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Abstract: From the perspective of system science, in China, an assignment system of initial water
entitlements at the river basin-level can be divided into two subsystems, namely the assignment
subsystem of initial water entitlements at the province-level and government reserved water at the
river basin-level. Under the new backdrop of implementing the strictest water resources management
system (SWRMS), we propose a novel methodological framework for addressing the in-coordination
of pre-allocation plans between two subsystems for Lake Tai Basin, China. First, considering
total water use, pollutant discharge and water use efficiency, we establish several criteria for the
discriminant analysis of pre-allocation plans. Whilst based on these criteria, we built a comprehensive
discriminant criterion to further verify coupling and coordination of pre-allocation plans between two
subsystems. Second, according to uncoordinated or less coordinated situations, we propose adjusted
strategies to decide the direction (increase or decrease) of the adjustment for pre-allocation plans
of two subsystems. Third, taking coupling and coordination as optimal objectives, and considering
total water use, total pollutant discharge and water use efficiency as constraints, we built an adjusted
decision-making model for the assignment of initial water entitlements of the basin. Finally, the
results of this novel discriminant analysis methodology that were applied to the Lake Tai Basin show
that under the water frequency of 75%, in the planning year 2030, Jiangsu Province is assigned the
most initial water entitlements at the province-level, followed by Shanghai and Zhejiang Province. In
this paper, results are generally in accordance with pilot plans released by China’s Ministry of Water
Resources. Apart from pilot plans, our findings also show the assignment plans for government
reserved water at the river basin-level, which is coordinated and coupled with assignment plans for
initial water entitlements at the province-level. The novel methodological framework of this paper
can also be applied as a reference to other similar river basin.

Keywords: the strictest water resources management; initial water entitlements; government reserved
water; subsystem; discriminant criterion; water resources sustainability

1. Introduction

Water is the basic source of life, the crucial key to production, an important foundation of
ecology and is also the principal guarantee for sustainable development. Along with Earth entered
the Anthropocene [1,2], and the interactions and conflictions between humankind and water are

Sustainability 2018, 10, 4414; doi:10.3390/su10124414 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://dx.doi.org/10.3390/su10124414
http://www.mdpi.com/journal/sustainability
http://www.mdpi.com/2071-1050/10/12/4414?type=check_update&version=2


Sustainability 2018, 10, 4414 2 of 17

increasing [3–5]. In response to overuse by humans and anthropogenic climate change, freshwater
availability is changing [6]. In addition, with the growing population, in-depth industrialization and
urbanization, water crisis is still recognized as the core risk of global society [7,8] and China is not an
exception. In fact, in China, enormous population, inadequate fresh water resources per capita and
uneven temporal and spatial distribution of water resources is the national situation. In the meantime,
water regime is coupled with severe water scarcity, severity of droughts, increasing pollution and
degenerating aquatic ecosystems [9].

On 12 January, 2012, in order to accelerate the construction of a water-saving society, so as to
promote the water use efficiency and safeguard sustainable socioeconomic development, China’s State
Council explicitly promulgated the practice of the Strictest Water Resources Management System
(SWRMS), which established “Three Red Lines” as core elements [10]. “Three Red Lines” includes
the first line of strictly controlling the excessive growth of total water use quantity, the second line
involves strictly controlling total pollutants discharged into rivers and lakes, and the third line involves
effectively improving water use efficiency [11].

The recognition of water risk and the implementation of SWRMS have led China to build a
legislation framework of the water market, including the initial water entitlements, the water licensing
and the water entitlements trade-off strategy, thereby facilitating the reallocation of scarce water
resources across competing demands in China. In fact, worldwide, the theoretical research and practical
experiences of some countries, namely Australia, Chile, the United States and Spain, also have shown
that water market systems make water usage more efficient [12–22]. However, if property entitlements
are well-defined without transaction costs, the initial assignment of it matters for efficiency [23]. When
the initial water rights are clearly defined and quantified, each water user can understand how much
water they are entitled to use [24]. Therefore, in China, the assignment of initial water entitlements is a
very essential prerequisite and foundation for the development of China’s water market.

Commonly, entitlements are defined as resources. One can establish ownership or command
access to resources through entitlements [25]. With regard to water entitlements, however, from various
aspects, different literature provides different understandings. In this paper, the water entitlements
only refer to the surface water entitlements, which means the rights to allocate, take or use the surface
water resources rather than legal ownership rights. In addition, from the perspective of system science,
the assignment system of the initial water entitlements at the river basin-level can be divided into two
subsystems, namely the subsystem of initial water entitlements at the province-level and the subsystem
of government reserved water at the river basin-level. However, the initial water entitlement at the
province-level is a quota that is supplied to meet reasonable water consumption of provinces [9], and
the government reserved water at the river basin-level is water that is reserved and managed by the
central government or a certain designated organization to prevent unforeseeable future events and
emergencies [26]. At present, how to develop a fair, reasonable and efficient assignment for the initial
water rights between these two subsystems of a typical river basin has already turned into a new
challenge for implementing the SWRMS in China.

Lake Tai Basin is a large shallow lake and is also the third largest freshwater lake in east China. It
is one of the most densely populated and economically developed regions in China. In recent years,
due to the rapid development of population growth, urban expansion and the local economy [27], the
gap between water supply (average annual amount is 196 hundred million m3) and water demand
(average annual amount is 365 hundred million m3) is great [28]. Furthermore, the wastewater from
cities and the surrounding agricultural and industrial sectors results in the deterioration of water
quality [29,30]. In order to facilitate sustainable development, Lake Tai Basin was chosen as a pilot
basin for the assignment of initial water entitlements in China.

In recent years, significant efforts have been made to explore the assignment of initial water
entitlements of Lake Tai Basin from various respects. The three most important aspects are as follows:

• Firstly, theoretical studies on the assignment of initial water entitlements at the province-level,
which have gradually developed from using the multi-objective method [31–38] and the method
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by coupling with multi-model [28,39–41], and have now progressed to establish the dual control
models of water quantity and quality [42–46]. Though these studies made some progress based
on optimization modeling, little attention was paid to the government reserved water which
should be considered simultaneously during the assignment of initial water entitlements.

• Secondly, along with considerations of the ecological environmental protection and the social
sustainable development, subsequent studies start to concern the assignment of government
reserved water at the river basin-level. Recently, studies about this part include four categories,
namely the necessity of government reserved water [47], the assignment principles of government
reserved water [48], the assignment method (a combination of case-based reasoning and quota
method [49,50], the reasoning method [51]), the basic constitution and order of precedence for the
assignment of government reserved water [52].

• And finally, theoretical studies on coupled and coordinated assignment in the water resource
system. Coupling is a term of physics which refers to the interaction between subsystems
and their sub-elements. Some studies have developed models to analyze the coordinated and
coupled development between the water resource system and another system, namely urban
economy and water use efficiency [53], water resources scarcity and social adaptation capacity [54],
ecology-economy-society system [55], water resource and urban development [56]. However,
no attempt has been made to couple the assignment subsystems of initial water entitlements at
the province-level and government reserved water at the river basin-level. Furthermore, under
the new background of implementing SWRMS in China, the existing studies barely abide to
the context of the new guidance of “Three Red Lines”. Therefore, within the framework of the
strictest water resources management, it is urgent to ensure coupling and coordination between
two subsystems to acquire the rational assignment plans of initial water entitlements of the basin.

This paper tries to address the problem about the assignment of initial water entitlements for
Lake Tai Basin, China. In the paper, we make a methodological contribution. We carry out a new
coupled assignment model of the initial water entitlements applied to Lake Tai Basin, China. This
methodology establishes a novel framework of addressing in-coordination of pre-allocation plans
between the above subsystems to meet the “Three Red Lines” requirements. It offers a powerful
tool for adjusting pre-allocation plans optimally in order to finally acquire a proper, fair, efficient,
harmonious and mutually beneficial assignment plan. It can also be easily applied to case studies of
similar river basin.

2. Materials

2.1. Study Area

This study was conducted in Lake Tai Basin, China. Lake Tai Basin is located in southern Yangtze
River Delta. It is surrounded by either river or coast on three sides and occupies a strategic location.
The whole Lake Tai ranges almost from 30◦55′40”–31◦32′58” N to 119◦52′32”–120◦36′10” E. It is a
representative shallow basin and is also the third largest freshwater lake in China. The maximum
length and width are, respectively, almost 68.5 km and 56 km. The average depth of Lake Tai is about
1.9 m [29]. Lake Tai Basin features a subtropical monsoon climate, the average annual air temperature
is 16.1 ◦C to 18.3 ◦C, the average annual precipitation is almost 1101 mm to 1150 mm and 60% of the
total precipitation occurs during May to September [30].

Lake Tai Basin is one of the most economically developed and most densely populated areas in
China. Lake Tai Basin’s administrative regions are mainly composed of Jiangsu Province, Shanghai
City and Zhejiang Province which can be presented in Figure 1. Due to the rapid development of
urban expansion population growth and the local economy, Lake Tai Basin suffers from harmful water
pollution resulting in the deterioration of the water quality.



Sustainability 2018, 10, 4414 4 of 17
Sustainability 2018, 10, x FOR PEER REVIEW  4 of 17 

 
Figure 1. The location of Lake Tai Basin. 

2.2. Data 

The related water resources data in this paper were collected from materials of “Water 
resources plan of Lake Tai Basin (2012–2030)”. The relevant socio-economic data were primarily 
gotten from official reports of LTAMWR (Lake Tai Basin Authority of Ministry of Water Resources). 
The other data were collected by Lake Tai Basin’s partial survey data. There are some general 
scenarios of water frequency, such as water frequency of 25%, 50% and 75% [57–60]. In this paper, 
we use water frequency of 75% as an example. The meaning of the “water frequency of 75%” is that 
during the past 100 years, 75 years reached this water quantity. Other water frequency scenarios 
can be analyzed the same way. Aiming for the water frequency of 75% and the planning year 2030, 
according to the materials of “Water resources plan of Lake Tai Basin (2012–2030)”, the total 
quantity of initial water entitlements and the total pollutant discharge of Lake Tai Basin are, 
respectively, 363.3 hundred million m3 and 54.46 hundred million m3. We use these 
abovementioned two indicators as the control quotas (the red line) for total water use and total 
pollutant discharge of our model, respectively. The related data of Lake Tai Basin under the water 
frequency 75% and in the planning year 2030 is presented in Table 1. Furthermore, the assumptive 
pre-allocation plans of initial water entitlements for the two subsystems is shown in Table 2.  

Table 1. Related data in Lake Tai Basin (under the water frequency of 75% and in the planning year 
2030). 

Index 
Population 

(Hundred Million 
People) 

Irrigated area 
(Hundred Million 

Ha) 

GDP 
(Hundred Million 

Yuan) 

Current Water Consumption 
Amount 

(Hundred Million M3) 
Jiangsu province 1504.00 208.46 47,225.51 193.5 

Zhejiang Province 655.45 254.43 27,129.68 50.1 
Shanghai 1981.78 230.65 45,293.19 99.7 

Table 2. The pre-allocation plans of the initial water entitlements of two subsystems in Lake Tai 
Basin (Unit: a hundred million m3). 

 Pre-Allocation Plans in Different Provinces 
Jiansu 

Province 
Zhejiang 
Province 

Shanghai  

Subsystem 1 
Amount of initial water 

entitlements at province-level 
 1W  = 176.99 

2W  = 93.11 
3W  = 85.3 

Subsystem 2 
Amount of government 

reserved water of the basin 

Public water use for 
different provinces 1Z  = 2.50 

2Z  = 1.03 3Z  = 1.21 

Public water use for 
Lake Tai Basin 

 gZ  = 3.16  

Figure 1. The location of Lake Tai Basin.

2.2. Data

The related water resources data in this paper were collected from materials of “Water resources
plan of Lake Tai Basin (2012–2030)”. The relevant socio-economic data were primarily gotten from
official reports of LTAMWR (Lake Tai Basin Authority of Ministry of Water Resources). The other
data were collected by Lake Tai Basin’s partial survey data. There are some general scenarios of water
frequency, such as water frequency of 25%, 50% and 75% [57–60]. In this paper, we use water frequency
of 75% as an example. The meaning of the “water frequency of 75%” is that during the past 100 years,
75 years reached this water quantity. Other water frequency scenarios can be analyzed the same way.
Aiming for the water frequency of 75% and the planning year 2030, according to the materials of
“Water resources plan of Lake Tai Basin (2012–2030)”, the total quantity of initial water entitlements
and the total pollutant discharge of Lake Tai Basin are, respectively, 363.3 hundred million m3 and
54.46 hundred million m3. We use these abovementioned two indicators as the control quotas (the red
line) for total water use and total pollutant discharge of our model, respectively. The related data of
Lake Tai Basin under the water frequency 75% and in the planning year 2030 is presented in Table 1.
Furthermore, the assumptive pre-allocation plans of initial water entitlements for the two subsystems
is shown in Table 2.

Table 1. Related data in Lake Tai Basin (under the water frequency of 75% and in the planning
year 2030).

Index
Population

(Hundred Million
People)

Irrigated area
(Hundred Million Ha)

GDP
(Hundred Million Yuan)

Current Water
Consumption Amount
(Hundred Million M3)

Jiangsu province 1504.00 208.46 47,225.51 193.5

Zhejiang Province 655.45 254.43 27,129.68 50.1

Shanghai 1981.78 230.65 45,293.19 99.7

Table 2. The pre-allocation plans of the initial water entitlements of two subsystems in Lake Tai Basin
(Unit: a hundred million m3).

Pre-Allocation Plans in Different Provinces Jiansu
Province

Zhejiang
Province Shanghai

Subsystem 1
Amount of initial water

entitlements at
province-level

W1 = 176.99 W2 = 93.11 W3 = 85.3

Subsystem 2 Amount of government
reserved water of the basin

Public water use for
different provinces Z1 = 2.50 Z2 = 1.03 Z3 = 1.21

Public water use for Lake
Tai Basin Zg = 3.16
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3. Methodology

In China, the assignment for the initial water entitlements at the river basin-level is now
confronting the new constraints of SWRMS with the key content of the “three red lines” control.
Our new framework in this paper will follow these two phases including a “discriminant analysis of
the pre-allocation plan“ and “adjustment for the pre-allocation plan “, which are illustrated in Figure 2.
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3.1. Description of the Outline

3.1.1. Phase I: Discriminant Analysis of the Pre-Allocation Plan

In Figure 2, in order to verify the coupling and coordination of the pre-allocation plans between
the two subsystems, four discriminant criteria were built and are described as follows:

• Criteria a: the total water use criteria. For the two pre-allocation plans of the subsystems, the
total water use should be kept to the satisfying requirements of “the first red line control” at both
the province-level and the river basin-level.

• Criteria b: the pollutant discharge criteria. For those two pre-allocation plans of the subsystems,
the pollutant discharge should achieve demands of “the second red line control” at both the
province-level and the river basin-level.

• Criteria c: the water use efficiency criteria. For the two pre-allocation plans of the subsystems,
water use efficiency should meet the requirements of “the third red line control” at the
province-level and the river basin-level.

• Criteria d: the coupling and coordination criteria. Based on criteria a, criteria b and criteria c, the
coupling and coordination criterion should be applied to assess whether the two subsystems are
well coordinated.

3.1.2. Phase II: Adjustment for the Pre-Allocation Plan

The adjustment of the pre-allocation plan will be conducted in two steps to solve the discordance
for the subsystem of the initial water entitlements at the province-level and the subsystem of the
government reserved water at the river basin-level.

• Step 1: Decide the direction of the adjustment of the pre-allocation plans for the two subsystems.
We should identify the increase or the decrease direction of each subsystem according to the
assessment based on criteria a, criteria b and criteria c.

• Step 2: Establish an optimal decision-making model for the adjustment of the assignment of the
initial water entitlements of the basin. First, set the optimized object functions for the purpose of
promoting the coupling and coordination between the two subsystems. Second, we should design
constraint conditions in terms of the control of total water use, pollutant discharge and water
use efficiency. Then, we can obtain an optimal assignment model for the adjustment of the initial
water entitlements at the river basin-level. And with the feedback of the adjusted pre-allocation
plans, we should repeat Step 1 and Step 2 again until the ultimate assignment of the initial water
entitlements satisfies the requirements of all of the discriminant criteria.

3.2. Criteria Design

Assume that D = {d1, d2, · · · , dn} is the province set of a certain basin, {W1, W2, · · · , Wn} is the
pre-allocation plan set for the subsystem of the initial water entitlements at the province-level, where
Wj is the water entitlements quantity of the province dj. {Y1, Y2} is the pre-allocation plan set for the
subsystem of the government reserved water at the river basin-level, where Y1 is the quantity of the
emergency reserved water and Y2 is the quantity of the development reserved water. Considering
the subsystem of the government reserved water at the river basin-level, based on the case analysis
combined with the relevant development planning, we distribute the government reserved water into
two parts. One part is the public water use for the basin which can be presented as Zg, the other part is
the public water use for different provinces which can be indicated as Zj, where j = 1, 2, ..., n. Then,
we can obtain Equation (1).

Y1 + Y2 = Zg +
n

∑
j=1

Zj (1)
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The purpose of the discriminant analysis for coupling and coordination between the subsystem
of initial water entitlements at the province-level and subsystem of government reserved water at the
river basin-level is to ensure the rationality of the total basin water use, reduce the basin pollutant
discharge, enhance the basin-wide water use efficiency and support the sustainable development of
the basin. In order to achieve the most satisfying assignment plan for the initial water entitlements
of the whole basin, according to the ultimate goal of coordinated allocation and constraints of “three
red lines”, we designed the discriminant criteria from the following three dimensions: the total water
use, the total pollutant discharge and the water use efficiency. Besides, further integrated coupling
coordination criterion will also be set.

3.2.1. Criteria a: Discriminant Criteria of the Total Water Use

Criteria a: the discriminant criteria of the total water use includes two aspects: the scale and
the structure. The scale criteria includes criterion a1 and criterion a2. The structure criteria includes
criterion a3 and criterion a4.

• Criterion a1: discriminant of the total water use in a basin is expressed by Equation (2).

n

∑
j=1

Wj + (Zg +
n

∑
j=1

Zj) ≤WLH (2)

where WLH is the control quota (the red line) for the total water use of the basin.
• Criterion a2: the discriminant of the total water use in different provinces is presented by

Equation (3).
Wj + Zj ≤WjH (3)

where WjH is the control quota (the red line) for the total water use of the province dj,j = 1, 2, ...n.

• Criterion a3: the discriminant analysis of the rationality for the proportion of the water amount
between the government reserved water and the available water of the basin. It can be illustrated
by Equation (4).

αmin ≤ (Zg +
n

∑
j=1

Zj)/WLH ≤ αmax (4)

where [αmin, αmax] is the rational interval for the proportion of the water amount between the
government reserved water and the available water of the basin.

• Criterion a4: the discriminant analysis of the rationality for the quantity structure of water
entitlements between different provinces. Set Hj1 to the population of province dj. Set Hj2 to the
irrigated area of province dj. Set Hj3 to the GDP of province dj. Let Hj4 denote the current water
use of the province dj. According to “province pair” (dj, dk), its weighted comprehensive ratio of
the social economic indicator is presented by Equation (5).

γ(dj ,dk)
=

4

∑
q=1

ωq(Hjq/Hkq) (5)

where q = 1, 2, 3, 4, ωq is the weight coefficient. This can be obtained by considering the actual
provincial situation and the expert opinion approach together. The ratio of the water allocation
between province dj and province dk should maintain a certain relationship to match each other.
It can be expressed by Equation (6).

(Wj + Zj)/(Wk + Zk) ∈ [ηmin·γ(dj ,dk)
, ηmax·γ(dj ,dk)

] (6)
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where j, k = 1, 2, ...n, j 6= k, q = 1, 2, 3, 4, ηmin and ηmax are coefficients of the lower limit and upper
limit which respectively reflect the matching relationship between the initial water entitlements at
the province-level and comprehensive socio-economic indexes.

3.2.2. Criteria b: Discriminant Criteria of the Total Pollutant Discharge

Criteria b: the discriminant criteria of the total pollutant discharge also includes two aspects: the
scale and the structure. The scale criteria includes criterion b1 and criterion b2. The structure criteria
includes criterion b3.

• Criterion b1: the discriminant analysis for the total pollutant discharge of the basin can be
presented by Equation (7).

n

∑
j=1

Qj(Wj + Zj) + Qg·Zg ≤ QLH (7)

where Qj is the coefficient of the unit pollutant discharge for province dj, Qg is the coefficient of
the unit pollutant discharge for the public water use and QLH is the control quota (the red line)
for the total pollutant discharge of the basin.

• Criterion b2: the discriminant analysis for the pollutant discharge in different provinces can be
presented by Equation (8).

Qj·(Wj + Zj) ≤ QjH (8)

where QjH is the control quota (the red line) for the pollutant discharge of province dj,j = 1, 2...n.

• Criterion b3: The ratio of pollutant discharge between province dj and province dk should have a
matching relationship with γ(dj ,dk)

. It can be presented by Equation (9).

[Qj·(Wj + Zj)]/[Qk·(Wk + Zk)] ∈ [θmin·γ(dj ,dk)
, θmax·γ(dj ,dk)

] (9)

where j, k = 1, 2...n, j 6= k, θmin and θmax are coefficients of the lower limit and upper limit which
respectively reflect the matching relationship between the pollutant discharge of the province and
comprehensive socio-economic indexes.

3.2.3. Criteria c: Discriminant Criteria of Water Use Efficiency

Criteria c: the discriminant criteria of the water use efficiency includes two aspects: the water use
efficiency of the basin (criterion c1) and the water use efficiency of the province (criterion c2).

• Criterion c1: the discriminant analysis for the water use efficiency of the basin can be expressed
by Equation (10).

[
n

∑
j=1

Wj + (Zg +
n

∑
j=1

Zj)]/GDPL ≤ ELH (10)

where GDPL is the GDP of the basin and ELH is the control quota (the red line) for the water use
amount per ten thousand yuan GDP of the basin.

• Criterion c2: the discriminant analysis for the water use efficiency of the province can be set by
Equation (11).

(Wj + Zj)/GDPj ≤ EjH (11)

where GDPj is the GDP of province dj and EjH is the control quota (the red line) for the water use
amount per ten thousand yuan GDP of the province.

3.2.4. Criteria d: Comprehensive Discriminant Analysis (Coupling and Coordination)

Criteria d: according to the discriminant analysis results of criteria a, criteria b and criteria c, the
comprehensive discriminant analysis of the coupling and coordination criteria d can be established
and are shown in Table 3.
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Table 3. The coupling and coordination Criteria (Criteria d).

Result Discriminant Conditions

Uncoordinated Fail to pass any of the criteria: criterion a1, criterion a2, criterion b1, criterion b2,
criterion c1 and criterion c2.

Less Coordinated Pass criterion a1, criterion a2, criterion b1, criterion b2, criterion c1 and criterion c2.
However, at the same time, fail to pass any of criterion a3, criterion a4 and criterion b3.

Coordinated Pass all criteria, namely criterion a1, criterion a2, criterion a3, criterion a4, criterion b1,
criterion b2, criterion b3, criterion c1 and criterion c2.

3.3. An Adjusted Decision-Making Model on the Assignment for the Initial Water Entitlements of the Basin

From these above results about the comprehensive discriminant analysis (criteria d), if
pre-allocation plans for the two subsystems are coordinated, then we get the optimal plans for
the assignment of the initial water entitlements of the basin. However, if pre-allocation plans are
uncoordinated or less coordinated, then plans need to be adjusted as follows:

Step 1: we need to decide the direction (increase or decrease) of adjustment for the pre-allocation
plans for the two subsystems.

• (1) Considering criterion a1, criterion b1 and criterion c1, if any of them failed to pass, we should
decrease the amount of the initial water entitlements of these two subsystems simultaneously.

• (2) If criterion a1, criterion b1 and criterion c1 can be passed, however any one of criterion
a2, criterion b2 and criterion c2 failed to pass, then we should decrease the amount of water
entitlements for province dj. Here, we can define dj ∈ D, and D is the province set for decreasing
water entitlements.

• (3) When all of these criterion a1, criterion b1, criterion c1, criterion a2, criterion b2 and criterion c2

can be passed, we should observe criterion a3. If (Zg + ∑n
j=1 Zj)/WLH ≤ αmin, the amount of the

government reserved water should be increased and the total amount of initial water entitlements
at the province-level should be decreased. If (Zg + ∑n

j=1 Zj)/WLH ≥ αmax, the reverse is true.
The quantity of the government reserved water should be decreased, and the total amount of
initial water entitlements at the province-level should be increased. Furthermore, according to
criterion a4, we can decide the specific province set of pre-allocation plans that needs to adjust.
That is, if (Wj + Zj)/(Wk + Zk) ≥ ηmax·γ(dj ,dk)

, then define dj ∈ D, where D is the province set
for decreasing water entitlements. If (Wj + Zj)/(Wk + Zk) ≤ ηmin·γ(dj ,dk)

, then define dj ∈ G,
where G is the province set for increasing water entitlements.

Step 2: Taking coupling and coordination as the optimal objective and putting the total water
use, the total pollutant discharge and the water use efficiency as constraint conditions, we propose
an adjusted decision-making model for the assignment of the initial water entitlements of the basin.
Given the situation that the total amount of initial water entitlements of provinces should be reduced
and the amount of the government reserved water should be increased, the optimized decision-making
model for adjustment can be described as follows:

If province dj ∈ D, set ∆Wj as the adjustment amount of the initial water entitlements to province
dj, here j = 1, 2..., n. Then initial water entitlements for province dj can be adjusted as (Wj − ∆Wj).
After the adjustment of the government reserved water, the public water use for the basin can be
adjusted as (Zg + ∆Zg), and the public water use for different provinces can be adjusted as (Zj + ∆Zj),
where ∆Zg ≥ 0, ∆Zj ≥ 0 and j = 1, 2..., n. Then, we can set Equations (12)–(14) as follows:

P1 =

{
[(Zg + ∆Zg) +

n

∑
j=1

(Zj + ∆Zj)]/WLH − (αmin + αmax)/2

}2

(12)
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P2 =
n

∑
k=1

n

∑
j=1

{
[(Wj − ∆Wj) + (Zj + ∆Zj)]

[(Wk − ∆Wk) + (Zk + ∆Zk)]
− (ηmin + ηmax)

2
γ(dj ,dk)

}2

(13)

P3 =
n

∑
k=1

n

∑
j=1

{ Qj[(Wj − ∆Wj) + (Zj + ∆Zj)]

Qk[(Wk − ∆Wk) + (Zk + ∆Zk)]
− (θmin + θmax)

2
γ(dj ,dk)

}2

(14)

Afterwards, we can establish the objective function for the purpose of optimal coupled
coordination. It can be presented by Equation (15).

MinZ = ω1·P1 + ω2·P2 + ω3·P3 (15)

Furthermore, the relevant constraint conditions of our model can be described by the following
equations:

∆Zg +
n

∑
j=1

∆Zj ≤
n

∑
j=1

∆Wj (16)

n

∑
j=1

(Wj − ∆Wj) + [(Zg + ∆Zg) +
n

∑
j=1

(Zj + ∆Zj)] ≤WLH (17)

(Wj − ∆Wj) + (Zj + ∆Zj) ≤WjH , j = 1, 2..., n (18)

αmin ≤ [(Zg + ∆Zg) +
n

∑
j=1

(Zj + ∆Zj)]/WLH ≤ αmax (19)

ηmin·γ(dj ,dk)
≤

(Wj − ∆Wj) + (Zj + ∆Zj)

(Wk − ∆Wk) + (Zk + ∆Zk)
≤ ηmax·γ(dj ,dk)

, j, k = 1, 2...n, j 6= k (20)

n

∑
j=1

Qj[(Wj − ∆Wj) + (Zj + ∆Zj)] + Qg·(Zg + ∆Zg) ≤ QLH (21)

Qj·[(Wj − ∆Wj) + (Zj + ∆Zj)] ≤ QjH , j = 1, 2...n (22)

θmin·γ(dj ,dk)
≤

Qj·[(Wj − ∆Wj) + (Zj + ∆Zj)]

Qk·[(Wk − ∆Wk) + (Zk + ∆Zk)]
≤ θmax·γ(dj ,dk)

(23)

{
n

∑
j=1

(Wj − ∆Wj) + [(Zg + ∆Zg) +
n

∑
j=1

(Zj + ∆Zj)]}/GDPL ≤ ELH (24)

ω1 + ω2 + ω3 = 1 (25)

∆Wj ≥ 0, j = 1, 2...n (26)

∆Zj ≥ 0, j = 1, 2...n (27)

∆Zg ≥ 0, j = 1, 2...n (28)

Vice versa, a similar model is also available for the opposite situation, that is, the amount of the
government reserved water should be decreased and the total amount of initial water entitlements at
the province-level should be increased. This part is not elaborated here. Since Equations (12)–(28) are
an NP model, we can use the adaptive chaotic optimization algorithm [61] to obtain the solutions.

4. Discussion

4.1. Discriminant Analysis of the Pre-Allocation Plans

4.1.1. Criteria a: Discriminant Analysis of the Total Water Use

(1) Discriminant Analysis for the Scale
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Criterion a1: according to the data in Table 2, we can calculate the results as follows:∑3
j=1 Wj =

W1 + W2 + W3 = 335.4 hundred million m3, (Zg + ∑3
j=1 Zj) = 7.90 hundred million m3, WLH =

363.3 hundred million m3. These above results satisfy the Equation (2), so criterion a1 can be passed.
Criterion a2: According to the materials “The provincial government planning for Lake Tai basin”,

the control quotas (the first red line) of the total water use by the planned year 2030 can be expressed as
follows: W1H = 600 hundred million m3 (Jiangsu province), W2H = 244.4 hundred million m3 (Zhejiang
Province), W3H = 285.15 hundred million m3 (Shanghai). Then, according to the data in Table 2, the
discriminant results of the total water use can be calculated by Equation (3) just as follows: W1 + Z1 =

179.49 < W1H = 600 hundred million m3 (Jiangsu Province), W2 + Z2 = 94.14 < W2H = 244.4 hundred
million m3 (Zhejiang Province) and W3 + Z3 = 86.51 < W3H = 285.15 hundred million m3 (Shanghai).
It can be seen that the results meet the requirements of Equation (3) and pass criterion a2.

(2) Discriminant analysis for structure

Criterion a3: Set the rational interval for the proportion of the water amount between the
government reserved water and the available water of the basin [αmin, αmax] ∈ [0.025,0.075]. According
to the data in Table 2 and Equation (4), we can get the result as follows: (Zg + ∑3

j=1 Zj)/WLH =

0.0217 < αmin = 0.025. It failed to pass criterion a3 and indicates that the amount of the government
reserved water is not enough.

Criterion a4: Using the materials about “Water Resources Bulletin of Lake Tai Basin & Southeast
Rivers (2003–2016)” and “Water Resources plan for Lake Tai Basin (2012–2030)”, the related index data
for criterion a4 in Lake Tai Basin have been shown in Table 1. The weight coefficient in Equation (5) is
obtained by the combination of expert opinion and the actual provincial situation in Lake Tai Basin.
It can be expressed as ωq = (0.2,0.2,0.25,0.35). The coefficient of the lower limit which reflects the
matching relationship between the initial water entitlements at the province-level and comprehensive
socio-economic indexes can be set as ηmin = 0.7, and the upper limit coefficient can be set as ηmax =
1.6. Then, the discriminant results of criterion a4 can be obtained by Equations (5) and (6), which are
presented in Table 4. It can be found that province pairs of (d1, d3) and (d2, d3) failed to pass criterion
a4 in Table 4.

Table 4. Discriminant results of criterion a4.

Province Pair (Wj+Zj)/(Wk+Zk) γ(dj,dk) ηmin·γ(dj,dk) ηmax·γ(dj,dk) Discriminant Results

(d1, d2) 1.91 2.41 1.69 3.86 1.91 ∈ [1.69, 3.86], Pass

(d1, d3) 2.07 1.27 0.89 2.03 2.07 /∈ [0.89, 2.03], Fail to pass

(d2, d3) 1.09 0.61 0.43 0.98 1.09 /∈ [0.43, 0.98], Fail to pass

4.1.2. Criteria b: Discriminant Analysis for the Total Pollutant Discharge

(1) Discriminant analysis for the scale

Criterion b1: Using the materials of “Water Resources Bulletin of Lake Tai Basin & Southeast
Rivers (2003–2016)”, the annual average coefficient of unit pollutant discharge for different provinces
can be presented respectively as Q1 = 0.15 (Jiangsu Province), Q2 = 0.13 (Zhejiang Province), Q3 = 0.16
(Shanghai); the annual average coefficient of the unit pollutant discharge for the public water use of
the basin is known as Qg = 0.15. According to the materials of “Water Resources plan of Lake Tai Basin
(2012–2030)”, the control quota (the second red line) for the total pollutant discharge of the basin can
be illustrated as QLH = 5.446 billion m3. According to the data in Table 2 and Equation (7), we can
obtain the result of the discriminant analysis for the total pollutant discharge of the basin which is
written as follows: ∑3

j=1 Qj·(Wj + Zj) = 53.03 hundred million m3 and Qg·Zg = 0.47 hundred million

m3, then ∑3
j=1 Qj·(Wj + Zj) + Qg·Zg = 53.5 < QLH = 54.46 hundred million m3. The result meets the

requirement of Equation (7) and pass criterion b1.
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Criterion b2: According to the materials “ Provincial Environmental Bulletin for Lake Tai Basin”
and the relevant planning reports, in the planning year 2030, the control quotas (the red line) for
the total pollutant discharge of different provinces can respectively be presented as Q1H = 50.32
hundred million m3 (Jiangsu province), Q2H = 35.62 hundred million m3 (Zhejiang Province) and
Q3H = 21.57 hundred million m3 (Shanghai). According to Equation (8), we can obtain the discriminant
results of the total pollutant discharge in different provinces which can be expressed as follows:
Q1·(W1 + Z1) = 26.9 < Q1H = 50.32 hundred million m3 (Jiangsu Province), Q2·(W2 + Z2) =

12.24 < Q2H = 35.62 hundred million m3 (Zhejiang Province) and Q3·(W3 + Z3) = 13.84 < Q3H =

21.57 hundred million m3 (Shanghai). So, criterion b2 can be passed according to the above three results.

(2) Discriminant analysis for structure

Criterion b3: Taking into account expert opinions and the actual situation of different provinces
in Lake Tai Basin, set θmin = 0.75 and θmax = 1.6 as the lower limit and the upper limit coefficient
which, respectively, reflect the matching relationship between the total pollutant discharge of the
province and comprehensive socio-economic indexes. The discriminant results of criterion b3 can be
obtained by Equation (9), which is presented in Table 5. Then, criterion b3 can be passed.

Table 5. Discriminant results of criterion b3.

Province Pair [Qj·(Wj+Zj)]/[Qk·(Wk+Zk)] γ(dj,dk) θmin·γ(dj,dk) θmax·γ(dj,dk) Discriminant Results

(d1, d2) 2.20 2.41 1.81 3.85 2.2 ∈ [1.81, 3.85], Pass

(d1, d3) 1.95 1.27 0.95 2.03 1.95 ∈ [0.95, 2.03], Pass

(d2, d3) 0.88 0.61 0.46 0.98 0.88 ∈ [0.46, 0.98], Pass

4.1.3. Criteria c: Discriminant Analysis for Water Use Efficiency

(1) Discriminant analysis for water use efficiency of the basin

Criterion c1: According to the materials “Provincial Environmental Bulletin for Lake Tai Basin”
and the relevant planning reports, the control quota (the third red line) for the water use amount
per ten thousand yuan GDP of the basin can be set as ELH = 31.87 m3/ten thousand Yuan. Using
Equation (10), it can be calculated [∑3

j=1 Wj + (Zg + ∑3
j=1 Zj)]/GDPL = 28.69 m3/ten thousand Yuan.

This result can meet the discriminant analysis for the water efficiency of the basin and criterion c1 can
be passed.

(2) Discriminant analysis for the water use efficiency of different provinces

Criterion c2: According to provincial planning and expert opinions about water resources
management for Lake Tai Basin, the control quota (the red line) for the water use amount per ten
thousand yuan GDP of different provinces can be presented respectively as: E1H = 40 m3/ten thousand
Yuan (Jiangsu Province), E2H = 35 m3/ten thousand Yuan (Zhejiang Province) and E3H = 38 m3/ten
thousand Yuan (Shanghai). Using the data in Table 1, the real water consumption per unit GDP in
different provinces can be calculated respectively as: 39.47 m3/ten thousand Yuan (Jiangsu Province),
22.67 m3/ten thousand Yuan (Zhejiang Province) and 37.85 m3/ten thousand Yuan (Shanghai). By
Equation (11), the results can pass the criterion c2.

4.1.4. Criteria d: Comprehensive Discriminant Analysis

In summary, from the above discriminant analysis, since the pre-allocation plans failed to pass
criterion a3 and criterion a4, according to criteria d in Table 3, we can draw the conclusion that the
pre-allocation plans are uncoordinated and need to be adjusted.
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4.2. Plan Adjustment

(1) Step 1: First, because we failed to pass criterion a3, and (Zg + ∑3
j=1 Zj)/WLH < αmin, we

should increase the amount of the government reserved water for Lake Tai Basin. Second, because
province pair (d1, d3) and (d2, d3) failed to pass criterion a4, and [(W1 + Z1)/(W3 + Z3)] = 2.07 ≥
ηmax·γ(d1,d3)

= 2.04,[(W2 + Z2)/(W3 + Z3)] = 1.09 ≥ ηmax·γ(d2,d3)
= 0.98, according to the adjustment

strategies, we can determine that D = {d1, d2} is the province set for decreasing water entitlements of
the pre-allocation plans. Furthermore, the provincial water entitlements of the pre-allocation plans
should be decreased in Jiangsu Province and Zhejiang Province.

(2) Step 2: After the adjustment of the government reserved water, the public water use for Lake
Tai Basin can be adjusted as (3.16 + ∆Zg) hundred million m3 and the public water use for different
provinces in Lake Tai Basin can be adjusted as follows: (2.50 + ∆Z1) hundred million m3 in Jiangsu
Province, (1.03 + ∆Z2) hundred million m3 in Zhejiang Province and (1.21 + ∆Z3) hundred million
m3 in Shanghai, where ∆Zg ≥ 0; ∆Zj ≥ 0; j = 1, 2, 3. The adjusted provincial water entitlements of the
pre-allocation plans can be described as (176.99− ∆W1) hundred million m3 in Jiangsu Province, and
(93.11− ∆W2) hundred million m3 in Zhejiang Province.

According to our model by Equations (12)–(28), the whole routine can be programmed in MATLAB
2015b. The adjusted assignment plans are shown in Table 6. Based on the discriminant criteria in this
paper, the adjusted plans unanimously pass Criteria a, Criteria b, Criteria c and Criteria d. Therefore,
the new plans are valid.

Table 6. Adjusted assignment plans of the two subsystems in Lake Tai Basin (unit: a hundred million m3).

Adjusted Assignment Plans in Different Provinces Jiansu
Province

Zhejiang
Province Shanghai City

Subsystem 1
Amount of the initial water

entitlements at
province-level

W1 = 169.97 W2 = 83.12 W3 = 85.3

Subsystem 2 Amount of the government
reserved water at river

basin-level

Public water use for
different provinces Z1 = 7.89 Z2 = 3.26 Z3 = 3.80

Public water use for
Lake Tai Basin Zg = 9.96

On 4 May, 2018, China’s Ministry of Water Resources released the pilot assignment plans about
the initial water entitlements for Lake Tai Basin. Compared to this pilot’s plans, we got the following
findings: (1) Under the water frequency of 75%, in the planning year 2030, our assignment plans of the
subsystem of the initial water entitlements at the province-level are generally in accordance with the
pilot ones, that is, Jiangsu Province is assigned the most initial water entitlements at the province-level,
followed by Shanghai City and Zhejiang Province. (2) The pilot assignment plans of Lake Tai Basin fail
to consider the government reserved water of the basin. Apart from the pilot plans, our assignment
methodology not only involved the government reserved water at the river basin-level, however it
also established a new framework for the co-ordination and coupling assignment of the initial water
entitlements for the basin. Our coupled assignment method embedded the requirements of the strictest
water resources management which key content is “The three red lines” control, also emphasizes
initial water entitlements at the province-level and government reserved water at the river basin-level
should be taken into account simultaneously during assignment for the initial water entitlements at
the river basin-level.

5. Conclusions

Establishing the water market is advocated as a very useful economic policy initiative to address
increasing water resource shortages around the world. Due to the ongoing water reform about
implementing China’s strictest water management, the challenge of assigning the initial water
entitlements should be the crucial foundation and prerequisite of the water market in China. In
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this paper, our focus was on seeking fair, efficient and reasonable assignment plans of initial water
entitlements at the river basin-level under the strictest water management system constraints. The
conclusions of this research are as follows:

First, from the perspective of system science, the assignment system of the initial water
entitlements at the river basin-level can be divided into two subsystems, namely the assignment
subsystem of the initial water entitlements at the province-level and the government reserved water of
the basin.

Second, due to severe negative social and environmental consequences, at the river basin-level, in
order to prevent unforeseeable future events and emergencies, government reserved water should
be taken into account simultaneously during the assignment for the initial water entitlements at the
river basin-level. It also important to highlight that the assignment of government reserved water
should also be coordinated and coupled with the assignment plans for the initial water entitlements at
the province-level.

Third, following the strictest water management requirements, the design for the discriminant
criteria should comply with the “three red lines” control. The discriminant criteria of the total water
use, the total pollutant discharge and water use efficiency are separately expressed by Criteria a,
Criteria b and Criteria c. Based on these criteria, the comprehensive Criteria d should be designed for
the discriminant analysis of the coupling and coordination situation between the two subsystems.

Fourth, the case study of Lake Tai Basin shows with water frequency 75%, in the planning
year 2030, that Jiangsu Province is assigned the most initial water entitlements at the province-level,
followed by Shanghai and Zhejiang Province. The results are generally in accordance with the pilot
plan that was released by China’s Ministry of Water Resources. Different from the pilot plans, the
findings also show the assignment plans for the government reserved water at the river basin-level,
which is coordinating and coupled with the assignment plans for the initial water entitlements at the
province-level. The novel methodological framework in this paper can also be applied as a reference
to similar river basin.

However, this paper still has its limitations. The climate change effects, the recovering of the
water bodies, the groundwater, the water reuse and the reservoirs will gradually be taken into account
in our future research.
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