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Abstract: To reduce flood disasters and optimize of the comprehensive benefit of the water basin, the
allocation of regional flood drainage rights is of great significance. Using the “top-down” allocation
mode, we consider the influence of the social, economic, and ecological environments, flood drainage
demand and efficiency, and other factors on the allocation of flood drainage rights. A bi-level
multi-objective programming model from the perspective of fairness and efficiency is established
for the allocation. The Sunan Canal is taken as a typical case study. The model is solved by the
multi-objective optimal allocation method and the master–slave hierarchical interactive iteration
algorithm. After three iterations of the initial solution, the allocation of flood drainage rights in six
flood control regions finally reach an effective state. The results of the model were compared with
results based on historical allocation principles, showing that the bi-level multi-objective programming
model, based on the principles of fairness and efficiency, is more in line with the current social and
economic development of the canal. In view of the institutional background of water resources
management in China and the flood drainage pressure faced by various regions, the allocation of
flood drainage rights should be comprehensively considered in combination with various factors,
and the market mechanism should be utilized to optimize the allocation.

Keywords: flood drainage right; flood control dispatching; optimal allocation; bi-level multi-objective
programming model; improved ZSG-DEA model; improved entropy weight method

1. Introduction

Water resources are basic and necessary to national economies and people’s livelihoods.
The characteristics of water resources include reproducibility, finiteness, uneven spatial-temporal
distribution, and social versatility [1,2]. Also, water resources and their interdependent natural
environments are fragile and vulnerable [3,4]. Flooding is a problem in many parts of the world where
water is relatively abundant. In 2011, climate change caused major flooding in Bangkok, Thailand.
To prevent flooding from affecting the city center, the local government clashed with the public over
whether to open the upstream sluice. In China, the amounts of water in different regions vary greatly
as a result of the differences in climate and geographical conditions. This variation has resulted in
a greater quantity of available water resources in the southern part of the country [5]. This uneven
distribution has caused great difficulties for water resources protection and allocation [6]. Because of
increased human activity and drastic climate change, water resources in many regions of China are
facing severe challenges, especially in the middle and lower reaches of the Yangtze River, where there
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are many different types and degrees of flood risk [7]. The high frequency and wide range of floods
seriously threaten the safety of people and property [8,9].

When a flood disaster occurs, the water resources management departments of the water basin
and the region conduct joint dispatching in combination with flood control dispatch planning [10].
This joint operation can greatly reduce flood damage [11]. Because of the limited amount of flood
drainage, each region has tried to discharge more flood water to reduce the pressure of drainage,
but doing so has led to water conflicts about flood drainage between the upper and lower reaches
of the basin, as well as between the left and right banks [12–15]. China is one of the countries in
the world with the severe flood disasters, which have serious socio-economic and ecological effects.
The sustainable development of both the economy and society is bound to be impeded if the issue
of flood discharge among different regions cannot be coordinated [16]. Therefore, the allocation of
regional flood drainage rights is of practical significance.

The generalized concept of drainage rights is the right to drain water flows or deposits on
or under the surface by artificial means, which are liable to be hazardous or recyclable [17,18].
The adjacent drainage right and the sewage drainage right, after the use of water resources, belong
to this category. Because rain water is the main factor affecting the scale of drainage projects, the
flood drainage right proposed in this paper is different from the existing concept of drainage rights.
A flood drainage right is defined as the right to discharge the floodwater generated by a rainstorm
and is the main means of controlling the drainage of various regions when it exceeds the flood
discharge capacities of the regions [19]. The concept of flood drainage rights is often confused with
the concept of sewage drainage rights. The sewage drainage right refers to the right of polluters to
discharge pollutants into the environment within the quota allocated by the environmental protection
supervision and administration department in order to control water pollution. Pollutants come
from domestic sewage, industrial point source pollution, and agricultural non-point source pollution.
The discharge of pollutants is closely related to the degree of social and economic development and
natural endowment. According to the requirement of control, the total amount of pollutants, the
water environmental capacity of each administrative region, is one of the key factors affecting the
allocation of emission rights [20,21]. Although sewage discharge is also involved in flood drainage
rights, the main consideration of the flood drainage allocation is rainfall, which is the main factor
affecting drainage scales [22]. While the drainage households are allocated the flood drainage quota,
they bear the responsibility of sewage treatment.

The flood drainage right is non-exclusive and competitive, it needs to be configured to avoid
conflicts. The allocation of flood drainage rights is based on the flood control dispatching scheme
issued by the state flood control headquarters and the requirements of flood control dispatching plans
at the basin or administrative level. Taking the security of the river basin as the goal, the government
comprehensively considers the drainage capacity of water conservancy projects in the river basin,
the rainfall distribution, and the drainage demand in each region, and allocates the right of flood
drainage to water conservancy projects in each region in combination with the region’s social, economic,
ecological, and other, factors. The safe flow of a water conservancy project can be regarded as the total
amount of flood drainage that can be distributed [23].

In the “top-down” distribution mode, the government should not only consider the degree
of economic development and historical flood drainage situations of the region but also allocation
efficiency to ensure the feasibility of implementing flood drainage rights distribution schemes. Utilizing
the concept of risk balance, this study constructed a bi-level programming model of flood drainage
rights allocation from the perspective of fairness and efficiency, then applied the master–slave interactive
iterative algorithm based on satisfaction to solve the model for flood drainage rights allocation so as to
further verify the validity of the model and the feasibility of the algorithm.
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2. Literature Review

With the acceleration of urbanization and the frequent occurrence of flood disasters, the research
scope of flood control operation has gradually changed from single reservoir operation [24,25] to
cascade reservoir operation [26,27] and basin operation [28,29]. The joint operation of units in a river
basin is the current focus of research on flood control operation research. The research has involved the
forecast of rainfall and runoff [30,31], the identification and evaluation of flood control risk [32–34], and
the decision of optimal flood control operation [35,36]. As the flood forecast changes with the weather
system, regional system, and underlying surface conditions, the production and confluence conditions
must also change. Different prediction models and calculation methods should be selected for different
prediction objectives. On the basis of the establishment of a short-term rainfall prediction model
and a reservoir release operation model, Che, D. realized real-time reservoir flood control by using
the U.S. Army Corps of Engineers (USACE) Hydrologic Engineering Center–Hydrologic Modeling
System (HEC-HMS) [37]. Valeriano, O.C.S. proposed a physics-based distributed hydrological model
to reduce downstream flood peaks through joint scheduling. The observed meteorological radar
products were input into a hydrological model to simulate the flow in a river network and the river
flow was evaluated at the control points [38]. In order to mitigate the hydrological impact of climate
change on water resources systems, Lee, S. adopted a daily time-step simulation model instead of a
monthly time step one to prepare an optimized flood control curve [39].

In terms of a flood control dispatching algorithm, a simulation-based optimization algorithm
has been increasingly adopted by researchers in the field of flood control dispatching to deal with
uncertain, nonlinear, discrete, complex, constrained, and conflicting optimization objectives in reservoir
systems [40]. Che, D. established a real-time river–reservoir flood simulation and control optimization
model, which was applied to the Cumberland River at Nashville, Tennessee, and was able to reduce the
flood level below the 100-year flood stage by simulating the flood discharge scheduling [41]. Prakash,
O. proposed an adaptive simulation–optimization (S–O) framework to simulate flood dispatching
decisions at different stages by combining multi-objective optimization models [42].

At present, flood control dispatching is mainly considered from the perspective of hydrology,
without considering the impact of flood control on economy, society, and environment [43–45]. From
the perspective of management, a decision support system based on watersheds can be combined with
a socio-economic analysis to conduct flood control operation [46]. This system can reflect the social
and economic differences among different regions and comprehensively consider the impact of social
and economic factors on flood control dispatching.

3. Materials and Methods

3.1. Research Area

The region along the Sunan Canal is located in the Yangtze River Delta at 30◦54′59”–32◦15′36” N
by 119◦13′45”–121◦23′5” E and belongs to the Taihu River System with the Huangpu River to the east,
Yangtze River to the north, and Taihu Lake embankment to the south. A total area of 19,600 km2 covers
Zhenjiang, Changzhou, Wuxi, and Suzhou of the Jiangsu Province, Shanghai, and parts of the Zhejiang
Province. Because of the geographical and climatic conditions, the basin has a long, rainy summer
and is prone to disastrous rainstorms of short duration and high intensity. About 70% of the annual
rainfall is concentrated during the flood season from May to September. After years of governance,
the flood control capacity of areas along the Sunan Canal has been greatly improved. However, with
the rapid development of the Chinese economy, the water regime has changed significantly and the
contradiction of flood drainage has become prominent.

According to the scope of six urban flood control projects that have been put into operation,
this paper takes Yunbei, Hutang, Yundong, Taihu New City, Central City, and Jinchang New City as
research areas (Figure 1). With the operation of urban flood control projects along the Sunan Canal in
Suzhou, Wuxi, and Changzhou, the capacity of flood control in the low-lying areas has been improved.
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Meanwhile, the river has been cut off from the canal and the nature of the river’s water exchange with
the canal has changed. The canal has become the main drainage channel for the flood control region.
The six flood control systems in these three cities have a total drainage of 729 m3/s, while the discharge
volume under the current safe condition of the Sunan Canal is 400 m3/s. The historical data of the
flood drainage were well above the current safe discharge of the canal.
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Figure 1. Sunan Canal and urban flood control regions.

When the centralized drainage of the cities changes the canal’s confluence characteristics, the
canal becomes a sectional regulation and storage “reservoir”. The water level in the canal rises rapidly
and flood control pressure increases. During the flood season of 2015–2017, the main representative
stations of the Sunan Canal experienced an atypically high water level and some areas along the canal
were seriously affected. The water level has become a major concern for society and the media.

3.2. Allocation Principles

The allocation of flood drainage rights is restricted by the drainage capacities of water conservancy
projects, the rainfall distribution, and drainage demand, and the social, economic, ecological, and other
factors of a region. Hence, such allocation has a certain degree of sensitivity and complexity. As the
allocation of flood drainage rights is a policy-oriented government action, certain principles should be
followed [19]. The allocation principles formulated in this paper include:

• Sustainability. The principle of sustainable development requires human beings to take into
account the constraints of the environment and ecosystems while developing economically,
and realize the coordinated development of economy, society, and resources on the premise of
protecting the environment and maintaining the sustainable use of resources. The current way
of flood drainage has affected the lives of people in surrounding areas, which is contrary to the
principle of sustainability. As a public resource, flood drainage rights have a certain public welfare
nature, which requires the government to pay attention to the coexistence of humans and natural
environment on the basis of respecting reality. Through a series of measures, the government
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should rationally allocate flood drainage rights, and formulate short-term and long-term ways of
flood control regulation, so as to provide higher-quality public products for society [47,48].

• Fairness. Competition for flood drainage exists among the different basin regions, as well
as between upstream and downstream. The principle of fairness is mainly embodied in the
coordination of promoting the social and economic development of the drainage basin. According
to the theory of physical geographic economics, a watershed is a complex system that includes
subsystems of society, economy, resources, environment, and ecology [49]. The degree of
coordination among the subsystems is the criterion for judging if the social economy, natural
resources, and environment are developing harmoniously. The allocation of flood drainage rights
is actually the allocation of development resource and right. The government should appropriately
deal with the drainage competition in different regions, fully consider the influencing factors such
as population size, land area, economic development level, and environmental carrying capacity
in order to reduce risks and uncertainties, and ensure the rational allocation of the drainage rights
in the whole basin.

• Efficiency. The fundamental purpose of flood drainage rights allocation is to maximize the
comprehensive benefit of the drainage basin. The only way to achieve this goal is to improve
the efficiency of flood drainage rights allocation so as to reduce flood disasters and promote the
balanced development of the regions. By considering the distinctive needs of the upstream and
downstream of the river basin, as well as the different administrative regions, the government
carries out macro-control. The government should not take economic benefit as the sole goal, but
also take into account social and ecological benefits. On the basis of ensuring the safety of the
river basin, the share of flood drainage between different regions should be reasonably adjusted,
so that the drainage rights can be allocated to the areas that produce greater benefits when the
total amount of flood drainage is fixed.

3.3. Methods

On the basis of the analysis of allocation principles, this paper regards the principle of fairness
as the main principle and the principle of efficiency as the auxiliary principle. This master–slave
relationship conforms to the characteristics of the bi-level programming model and can better describe
the relationship between the upper and lower models [50–52]. The bi-level programming model based
on the perspective of fairness and efficiency must consider the comprehensive benefits of the economy,
society, and ecological environment of each allocation region, i.e., to achieve the maximum allocation
benefit from the perspective of fairness, and consider the efficiency of the allocation of drainage right
to achieve the optimal allocation efficiency.

3.3.1. Upper-level Programming Model Based on Fairness Perspective

Assume that there are n regions to allocate flood drainage right, the GDP of the region i is XGDP
i ,

the comprehensive index of social development is Zi, and the demand for flood drainage is DWi.
The allocation of flood drainage right in region i is Wi, and the allocation efficiency is θi.

From the perspective of fairness, the differences in the regional economies, societies, and ecological
environments should be taken into account. The optimal allocation scheme should be determined by
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taking the optimal comprehensive benefits of the regional economy, society, and ecological environment
as the objective function, which can be expressed as

F(Wi) =
{
F1(Wi), F2(Wi), F3(Wi)

}
F1(Wi) = max

n∑
i=1

WiθiXGDP
i

F2(Wi) = min
n∑

i=1

n∑
k=1

( Wi
Wk
−

Zi
Zk

)2

F3(Wi) = min
n∑

i=1

(
Wi

DWi
−

1
n

n∑
i=1

Wi
DWi

)2

(1)

where F(Wi) represents the objective function of the upper-level programming model of flood drainage
right allocation from the perspective of fairness. F1(Wi) reflects the economic benefit of the total load
allocation of flood drainage rights. The GDP of the region and the allocation efficiency are selected to
reflect the economic benefits under the total load allocation. F2(Wi) represents the social benefit of the
total load allocation of flood drainage rights. The social benefit is reflected by the coordination degree
of flood drainage right allocation, that is, the matching degree between the proportional relation of the
flood drainage rights obtained in different regions and the proportional relation of the comprehensive
index of regional social development (Zi). The closer the two proportional relations, the better the
match and coordination. Population, GDP, and land area are selected as the reference index to reflect
the comprehensive index of regional social development [53,54]. F3(Wi) represents the ecological and
environmental benefit of the total load allocation of flood drainage rights. Historical flood drainage
before the total load allocation is taken as the drainage demand of each region and the degree of match
between the regional allocation and the drainage demand under the total load allocation is calculated
to reflect the impact on the ecological environment.

The constraints of the upper-level programming model are as follows:
(1) In the process of optimizing the composite system of flood drainage right allocation, the

sum of the flood drainage of each region must be controlled within the constraint range of the target
total amount:

n∑
i=1

Wi = W (2)

where W represents the total load of flood drainage rights allocation and Wi represents the allocation
amount of drainage rights in the region i.

(2) The matching relationship between the proportion of flood drainage rights allocation in each
region and its comprehensive index of social development should be guaranteed to reflect the fairness
of the allocation among the regions. The constraint is

Zi
Zk
≥ 1⇔

Wi
Wk
≥ 1 (3)

The comprehensive index of social development is

Zi =
m∑

j=1

w jPi j (4)

Zi and Zk represent the comprehensive indexes of the social development while Wi and Wk
represent the quantities of the allocated flood drainage rights of regions i and k, respectively.
This formula indicates that the ratio of the comprehensive index value of the two regions is consistent
with the change direction of the ratio of the flood drainage rights allocation. j is the index number of
the three comprehensive indicators of social development, j = 1, 2, 3 represent population, GDP, and
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land area, respectively. Pi j is the dimensionless value of the j-th index in the region i, and w j is the
weight of the j-th index.

To solve the problem of the weight being affected by the correlation between three comprehensive
indicators of social development, this study takes the possible correlation into consideration by
eliminating the influence of duplicate information on the weight as much as possible. The specific
operations are as follows:

1O Standardize the indicators to eliminate the influence of dimensionality.
For positive indicators:

X′i j =
Xi j −min(X1 j, X2 j, · · · , Xnj)

max(X1 j, X2 j, · · · , Xnj) −min(X1 j, X2 j, · · · , Xnj)
+ 1, i = 1, 2, · · · , n; j = 1, 2, 3 (5)

For negative indicators:

X′i j =
max(X1 j, X2 j, · · · , Xnj) −Xi j

max(X1 j, X2 j, · · · , Xnj) −min(X1 j, X2 j, · · · , Xnj)
+ 1, i = 1, 2, · · · , n; j = 1, 2, 3 (6)

2O Calculate the coefficient of difference (d j).
This coefficient reflects the difference between different evaluation objects under the same index.

The larger the coefficient, the more useful the information that can be provided by the index is.

d j = 1 +
1

ln n

n∑
i=1

Pi j ln Pi j (7)

where Pi j =
X′i j

n∑
i=1

X′i j

represents the proportion of the i-th scheme in index j.

3O Calculate the coefficient of conflict (R j).
This conflict is introduced to reflect the degree of the difference in the information represented by

different indicators. The lower the correlation (r jk) between one indicator and the other, the higher the
degree of conflict with the others is, and the more useful the information that can be provided by the
indicator is.

R j =
m∑

k=1

(
1−

∣∣∣r jk
∣∣∣) (8)

4O Calculate the useful information of the indicator (C j).
The information contained in item j can be expressed by multiplying the coefficients of difference

and conflict:

C j = d j ×R j =

1 +
1

ln n

n∑
i=1

Pi j ln Pi j

× m∑
k=1

(
1−

∣∣∣r jk
∣∣∣) (9)

5O Determine the index weight (w j).
The greater the amount of information contained in item j, the more important the information is

to the decision-making process. The corresponding weight can be expressed as:

w j =
C j

m∑
j=1

C j

(10)

(3) The flood drainage of each region should not exceed its drainage demand (DWi):

Wi ≤ DWi (11)
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3.3.2. Lower-level Programming Model Based on Efficiency Perspective

Data envelopment analysis (DEA) is a tool for analyzing the relative effectiveness of evaluation
objects according to a non-parametric frontier [55,56]. The traditional DEA model assumes that the
inputs and outputs of each decision-making unit (DMU) are independent of each other. In reality,
there is always a total limit for some inputs or outputs. Hence, a zero-sum gains DEA (ZSG–DEA)
model, in which the income (or loss) of a particular DMU in a certain input or output is necessarily
the loss (or income) of other DMUs for the same input or output, is proposed [57]. Through finite
iterations, the efficiency of all DMUs can reach complete efficiency, thereby forming a new effective
frontier [58]. Therefore, in the construction process of the constraints of the lower-level programming
model, this study constructed a ZSG–DEA model from the perspective of efficiency and obtained an
efficient allocation of flood drainage rights after a finite number of iterations.

In the input-oriented model, the population and GDP of each region are taken as output variables
and the allocation quota of each region solved by the upper-level programming model is taken as
the input variable to calculate the allocation efficiency. Lins et al. provided two simple strategies of
average and proportional increase to simulate the interaction process between variables [57]. Of the
two strategies, the proportional increase strategy is relatively more equitable and avoids the negative
indicators that are caused by the average increase strategy. If the efficiency value of an inefficient
DMU0 is θZ0, then, to improve the allocation efficiency, the DMU0 must reduce the flood drainage
by ∆W0 = W0(1− θZ0). The other (n− 1) DMUi(i , 0) increases the input of Wi in equal proportions
according to the initial input proportion of Wi, i.e., the increased amount of input obtained by DMUi
from DMU0 is Wi∑

i,0
Wi

W0(1− θZ0).

The allocation of flood drainage rights should not exceed the drainage demand of the region,
as they do now. According to the proportional increase strategy, if the flood drainage right of the
decision-making unit with an efficiency of 1 is exactly equal to the drainage demand, the redistribution
based on the proportional increase strategy will definitely exceed the upper limit of the flood drainage
rights in the region. Therefore, the traditional ZSG–DEA BCC model must be improved for such
decision-making units, which are no longer involved in the adjustment. After the adjustment, the
redistribution of input Wi to DMUi is as follows:

W′i =
∑

i,0,i<ω

 Wi∑
i,0,i<ω

Wi
×W0(1− θZ0)

−Wi(1− θZi) (12)

where ω is a high-efficiency set, the DMU efficiency in ω is 1, and the input reaches the upper limit.
The DMUs in ω can set up a group. There is no redundant input in the DMUs belonging to ω and the
DMUs in ω cannot be allocated to any redundant input of another DMU.

According to the improved proportional increase strategy, the relative efficiency of flood drainage
right allocation in DMU0 is evaluated according to the improved ZSG–DEA BCC model. A lower-level
programming model based on an efficiency perspective is established as follows:

minθZ0

s.t.



n∑
i=1

λiWi[1 +
W0(1−θZ0)

n∑
i,0,i<ω

Wi

] ≤ θZ0W0

n∑
i=1

λiBi ≥ B0

n∑
i=1

λi = 1

λi ≥ 0, i = 1, 2, · · · , n

(13)
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where Wi and Bi are the index values of the input and output, respectively. θ0 is the relative efficiency
of DMU0. The greater the value of θ0, the more reasonable is the allocation of the flood drainage right.
λi is the weight coefficient.

3.3.3. Master–Slave Hierarchical Interactive Iteration

The bi-level programming model of flood drainage rights allocation is restricted by fairness and
efficiency. The objective function and constraints of upper-level decision-making are interrelated
and constrained by those of lower-level decision-making. The objective function and constraints of
upper-level decision-making problems depend not only on upper-level decision variables but also
on the optimal solution of lower-level decision variables. At the same time, the upper-level decision
variables will affect the optimal solution of lower-level decision-making problems. In this study, a
master–slave interactive iterative algorithm was used to obtain the relative optimal solution on the
basis of satisfying the bi-level objectives. The specific steps are as follows:

Step 1: Set t = 1, which is the number of iteration round for the allocation of flood drainage right.
Step 2: Under the condition that the total load of flood drainage right is fixed, randomly determine

the initial allocation scheme Wit of flood drainage right allocation according to the constraint of the
upper model.

Step 3: Substitute the initial allocation result Wit into the lower-level programming model on
the basis of the efficiency perspective and calculate the efficiency value θit. If the effective frontier is
reached, then go to Step 5. If the allocation scheme is not DEA effective in a certain region, then use an
improved proportional increase strategy to redistribute the initial allocation and obtain the decision
variable W′

it
. The allocation should not exceed the drainage demand of each region.

Step 4: Substitute the decision variables W′
it

and θit of the lower-level model into the objective
function of the upper-level model to determine the economic benefit F1(Wi), social benefit F2(Wi), and
ecological benefit F3(Wi).

Step 5: Establish the satisfaction function of the comprehensive benefit of flood drainage right
allocation according to the benefit that corresponds to the determined allocation amount:

µt(F(Wi)) = ω1
F1(Wi)

F∗1(W)
+ω2

F∗2(W)

F2(Wi)
+ω3

F∗3(W)

F3(Wi)
(14)

where µt(F(Wi)) represents the satisfaction degree of the comprehensive benefit of the allocation
in round t. ω1, ω2, and ω3 represent the weights of the three sub-objective satisfaction functions.
These three aspects jointly affect the allocation of flood drainage rights, and the impact is the same,
so this study sets ω1 = ω2 = ω3 = 1

3 . F∗1(W), F∗2(W), and F∗3(W) represent the expected level
values of the sub-objectives, which can be determined according to the Sunan Canal Regional Joint
Dispatching Scheme.

Step 6: Evaluate the satisfaction degree of the comprehensive benefit. If they reach a satisfactory
state, the adjustment of the scheme is stopped. The result of the allocation would be the final satisfactory
solution of the allocation model. If the distribution of the comprehensive benefit fails to reach a
satisfactory state, then t = t + 1 and go to Step 7.

Step 7: Add the constraints to ensure that the comprehensive benefit of the flood drainage right
allocation is always on the optimal path. Go to Step 2 and adjust the allocation amounts in different
regions according to the constraints of the upper-level model.

3.4. Data Sources

The flood drainage of the six urban flood control systems has reached 729 m3/s while the discharge
volume under the current safe condition of the Sunan Canal is only about 400 m3/s. Therefore, this
study took 400 m3/s as the total control target of flood drainage rights (regardless of the discharge
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into the canal in the polder area). The historical flood drainage of each region is taken as its drainage
demand and the data were derived from the Sunan Canal Regional Joint Dispatching Scheme (Table 1).

Table 1. Urban flood control systems of Sunan Canal.

City Flood Control Systems Total Scale (m3/s) Flow Discharged Directly into Sunan Canal (m3/s)

Changzhou
Yunbei 420.96 179.00
Hutang 78.10 57.70

Subtotal 499.06 236.70

Wuxi
Yundong 485.60 218.80

Taihu New City 97.00 82.00

Subtotal 582.60 300.80

Suzhou
Central City 286.50 168.00

Jinchang New City 39.10 23.50

Subtotal 325.60 191.50

Total 1407.26 729.00

The data on the population, GDP, and land area of each region are derived from the statistical
yearbook and network resources of each city in 2017, as shown in Table 2.

Table 2. Socio-economic development indicators of flood control regions.

Flood Control Region Population (Tens of Thousands) GDP (RMB 100 Million) Land Area (km2)

Yunbei 101.38 1308.09 156.20
Hutang 50.00 221.01 84.00

Yundong 138.84 1973.24 144.00
Taihu New City 57.60 779.81 139.10

Central City 101.51 694.03 84.00
Jinchang New City 7.60 53.02 13.70

4. Results and Discussions

4.1. Social Development Index

Before the allocation of flood drainage rights, the social development index of six flood control
regions were calculated according to Formulas (5)–(11). In combination with the improved entropy
weight method, the weight of land area was the largest (w3 = 0.3964), followed by the weight of
population (w1 = 0.3020), and the weight of GDP (w2 = 0.3027).

Thus, the comprehensive index of social development in different regions was determined, as
shown in Table 3. The comprehensive index of social development in Yundong was the highest, which
was 0.2151. Although the land area of Yundong is lower than that of Yunbei, Yundong has a higher
population and GDP, so the social development index is the highest. The comprehensive index of
social development is ranked from high to low, which is Yunbei, Taihu New City, Central City, Hutang
and Jinchang New City.

Table 3. Comprehensive index of regional social development.

Flood Control Region Yunbei Hutang Yundong Taihu New
City Central City Jinchang

New City

Comprehensive index
of social development 0.1967 0.1431 0.2151 0.1710 0.1648 0.1093
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4.2. Allocation Result of Flood Drainage Rights

4.2.1. Initial Solution

In accordance with Table 3, the bi-level multi-objective programming model was used to carry out
flood drainage rights allocation under total load control and the initial solution scheme of each region
was obtained (Table 4).

Table 4. Allocations and efficiencies of flood drainage rights.

Flood Control
Region

Initial Solution First Iteration Second Iteration Third Iteration Adjustment
Mode
(m3/s)Allocation

(m3/s) Efficiency Allocation
(m3/s) Efficiency Allocation

(m3/s) Efficiency Allocation
(m3/s) Efficiency

Yunbei 83.01 0.8438 81.36 1.0000 82.65 0.9994 82.62 1.0000 –0.39
Hutang 57.70 0.7720 52.58 0.9445 50.02 1.0000 50.04 1.0000 –7.66

Yundong 88.64 1.0000 104.65 1.0000 106.29 1.0000 106.34 1.0000 17.7
Taihu New City 74.64 0.6473 55.28 0.9842 55.13 0.9984 55.05 1.0000 –19.59

Central City 72.50 0.9670 82.63 0.9857 82.41 1.0000 82.45 1.0000 9.95
Jinchang New City 23.50 1.0000 23.50 1.0000 23.50 1.0000 23.50 1.0000 0.00

Total 400.00 - 400.00 - 400.00 - 400.00 - -

In the case of initial solution, the allocation efficiency of flood drainage rights in six regions
was calculated. The allocation efficiencies of Yundong and Jinchang New City were 1, whereas the
allocation efficiencies of the other four flood control regions were non-effective. Among them, the
allocation efficiencies of Hutang and Taihu New City were 0.7720 and 0.6473, respectively, i.e., less than
0.8. The average efficiency of the initial solution was 0.8717. The overall efficiency was relatively high
and close to the frontier. As long as the input is adjusted appropriately, the frontier can be reached.

Combined with the initial solution scheme in Table 4 and the corresponding efficiency value,
the initial solution satisfied Formulas (8)–(11) and the economic, social, and ecological benefits of the
flood drainage right were F1(W) = 36.3697× 104, F2(W) = 13.1881, and F3(W) = 0.4390, respectively.
On this basis, the satisfaction degree of the comprehensive benefit was µt(F(W)) = 0.8639.

4.2.2. Iterative Process

Since the initial allocation scheme failed to reach the effective frontier, the master–slave hierarchical
interactive iteration algorithm was used to allocate the flood drainage rights under total load.
The drainage of those DMUs with efficiency values of less than 1 was redistributed.

In the first iteration, the proportion of flood drainage rights in Yunbei, Hutang, Taihu New
City, and Central City was reduced according to the improved proportional increase strategy, and
allocated to other regions according to Formula (12). The results of the first iteration showed that the
allocation efficiency in each region was significantly improved and the number of regions reaching the
frontier increased to 3. Compared with the initial solution, the allocation amount of Yunbei decreased
and reached DEA efficiency. The allocation amounts of Hutang and Taihu New City decreased and
their allocation efficiencies improved but not to the extent of DEA efficiency. The allocation amount
of Central City increased and the allocation efficiency improved but failed to reach DEA efficiency.
The efficiencies of Yundong and Jinchang New City remained at 1. After the first iteration, there were
three regions that still had not reached the DEA effective state.

In the second iteration, the proportion of flood drainage rights in Hutang, Taihu New City, and
Central City was reduced according to the improved proportional increase strategy, and allocated to
other regions according to Formula (12). The results of the second iteration show that, the allocation
quotas of Hutang and Central City decreased and reached DEA efficiency. The allocation efficiency of
Taihu New City was close to the frontier while the allocation efficiency of Yunbei changed from DEA
efficiency to non-DEA efficiency.

In the third iteration, the proportion of flood drainage rights in Yunbei and Taihu New City was
reduced. After three iterations, the allocation efficiency reached DEA efficiency and the allocation
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scheme satisfied Formulas (8)–(11). The economic, social, and ecological benefits were F1(W) =

43.0368 × 104, F2(W) = 17.2678, and F3(W) = 0.3569, respectively. The satisfaction degree of the
comprehensive benefit was µt(F(W)) = 0.9787, which was greater than the satisfaction degree in the
initial solution scheme (the satisfaction degree in the initial solution scheme was 0.8639). After the
third iteration, all six regions reached an effective state (Figure 2).
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The average allocation efficiencies of the six regions gradually increased from 0.8717 to 1 (Figure 3).
After the first iteration, the average allocation efficiency of drainage right in six regions was significantly
improved, with an increase of 11.40%.Water 2019, 11, x FOR PEER REVIEW 13 of 18 
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4.3. Evaluation of Allocation Results

According to the final results of the flood drainage rights allocation, the largest proportion of the
allocation should be to the Yundong flood control region (26.59%), followed by Yunbei (20.66%) and
Central City (20.61%). The comprehensive indexes of the social development in these three regions are
relatively high and the demands for economic, social, and ecological development are strong, so the
allocations of flood drainage rights are relatively higher.

The flood control regions with lower allocations include Taihu New City (13.76%), Hutang
(12.51%), and Jinchang New City (5.88%). These three areas belong to the new city regions in Wuxi,
Changzhou, and Suzhou, respectively. Compared with Yundong, Yunbei, and Central City, these three
regions were relatively late in development and the comprehensive indexes of their social development
were relatively lower. The historical flood drainage in the three regions is low and the demands for the
allocation of flood drainage rights are relatively low. Therefore, the allocations of flood drainage rights
are lower.

Different allocation principles may lead to different allocation results of flood drainage rights.
In this study, the principle of flood drainage rights allocation was based on fairness and efficiency
so the allocation result can be compared with the result based on the historical allocation principle
(Figure 4). In Figure 4, the bars below represent the allocation rate, the hanging bars represent the
allocation efficiency, and the red dashed line represents the allocation efficiency of 1.
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(1) Allocation rate under different principles. By the principles of fairness and efficiency, the flood
control region with the highest and lowest allocation rates are Yundong (26.59%) and Jinchang New City
(5.88%), respectively. The difference between the highest and lowest rates is 20.71%. When allocated
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according to historical allocation principle, Yundong and Jinchang New City have the highest (30.01%)
and lowest (3.22%) rates, respectively. The allocation rate of Yundong is higher than the rate based
on the principle of fairness and efficiency, whereas the allocation rate of Jinchang New City is lower.
The difference between the two regions increase to 26.79%. Under the historical allocation principle,
the gap between the maximum and minimum allocation rates was larger.

(2) Allocation efficiency under different principles. With the principles of fairness and efficiency,
the allocation efficiencies of the six regions were effective. When allocated according to the historical
allocation principle, only Hutang, Yundong, Taihu New City, and Jinchang New City were effective,
whereas the allocation efficiencies of Yunbei and Central City were 0.8534 and 0.8994, i.e., they had not
reached the effective frontier.

Through the analysis of allocation proportion and allocation efficiency, it can be seen that the
allocation effect of drainage rights based on the allocation principle of fairness and efficiency is better.

5. Conclusions

On the basis of the total load allocation of flood drainage rights, this study constructed a bi-level
multi-objective programming model to distribute the flood drainage rights of the Sunan Canal in the
Taihu Lake Basin. This study reflects the mutual influence and interaction between the principle of
fairness and efficiency in the process of allocation and realized the harmonious allocation of flood
drainage rights among the regions. After several iterations, the final adjustment results show that
Yundong, Yunbei, and Central City should have higher allocations of flood drainage rights because of
higher demands from economic, social, and ecological development. Taihu New City, Hutang, and
Jinchang New City, respectively, belong to the new urban area of the Taihu Basin and have lower
allocations of flood drainage rights. In the six regions, the allocation of flood drainage rights reached a
fully effective state in the model. Compared to the results based on the historical allocation principle,
the allocations based on the model of drainage rights constructed by this study are more reasonable.
The bi-level multi-objective programming model of flood drainage rights allocation basically conforms
to the current situation of social and economic development.

The main contribution of this study is its consideration of the social, economic, and ecological
environments, flood drainage demand and efficiency, and other factors of different regions. This study
constructed an allocation model of flood drainage rights based on the principles of fairness and
efficiency. On the basis of the multi-objective optimal allocation method, the allocation efficiency
of each region was calculated with the improved ZSG–DEA model and the drainage volume was
adjusted by an improved proportional increase strategy. The allocation model is the combination and
improvement of the multi-objective optimal allocation method, the allocation efficiency method, the
proportional increase strategy, and other methods. This model was able to improve overall satisfaction
and bring all cities up to 100% efficiency despite using substantially less water.

The flood and the drainage conflicts caused by it are widespread. The allocation scheme presented
in this paper is only one of the ideas proposed for the allocation of flood drainage rights in China.
Regarding the institutional background of water resources management in different countries and
the flood drainage pressure faced by the regions, this paper presents the following suggestions: (1)
The allocation of flood drainage rights should be comprehensively considered in combination with
various factors. The single allocation principle cannot meet the rationality and scientific requirements
of the flood drainage right of each region in the basin. In addition to the consideration of the drainage
capacity of water conservancy projects, the rainfall distribution, flood drainage demand, as well as
the socio-economic status and development needs of each region must be taken into account. In the
future, the model should be further deepened on the basis of considering other relevant factors (such
as location strategy, production, and living habits), so as to make theoretical research more compatible
with reality. (2) Utilize the market mechanism to realize the allocation of flood drainage rights. After
the confirmation of the allocation benchmark of the flood drainage rights, market transactions in the
interior should be conducted according to the local drainage demand.
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