raise the flood limit water level to ensure that the reservoir can be
full at the end of the flood season. In order to reduce the risk of flood control, the rising
range of water level in the first half of 16 August to 10 September should be controlled.

It can be seen from the above that the flood control standard of Hongze Lake reaches
a 100-year return period and Luoma Lake has a return period of 50 years. The maximum
inflow of Hongze Lake and Luoma Lake in different stages from 2003 to 2017 is selected
year by year to form the flood peak discharge series. The flood frequency curve by stages
is calculated by using the line fitting method, and the design flood peak corresponding
to the design standard is obtained. The occurrence of floods is often accidental, and it is
not known whether it is advanced or delayed. Therefore, through the “extended period
sampling method”, the original staging period is extended for 3 days at the same time. The
calculation results of design flood by stages of Hongze Lake and Luoma Lake can be seen
in Tables 2 and 3. According to the water resources bulletin and other data of the basin,
the typical years of preliminary flood resource utilization (the frequency of a high-water
year, low-water year and normal-water year are 25%, 50% and 75%), and the normal water
year is selected as 2010. The design flood process of the Lake during the main flood season
and after the flood season is deduced by enlarging the ratio of the design flood peak and
design flood peak by stages [31].

Table 2. Hongze Lake design flood calculation by stages results.

Stages Qm/(m3/s) Cv Cs/Cv
Peak Discharge Qp/(m3/s) 3-Day Flood Volume Wp/(108 ×m3)

1% 0.05% 1% 0.05%

Main flood season 5440 0.98 2.5 7842 11,757 20.55 11.98
later flood season

(16 August to
10 September)

4133 1.96 2.5 5985 7785 15.10 16.02

later flood season
(11 September to

30 September)
3874 1.03 2.0 4028 6028 18.17 11.12

Table 3. Luoma Lake design flood calculation by stages results.

Stages Qm/(m3/s) Cv Cs/Cv
Peak Discharge Qp/(m3/s) 3-Day Flood Volume Wp/(108 ×m3)

1% 0.05% 1% 0.05%

Main flood season 1479 0.95 2.5 1908 2423 8.55 11.98
later flood season

(16 August to
10 September)

1785 1.12 2.0 3270 4611 11.44 16.02

later flood season
(11 September to

30 September)
1919 1.08 2.0 1720 2220 7.92 11.12

Under the safety standard of flood control, according to the design flood by stages
and the corresponding discharge mode, the flood regulation calculation is carried out to
determine the stage of the flood limit water level. In this paper, under the condition that
the design flood level is determined by stages and the design flood level is determined, two
methods are adopted to calculate the maximum water level by controlling the discharge
flow and to calculate the maximum discharge by controlling the maximum water level [32].
According to the reservoir operation principle, the flood regulation calculation is carried
out, and the flood control limit water level is obtained. For the flood control water level of
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Hongze Lake and Luoma Lake, the following schemes are put forward: The flood control
pressure in the main flood season is high, and the flood control level of Hongze Lake is
12.5 m and that of Luoma Lake is 22.50 m, according to the flood regulation scheme of
Yishusi river. In the later flood season, the limited water level of Hongze Lake can be
raised from 12.5 m to 13.0 m, and the capacity of the Xingli reservoir will be increased by
696 million m3. The flood limit water level of Luoma Lake can be raised from 22.5 m to
23.0 m (16 August to 10 September) and 23.5 m (from 11 September to 30 September), and
the capacity of the Xingli reservoir will be increased by 150–300 million m3.

3.2. Calculation of Optimal Scheduling Decision Scheme

After 1000 iterations of the above-mentioned optimal operation model, the non inferior
solution front is obtained. The top 10 schemes with the lowest comprehensive risk of flood
control are selected, and the optimal operation decision-making scheme in the normal-
water year is obtained through a risk-benefit calculation. The water transfer amount of the
main pumping lines in this scheme and the corresponding comprehensive risks are shown
in Table 4.

Table 4. Water quantity of main pumping lines under different water conditions

Inflow and Outflow of
the Lake July August September Sum Inflow and Outflow of Canal Water Delivery

Capacity

Outflow Hongze Lake 2.39 2.81 1.33 6.53
Inflow Zhong Canal 4.29

Inflow Xuhong Canal 2.24

Inflow Luoma Lake 1.16 1.59 0.10 2.85
Outflow Xuhong Canal 0.92
Outflow Zhong Canal 1.93

Outflow Luoma Lake 2.07 1.59 2.07 5.72
Inflow Bulao Canal 2.86

Inflow Hanzhuang Canal 2.86

Inflow Nansi Lake 1.54 1.06 1.54 4.13
Outflow Bulao Canal 1.55

Outflow Hanzhuang Canal 2.58
Outflow Nansi Lake

(Jiangsu) 1.54 1.06 1.54 4.13 Inflow Liangji Canal 4.13

Under the condition of not violating the regulation principle, the floodwater resources
of lakes in the East Route of the SNWT project are optimized. It can be seen from Table 5,
considering the flood control risk and the limitation of the project scale, the optimal scheme
can transfer out 413 million m3 of floodwater resources of Jiangsu Province during flood
season to supply the water shortage areas in the north and reduce the large amount of
abandoned water of lakes during flood season; the corresponding comprehensive risk is
about 4.29. Due to the utilization of the flood limit water level by stages, the transfer and
storage function of the lake after flood season has been increased. It can be seen from
the previous study that the reservoir capacity of Hongze Lake is increased by 696 million
m3, and Luoma Lake by 150–300 million m3. In addition to the floodwater resource of
the Water Transfer Project to North, some floodwater resources can be stored for the non-
flood season. If the limited water level during flood season is not used by stages and the
optimal operation of the lakes is not carried out, the floodwater resource is utilized directly
according to the principle of the South-to-North Water Transfer and Allocation project.
The original lake water storage parameters and the scale of the supporting pump station
project are strictly controlled. When the inflow water exceeds the flood limit water level
of the lake or exceeds the water transfer capacity of the pump station, the water will be
discarded according to the original sluice gate. Finally, the maximum amount of water that
can be transferred into the Liangji canal in a typical year is 461 million m3. Compared with
the results of optimal operation, although the floodwater resources transferred out by the
utilization of floodwater resources according to the allocation principle are increased by
48 million m3, this method does not increase the storage capacity of the lake in the flood
season and does not consider all kinds of risk factors. The results are relatively one-sided,
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and the floodwater resources are not used to the maximum extent; therefore, the reliability
is not high.

Table 5. Comprehensive risk of flood control under the corresponding water transfer scheme.

Risk Category Risk Indicators Risk Value Combination
Weight

Comprehensive
Risk

Risk of water
storage project

B1

Hongze LakeC1 7.88 0.1258 0.991304
1.890846Luoma LakeC2 4.58 0.1049 0.480442

Nansi Lower LakeC3 5.08 0.0825 0.4191

Risk of water
conveyance project

B2

Zhong CanalC4 4.95 0.1038 0.51381

1.159985
Xuhong CanalC5 3.45 0.065 0.22425
Bulao CanalC6 3.02 0.0709 0.214118

Hanzhuang CanalC7 3.39 0.0613 0.207807

Risk of water lifting
project

B3

Siyang StationC8 4.58 0.0535 0.24503

1.239133

Sihong StationC9 3.72 0.042 0.15624
Liulaojian StationC10 1.58 0.0768 0.121344

Suining StationC11 1.16 0.0296 0.034336
Zaohe StationC12 4.25 0.0626 0.26605
Pizhou StationC13 2.85 0.0533 0.151905
Liushan StationC14 3.88 0.0681 0.264228

Sum 54.37 1.0001 4.289964 4.289964

4. Conclusions

How to make the best use of the flood season water under the condition of ensuring
the safety of flood control is a problem that needs further discussion [33–35]. Based on the
existing floodwater resource utilization model system, the abandoned water in the lake
group of the East Route of the SNWT Project is utilized, and its utilization potential and
the available amount are evaluated. By using the floodwater resource utilization mode of
lake flood limited water level by stages, the control water level in the flood season is raised
and the storage capacity of the lakes is increased. Then, the optimal operation model of the
floodwater resource during the flood season is established with the goal of maximizing the
amount of floodwater utilization and minimizing the comprehensive risk value of flood
control. The improved particle swarm optimization algorithm is used to solve the problem,
and the optimal scheme is determined by a comprehensive benefit calculation. The main
conclusions are as follows:

(1) The average annual floodwater resource available in Hongze Lake and the Luoma
Lake Basin (2003–2017) has a large amount of utilization. At present, there are some areas
along the East Route of the SNWT Project that cannot be covered by the water supply.
Although there is water supply in some areas, the water quality cannot meet the standard.
The implementation of rainwater and flood resource utilization can alleviate the problem of
water use in blind spots of water supply to a certain extent. Future development is needed
to improve their own water supply capacity and improve the water supply guarantee rate;
the development and utilization of rainwater resources is necessary.

(2) According to the different periods of the flood season, the flood limit water levels of
Hongze Lake and Luoma Lake have been increased correspondingly. After the completion
of the first phase of the east line project, the water supply did not reach the design capacity
of 1.353 billion m3, which was planned for the first phase of the project. Before the
implementation of the second phase of the project, the joint dispatching management
measures and a small number of new engineering measures should be taken to make full
use of the water supply capacity of the first phase of the project and the water supply
potential in the whole year, and extend the emergency water supply to Beijing, Tianjin and
Hebei, three provinces (municipalities directly under the central government) to the north,
to realize the rational utilization of water resources, which can maximize the regulation
and storage capacity of the lakes and give full play to the benefits of the first phase of
the project.
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(3) According to the optimal operation scheme, the comprehensive risk value of flood
control is relatively low. According to the principle of moderate risk and ensuring the
operation of the risk management mechanism in the east line of the SNWT Project, the
comprehensive utilization risk is within the acceptable range. On the premise of stable
meeting safety, we can coordinate various relations and make full use of water resources in
order to better achieve the established water supply target.

The optimal operation of flood resources of lakes in the East Route of the SNWT
Project can make full use of the water supply capacity of phase I of the project, make full
use of the flood benefits, and realize the rational utilization of water resources. It is of
great significance to alleviate the contradiction between water resources shortage and flood
control, improve the ecological environment along the line and realize the sustainable
utilization of water resources. However, the elevation of lake water level will have a certain
impact on the surrounding environment and flood control safety, so corresponding impact
treatment projects should be provided, such as the lakeside dike protection project, and
lake river channel impact treatment project, and corresponding compensation should be
made. The lake group system of the East Route of the SNWT Project is complex and the
hydrological conditions are changeable. It is not mature nor comprehensive to apply the
flood resource utilization model to the East Route of the SNWT Project. Further research
and application should be strengthened.
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