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Abstract: The contradiction between water supply and demand in China is becoming increasingly
prominent. A water allocation scheme that satisfies various water users can effectively solve it. In this
paper, considering both individual rationality and collective rationality, a bilevel optimal allocation
model for river basin water resources is established. Firstly, water users’ satisfaction degree was
defined, to characterize their satisfaction with the water resource allocation scheme, and principles of
water users’ satisfaction degree were mathematically expressed, to represent water users’ negotiation
activities in the initial water rights allocation. Then, based on the initial allocation results, water
users’ water intake quantity, water-saving amount, and water-trade amount were optimized by water
rights trading. Finally, an algorithm based on the response surface was put forward for solving the
proposed bilevel optimal allocation model. The validity and feasibility of the model and algorithm
were verified by a case study in the Qingzhang River Basin in China.

Keywords: bilevel optimal allocation; river basin water resource allocation; water users’ satisfaction
degree; water rights trading

1. Introduction

Water resources play an important role in socio-economic development [1]. With
population growth, climate change, and rapid social and economic development, the
contradiction between water supply and demand is becoming increasingly prominent [2],
such as water conflicts in the Zhanghe river basin in China [3,4]. More than 30 intense water
conflicts in the basin, including bombing of water conservancy facilities, have occurred since
the 1950s, causing huge economic losses and negative social implications [3]. To resolve the
conflicts in the basin, the water allocation scheme of the Zhanghe river was formed and the
Zhanghe River Upstream Management Bureau (ZRUMB) was established to implement the
scheme. However, due to the decreasing runoff and excess water demand [5], the scheme
was not well carried out by water users and conflicts among them occurred from time to
time [6]. To enhance the enforceability of the scheme and alleviate the water conflicts [7],
it is necessary to study how to make the water allocation scheme of the Zhanghe river
satisfactory for water users [8].

The scarcity of water resources and the nature of public water products determine the
importance of efficiency, fairness, and sustainability in water resource allocation [9,10]. In
order to achieve effective, fair, and sustainable water resource allocation, scholars have con-
ducted much research on initial water rights allocation [11,12], water rights trading [13,14],
and a combination of the two [15]. Scholars have also used interval parameter program-
ming, fuzzy programming, stochastic programming, etc., to study water resource allocation
under uncertain conditions [16–18]. This research is widely applicable to water allocation
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in China. However, such studies are mainly carried out by the water administrative au-
thorities as representatives of water resource owners [19,20], always aiming to maximize
the overall allocation benefit of the basin [21–26]. These methods are mostly based on
the assumption of collective rationality and do not consider water users’ negotiation will,
assuming that water users will accept and execute water resource allocation schemes [27].
In the case of sufficient water resources, the schemes may be accepted and implemented by
water users. Otherwise, according to the logic of collective action [28], water users, based
on individual rationality, will not accept the schemes [15] and will always judge whether
they are satisfied according to two aspects [8]: whether their water volume allocation is
enough, and whether their volume allocation is fair compared with that of other water
users [8]. If they are not satisfied, water users may take actions to obtain more water
resources. When the initial water rights allocation scheme is executed, water rights trading
is an effective action [29,30]. Regarding water rights trading, researchers have studied
water rights trading mechanisms [31], the third-party effect of water rights trading [22],
games [18] and bargaining [32] among water users, and water trading models [33]. The
prerequisite for the smooth implementation of water rights trading is that water users
are satisfied with and execute the initial water rights allocation schemes made by water
administrative authorities [15,34]. When water users are not satisfied with the scheme
and, thus, cannot willingly participate in the water allocation, they may not execute it [35],
and conflicts may occur among water users [6], even without water rights trading. As
such, it is necessary to provide water users with a participation channel in river basin
water allocation decision-making and enhance their satisfaction degree with the scheme [8].
Generally speaking, based on individual rationality, the higher the water users’ satisfaction
degree with the initial water rights allocation scheme, the better their implementation of
the scheme [18].

Therefore, making use of collective rationality in existing research and introducing
individual rationality, this paper proposes the concept of water users’ satisfaction degree,
constructs the principles of water users’ satisfaction degree through which water users can
participate in the water allocation and express their own interests, and builds an initial
water rights allocation sub-model based on satisfaction degree negotiation. Then, including
the initial water rights allocation sub-model with water rights trading, a bilevel optimal
model for river basin water resources allocation is established. Thirdly, a two-layer solution
algorithm based on response surface is proposed. Finally, the effectiveness of the bilevel
optimal allocation model and algorithm is verified through a case study of the Qingzhang
River Basin in China.

2. Materials and Methods
2.1. The Definition and Principles of Water Users’ Satisfaction Degree
2.1.1. Definition of Water Users’ Satisfaction Degree

At present, water basin resource allocation in China is mainly planned by river basin
management institutions first, and then carried out by water users in the basin. The
term “water users” in this paper mainly refers to those agents representing different
administrative regions in the basin. A drawback of this mechanism is that the scheme’s
implementation is not fully taken in consideration, which may result in conflicts among
water users. In this paper, the scheme’s implementation is explained as the willingness of
users who carry out the scheme, which can be reflected by water users’ satisfaction degree
with the scheme. Water users’ satisfaction degree refers to their subjective evaluation of
the water allocation scheme from the perspective of their own interests. When water users’
satisfaction degree with the scheme is high, this means that the implementation of the
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scheme is high, and vice versa. According to the function of satisfaction in mathematics [17],
water users’ satisfaction degree is defined as follows:

Sk =


0, Rk < Dmink

Rk−Dmink
Dmaxk−Dmink

, Dmink < Rk < Dmaxk

1, Rk ≥ Dmaxk

(1)

In Formula (1), Sk is water users’ satisfaction degree in administrative region Ak
in the basin, Rk is the water amount allocated to administrative region Ak, and Dmink
and Dmaxk are the minimum and maximum amount of water demand in administrative
region Ak, respectively.

2.1.2. Principles of Water Users’ Satisfaction Degree

The implementation of water allocation scheme is influenced by two aspects. From
water users’ own perspective, they consider whether their own water demand is satisfied.
When comparing with other users, they care whether or not their satisfaction degrees are
relatively equal and fair. From this, two principles are formed: 1© a minimum satisfaction
degree; 2© the difference in satisfaction degree. These two principles are abstractly quanti-
fied into two functions: minimum satisfaction degree function and differential satisfaction
degree function.

Minimum satisfaction degree function: The satisfaction degree of each user in the basin
should be greater than a minimum satisfaction degree set by the watershed management
agency. Its mathematical expression is

Sk ≥ S0 (2)

In Formula (2), S0 is the minimum satisfaction degree that must be met by each user
within the basin, as specified by the watershed management agency.

For the difference satisfaction function, the coordination deviation of each water user’s
satisfaction degree should be limited within a small range. When considering equality
and difference among water users and the efficiency of water resource allocation, the
mathematical expression is as follows:∣∣∣∣∣Sk − S0

wk
−

Sj − S0

wj

∣∣∣∣∣ ≤ δ (3)

In Formula (3), Sj is the satisfaction degree in administrative region Aj (j 6= k) and δ
is an error coefficient, which is a minimum positive number close to 0. ‘Sk − S0

′ and ‘Sj
− S0

′, respectively, represent the difference between the satisfaction degree in regions Ak
and Aj and the minimum satisfaction degree set by the watershed management agency.
Wk and wj are the decision weights of Ak and Aj, respectively, in water resource allocation

negotiations. Sk−S0
wk

and
Sj−S0

wj
denote the satisfaction coefficients of water users Ak and Aj

respectively, indicating how well the satisfaction degree matches the decision weight.
wk and wj are highly affected by the adopted principle of water resource allocation.

The principle of respecting the historical and current situations places greater emphasis
on objective facts and is more suitable to serve as the basis for negotiation among water
users. Hence, the decision weights of administrative regions are set mainly according to
this principle, including the principles of water source priority, occupation priority, and
population priority. The specific methods for applying these principles are as follows.
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The principle of water source priority implies allocation is made according to the
water yield of each area: the higher the water yield, the higher the decision weight. The
corresponding decision weight can be expressed as follows:

γck =
Ck

∑K
k=1 Ck

(4)

In Formula (4), rck is the decision weight of administrative region Ak on the priority
of water sources, Ck represents the water yield in administrative region Ak, and K is the
number of administrative regions in the basin.

The principle of occupation priority indicates that allocation is determined by the
current water consumption in each district: the higher the current water consumption, the
higher the decision weight. The corresponding decision weight can be expressed as follows:

γok =
Ok

∑K
k=1 Ok

(5)

In Formula (5), rok is the decision weight of administrative region Ak on occupation
priority and Ok is the current water consumption in administrative region Ak.

The principle of population priority means water is distributed according to the
proportion of regional population: the greater the regional population, the higher the
decision-making weight. The corresponding decision weight can be expressed as follows:

γpk =
Pk

∑K
k=1 Pk

(6)

In Formula (6), γpk is the decision weight of administrative region Ak based on popu-
lation priority and Pk is the total population in administrative region Ak.

Therefore, the decision weight wk of region Ak can be expressed as the weighted
average of the above three types of decision weights, and its mathematical form is

wk = θC · γck + θO · γok + θP · γpk (7)

In Formula (7), θc, θo, and θp are the importance coefficients assigned to water source,
occupation, and population principles in the allocation of water resources, in which θC +
θO + θP = 1.

2.2. A Bilevel Optimization Model for Basin Water Resources Allocation
2.2.1. Model Framework

Water resource allocation is carried out by basin management agencies in two steps,
shown in Figure 1. Firstly, initial water allocation is implemented only considering water
users’ satisfaction degree, aiming for a maximum benefit of the river basin. Secondly,
water trading is conducted to further optimize water allocation among water users and
maximize their own benefits constrained by initial water allocation. These two steps loop
until maximization of benefit of the river basin is obtained.
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Figure 1. Optimization framework of bilevel water resource allocation of river basins.

2.2.2. Model Assumptions
1© The principles of water resource allocation in a basin include basic water security,

historical and present water use status, water users’ satisfaction, and fairness and efficiency
principles. Specifically, basic water security and water users’ satisfaction principles form
the constraint conditions of the model. The principle of respecting historical and present
situations is reflected when calculating the decision-making weight of water users. The
principle of efficiency is embodied through water rights trading and objective function;

2© According to basic water security principles, basic water needs such as water for
life should be fully satisfied in priority. Hence, while carrying out allocation, the amount of
basic water needs is subtracted first. The rest of the water is allocated among water users;

3© According to the principle of fairness and efficiency, a higher level of fairness and
benefit of water resource allocation in the basin is better. Therefore, the model takes fairness
and efficiency as an objective function;

4© To simplify the model, it is supposed that water trading only takes place among
water users within the same basin and cannot occur among water users in different basins.

When establishing the model, it is assumed that, when the water demand Dk of
administrative region Ak is greater than its actual water intake, that is, Dk > Qk, it is
possible to resolve the difference Dk − Qk in water demand for area Ak by saving water and
improving water efficiency. When the actual water intake Qk of area Ak is greater than its
initial water allocation, that is, Qk > Rk, area Ak can obtain surplus water quantity Qk − Rk
from other regions by water rights trading on the market. In contrast, when the actual
water intake Qk of area Ak is less than the initial water allocation Rk, that is, Qk < Rk, area
Ak can transfer the surplus water Rk − Qk through a water market to obtain income.

China’s water rights trading market adopts a “quasi-market” mode. Although it is
not a completely competitive market, the price of water rights transaction is affected by
the relationship between supply and demand in the water market, that is, water rights
transaction price is related to water rights trading volume. However, to avoid “negative
externalities” from water rights trading and promote trading activity, it is necessary for the
government to regulate water rights transaction price. Therefore, according to the oligopoly
competition model, the expression for water rights transaction price is assumed to be
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Vd = Vg − bx(Vg > 0, b > 0), where Vd is the price of water rights transactions, x is the total
amount of water rights trading among regions, b is the influence coefficient of water rights
supply and demand on water rights transaction price, and Vg is the benchmark price for
water rights transactions, which reflects the guiding price for a water rights transaction
defined by the government.

2.2.3. Model Construction

In the bilevel optimization model of water resource allocation in a river basin, upper-
level optimization is mainly used to determine the initial water amount of each administra-
tive region, and lower-level optimization is mainly used to determine their actual water
withdrawal (or transaction water volume). The former aims to maximize the water use
efficiency of entire river basin from the river basin management institutions’ perspective,
which represents overall benefit. The latter aims to maximize the water use efficiency of a
region from the perspective of local government, which represents local benefit. The water-
shed management organization and local government have a “master–slave” relationship,
and the optimization variables of watershed management agencies are prioritized over
those of local governments.

(1) Optimization sub-model of water rights trading among water users:
The decision maker for the lower-level optimization model is regional local govern-

ment, and its main goal is to optimize the actual water intake Qk given the maximum net
income of the region, under the condition that initial water allocation is known.

When water-saving measures are adopted, the water use benefit function of area Ak
(represented by GDP output value) can be expressed as follows:

Bk = bka ·Qk =
(
1 + b′

)
· bk0 ·Qk (8)

In Formula (8), bka and bk0 are the output value of GDP per cubic meter of water when
water-saving measures are taken and not taken in area Ak, respectively, and b’ represents
the growth rate of GDP per cubic meter of water after water-saving measures are taken,
which can be expressed with the percentage of the economic benefit increment per cubic
meter before and after water saving.

After water saving and water rights trading, the net income function bkp of area Ak
can be expressed as follows:

Bkp = Bk −Qk ·Vr − ϕk(Dk −Qk) + (Rk −Qk)Vd (9)

In Formula (9), Vr is the price of water resources (which is an optimization variable to
be solved), Qk · Vr is the cost of water resources in area Ak, ϕk(Dk −Qk) is the water-saving
cost function of area Ak, and (Rk −Qk)Vd is the water rights trading income of region Ak.

As a rational individual, area Ak chooses a strategy (here, it refers to the determination
of water intake) that maximizes its net income. Based on this, the optimization model of
water rights transactions among water users can be established as follows:

max
Qk

[Bk −Qk ·Vr − ϕk(Dk −Qk) + (Rk −Qk)Vd]

s.t.


K
∑

k=1
Qk ≤ RT − RL − RE − RC

K
∑

k=1
Rk ≤ RT − RL − RE − RC

Qk, Rk > 0

(10)

In Formula (10), RT is the total water resources of the whole basin, RL is the basic do-
mestic water consumption of the whole basin, RE is the basic ecological water consumption
and basic grain water consumption, and RC is the basic water use, which is not involved in
initial water rights allocation and water rights trading;

(2) Optimization sub-model of initial water rights allocation:
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The decision maker for the higher-level optimization model is the basin management
organization, whose main task is to optimize the initial allocation scheme of water resources
and the regulation scheme of water rights trading, with the goal of maximizing its overall
benefit of the basin on the premise of ensuring basic water use in the basin;

1© Optimization objective:
The optimization objective Bw includes an initial water resource allocation sub-objective

Bw1 and water rights trading regulation sub-objective Bw2. Bw1 can be expressed as the
weighted sum of water shortage rate and economic benefits after initial distribution, and
its mathematical expression is

Bw1 = −η·max
(

Dk − Rk
Dk

)
+ (1− η) · ∑K

k=1 bk0 · Rk

max(bk0) ·∑K
k=1 Rk

(11)

In Formula (11), max
(

Dk−Rk
Dk

)
is the water shortage rate in a basin, which reflects the

fairness of allocation,
K
∑

k=1
bk0·Rk is the economic benefit of initial allocation, which becomes

∑K
k=1 bk0·Rk

max(bk0)·∑K
k=1 Rk

after standardization, and η is the weight of water shortage rate in the

whole target area.
Bw2 can be expressed as the sum of water users’ economic benefits in a basin after water

rights trading. Considering the unity of the target order of magnitude, it is standardized
as follows:

Bw2 =
∑K

k=1 Bkp

max(bk0)·∑K
k=1 Rk

(12)

Based on the above analysis, Bw can be expressed mathematically as

Bw = ρ·Bw1 + (1− ρ)·Bw2 (13)

In Formula (13), ρ is a weight factor. When the value of ρ is large, river basin man-
agement institutions focus on administrative allocation; when the value of ρ is small, river
basin management institutions focus on market allocation;

2© Constraints:
Constraints include initial water rights allocation constraints and water rights transac-

tion constraints. According to Formulas (1)–(4), initial water rights allocation constraints
can be expressed as 

K
∑

k=1
Rk ≤ RT − RL − RE − RC

Sk ≥ S0∣∣∣ Sk−S0
ωk
− Sj−S0

ωj

∣∣∣ ≤ δ

(14)

In Formula (14), Sk and Sj can be determined from initial water distribution and water
demand according to the formula for water users’ satisfaction.

When trading water rights, the trading price of water rights should be higher than the
cost of water resources. Therefore, the regulation and control constraints of water rights
trading are mainly about the cost and the price of water, which can be expressed as{

lb ≤ Vr ≤ ub
Vr ≤ Vd ≤ Vdmax

(15)

In Formula (15), lb and ub represent the lower bound and upper bound of water
resource prices, respectively, which are determined by river basin management agencies;
accordingly, Vdmax indicates the maximum value of water rights transaction price, which is
also determined by river basin management agencies with the aim of preventing “negative
externalities” in water rights transactions and ensuring fairness;
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3© Optimization sub-model:
Based on the above objective and constraint functions, the optimization model of

initial water resource allocation can be established as follows:

max
Rk ,Vr ,Vg

Bw = ρ·Bw1 + (1− ρ)·Bw2

s.t.



K
∑

k=1
Rk ≤ RT − RL − RE − RC

Sk ≥ S0∣∣∣ Sk−S0
ωk
− Sj−S0

ωj

∣∣∣ ≤ δ

lb ≤ Vr ≤ ub
Vr ≤ Vd ≤ Vdmax

0 ≤ ρ ≤ 1

(16)

In Formula (16), Rk is initial allocation, Vr is water resource price, and Vg is the water
rights trading benchmark price. Vr and Vg are used to guide the water intake behavior and
regulate water rights trading;

(3) Bilevel optimization model for basin water resources allocation
In summary, Formulas (10) and (16) can be combined to form the bilevel optimal water

resources allocation model. In the model, watershed management agencies guide local
governments through their own decision-making results (initial water allocation, water
resource price, and benchmark price of water rights trading) but do not directly interfere
with the decision-making of water intake in each region. On the premise of complying
with the decisions of watershed management institutions, local governments can freely
make decisions on water intake amount, water saving amount, and water rights trading
to maximize their own interests, and their decision results are fed back to watershed
management agencies.

2.3. Solution to the Bilevel Optimization Model for Water Basin Resource Allocation
2.3.1. Solution Ideas

1© The lower-level decision maker pursues a maximization of its own benefits after
water rights trading, that is, the lower-level decision maker hopes to improve its benefits
through water rights trading and prefers a high growth rate of benefits, starting from
the establishment of water rights trading. Therefore, the objective function of the lower
optimization model can be transformed into the economic benefit growth rate before and
after water rights transactions;

2© China’s water rights trading has the characteristics of a “quasi-market”. The
government hopes that the economic growth rate of both parties before and after water
rights trading can be as balanced as possible. A minimum economic benefit growth rate
among lower-level stakeholders can be taken as the lower-level optimization goal; thus, the
multilevel optimization problem can be transformed into a single optimization problem
and optimization conflict can be effectively avoided among the lower-level subjects.

Based on the above two points, the objective function of the lower-level interregional
water rights trading optimization model can be modified as follows:

maxmin(
Bkp − Bkb

Bkb
) (17)

In Formula (17), Bkb = bk0 · Rk −Vr · Rk is the net income before water rights transac-
tions in area Ak.

2.3.2. Algorithm Design Based on Response Surface Methodology

The proposed bilevel optimization problem is a kind of mathematical model with a
hierarchical relationship between master and slave, and the lower optimization problem
is nested in the solution process of the upper optimization model. The objective function
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and constraints of the upper optimization problem are not only related to their own
optimization variables, but also depend on the optimal solution of the lower optimization
problem; furthermore, the optimal solution of the lower optimization problem is influenced
by the optimization variables of the upper optimization problem. The key to solving
the bilevel optimization problem is to determine how the lower optimization variables
contained in the upper model be calculated, and the most direct method is to solve the
lower optimization model. In this kind of processing method, first, its calculation process
is complex and calculation cost is high. Second, it may cause discontinuity in the objective
and constraint functions of the upper model, which will make it difficult to solve the model.
To improve this situation, the response surface method is introduced to solve the lower
optimization variables, and a bilevel optimization model algorithm based on the response
surface is proposed.

1© The basic idea of the algorithm:
The response surface methodology (RSM) is a multivariable modeling method combin-

ing approximate model technology and experimental design methods. It can approximate
a complex “black box” problem by fitting a clearly expressed function or model based
on a series of test samples. For the bilevel optimization model for basin water resource
allocation, the lower optimization model can be regarded as a “black box”. The inputs of
this black box are optimization variables Rk, Vr, and Vg of the upper model, and its output
is the optimization variable Qk of the lower model. The task of the RSM is to fit a clearly
expressed mathematical model Qk = f (Rk, Vr, Vg) instead of the lower optimization model
shown in Formula (10).

Based on the RSM, the lower optimization variables Qk included in the upper model
can be calculated directly through the lower response surface model Qk = f (Rk, Vr, Vg),
which simplifies the process of solving the whole bilevel optimization problem and is
more conducive to obtaining the global optimal solution. The solution process is shown in
Figure 2.
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2© Calculation steps of the algorithm
Step 1. Rk, Vr, and Vg are the independent variables of the response surface model, and

Qk is a dependent variable. In the feasible region of independent variables, a certain number
of independent variable sample points (Rk, Vr, Vg) are selected by an experimental design
method. Formula (10) is solved by the optimization algorithm with sample points as basic
parameters, and the corresponding dependent variable sample points (Qk) are obtained;
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Step 2. Select an appropriate approximate model technology and take the test sample
(Rk, Vr, Vg, Qk) as data to generate a response surface model Qk = f (Rk, Vr, Vg);

Step 3. Replace the lower optimization model with the RSM Qk = f (Rk, Vr, Vg) to
calculate Qk, then use the optimization algorithm to solve the upper optimization model
to obtain an upper optimal solution (Rk, Vr, Vg) and its corresponding lower optimal
solution Qk.

It can be seen from the above steps that there are two key technologies involved in
the construction of a response surface model: one is experimental design method, and
the other one is the approximate model technology. Commonly used experimental design
methods include full factorial design, partial factorial design, central combination design,
orthogonal design, uniform design, and so on. Approximate model techniques include
polynomial functions, Kriging models, radial basis function models, neural networks, and
support vector machines. Considering the calculation cost and accuracy, uniform design
was chosen as the experimental design method, and quadratic polynomial function or
Kriging model was selected as the approximate model in this paper.

3. Case Analysis

The Qingzhang River flows through Jinzhong city and Changzhi city in Shanxi
Province and Handan city in Hebei Province (shown in Figure 3). The information on
water supply, water demand, and agricultural and industrial water consumption in the
basin are shown in Table 1, and basic domestic water consumption is shown in Table 2. In
this section, the bilevel optimization model is applied to optimize the allocation of water
resources in the Qingzhang River Basin in Shanxi and Hebei provinces.
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Table 1. Water supply and agricultural and industrial water consumption in the Qingzhang River
Basin in a given year.

Subregion Total Water
Supply (108 m3)

Current
Water Con-
sumption
(108 m3)

Irrigated Area
(104 mu)

Agricultural
Water Quota

(m3/mu)

Industrial Water
Quota

(m3/104 CNY)

Total Water
Demand
(108 m3)

Qingzhang in Shanxi 0.50 0.50 14.69 300 73.8 0.52
Qingzhang in Hebei 1.18 1.17 18.5 548 43 1.20

Table 2. Domestic water consumption in the Qingzhang River Basin in a given year.

Subregion

Urban
Population
(Hundred
Million)

Urban Water
Use Quota
(L/Person-

Day)

Rural
Population
(Hundred
Million)

Rural Water
Use Quota
(L/Person-

Day)

Large
Livestock
(Hundred
Million)

Small
livestock
(Hundred
Million)

Water for
Large

Livestock
(L/Person-

Day)

Water for
Small

Livestock
(L/Person-

Day)

Qingzhang in Shanxi 9.12 121.27 29.78 56.58 8.41 71.99 35 15
Qingzhang in Hebei 10.12 142 35.46 45 5.26 41.23 35 15

According to Tables 1 and 2, the basic domestic water demand of Shanxi Province
and Hebei Province can be calculated as 0.15 and 0.14 billion cubic meters, respectively.
After prioritizing basic domestic water, the total amount of water resources available for
distribution in the basin is 137.79 million m3. The water demand of Shanxi Province and
Hebei Province are 36.60 and 106.33 million m3, respectively. In the case study, they are
regarded as the maximum amounts of Shanxi’s and Hebei’s water demands, and half of the
two values are assumed as their respective minimum amounts of water demands. Based on
field investigation, the output values of GDP per cubic meter of water of Shanxi and Hebei
are CNY 114 and CNY 233, respectively, and the priorities of water source, occupation, and
population are assumed as 0.3, 0.4, and 0.3, respectively. According to Formula (7), the
decision weights of Shanxi and Hebei are 0.35 and 0.65, respectively.

The paper confirms the validity of the proposed model in two steps. Firstly, to validate
the reasonability of the satisfaction degree concept, initial water allocation of the Qingzhang
River Basin was conducted, only considering water users’ satisfaction degree. Secondly,
considering both initial water allocation and water rights transaction, the proposed bilevel
optimal allocation of Qingzhang river was carried out.

(1) Initial water rights allocation of Qingzhang River Basin only considering water
users’ satisfaction degree:

According to the information of the Qingzhang River Basin above, the initial water
allocation model of the basin is as follows:

min[η·max(
0.3660− R̂1

0.3660
,

1.0633− R̂2

1.0633
)− (1− η)·114·R̂1 + 233·R̂2

233× 1.3779
]

s.t.


R̂1 + R̂2 ≤ 1.3779

S1 ≥ S0
S2 ≥ S0∣∣∣ S1−S0

0.347 −
S2−S0
0.653

∣∣∣ ≤ δ

(18)

In Formula (18), R̂1 and R̂2 represent the amount of allocated water of Shanxi and
Hebei provinces, respectively, and are the optimization variables of the model. S1 and S2
represent the satisfaction degree of Shanxi and Hebei provinces, respectively.

We set η = 0.6, S0 = 0.8, and δ = 0.1. The optimization results were R̂1 = 0.34 hundred
million m3, R̂2 = 1.03 hundred million m3; the maximum of water shortage rate of the
whole basin was 0.06, and the economic benefit was CNY 280.16 hundred million. The
other results of Shanxi and Hebei provinces are shown in Table 3.
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Table 3. The results for initial water rights allocation, only considering satisfaction degree in the
Qingzhang River Basin, in a given year.

Provinces Water Demand
(Million m3)

Initial
Water

Distribution
(Million m3)

Water Shortage
Rate

Satisfaction
Degrees of

Water Users

Decision
Weight

Economic
Benefit

(Hundred
Million CNY)

Shanxi 36.60 34.36 0.06 0.88 0.35 39.17
Hebei 106.33 103.43 0.02 0.95 0.65 240.99

Through an analysis of the calculation results in Table 3, the following findings can
be obtained:

1© For the initial water rights allocation scheme, Shanxi’s water satisfaction was 0.889,
and Hebei’s water satisfaction was 0.941, both of which were greater than the minimum
satisfaction of 0.8, reflecting the equity of the water allocation of the basin;

2© There are differences in water supply and demand, population, etc. between
Shanxi and Hebei provinces, and these were reflected by these two provinces’ decision
weights. Shanxi’s decision weight (0.35) was lower than that of Hebei (0.65). However, their
satisfaction degrees were both greater than the minimum satisfaction degree of the basin
(S0 = 0.8). This is because the construction of difference satisfaction function (Formula (8)),
which reflects the differences between administrative regions, can improve their satisfaction
degrees effectively. Thus, this approach achieves a fair configuration, meets the constraint
of differences of satisfaction, and ensures a high efficiency of configuration;

3© The solution process of the initial water allocation is iterative, whose iterative
criterion is whether Shanxi and Hebei’s satisfaction degrees follow the principles of water
users’ satisfaction degree (Formulas (2) and (3)) or not. Thus, this process reflects the
negotiations between Shanxi and Hebei provinces by which they can take part in the water
allocation and express their own benefit. In this case, the allocation results are better
carried out;

4© The management agency can regulate the equity and efficiency of water allocation
effectively by setting different minimum satisfaction degree of the basin (S0). In practice,
if the agency pays more attention to the equity of allocation, S0 can be set high. If more
attention is paid to the efficiency of allocation, S0 can be set low;

(2) Bilevel optimal water allocation of Qingzhang river basin:
In order to maximize the water use efficiency, bilevel optimal water allocation of

Qingzhang River Basin was carried out, including both initial water rights and water
rights trading.

The optimization variables and parameters of the model were set as follows: initial
water distribution in Shanxi was R1, water intake was Q1, and water-saving cost function
was 24(D1 − Q1)2; Hebei’s initial water allocation was R2, water intake was Q2, and water-
saving cost function was 26(D2 − Q2)2. Before and after water saving, the growth rate of
water use efficiency in Shanxi was 0.3 and that in Hebei was 0.2. The water resource price
was Vr where 0.4 ≤ Vr ≤ 2.0, the benchmark price of water rights transactions was Vg and
the price function of water rights transactions was Vg − 0.13(R1 + R2 −Q1 −Q2), in which
Vr ≤ Vg ≤ 4.0. The minimum satisfaction of Shanxi and Hebei provinces was S0 = 0.8, and
the balance error coefficient was δ = 0.1.

Through optimization calculations, the optimal solution of this problem was ob-
tained as follows: R1 = 34.58 million m3, R2 = 103.21 million m3, Q1 = 34.03 million m3,
Q2 = Q1 = 103.76 million m3, water resource price Vr = CNY 0.54, and water rights transac-
tion benchmark price Vg = CNY 0.75, as shown in Table 4.
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Table 4. The results for the bilevel optimal water allocation of the Qingzhang River Basin in a
given year.

Provinces
Water

Demand
(Million m3)

Initial Water
Distribution
(Million m3)

Water
Intake

(Million m3)

Water
Resource

Fee
(CNY)

Trading
Benchmark
Price(CNY)

Satisfaction
of Water

Users

Decision
Weight

Pre-
transaction

Benefit
(Hundred

Million
CNY)

Post-
transaction

Benefit
(Hundred

Million
CNY)

Shanxi 36.60 34.58 34.03 0.54 0.75 0.89 0.35 39.23 50.24
Hebei 106.33 103.21 103.76 0.54 0.75 0.94 0.65 239.92 289.53

Through an analysis of the calculation results in Table 4, the following findings
can be obtained:

1© For the initial water rights allocation scheme, Shanxi’s water satisfaction was 0.89,
and Hebei’s water satisfaction was 0.94, both of which are greater than the minimum
satisfaction of 0.8. Hebei’s water satisfaction was slightly higher than Shanxi’s, which
is consistent with the fact that Hebei’s decision-making weight was slightly higher than
Shanxi’s. This result shows that there is a positive correlation between regional satisfaction
and decision weight, and the water allocation scheme achieves satisfaction above the
minimum constraint of water users. Thus, this approach achieves a fair configuration, meets
the constraint of difference of satisfaction, and ensures a high efficiency of configuration;

2© Shanxi’s water intake was 0.55 million m3 less than its initial distribution, while
Hebei’s water intake was 0.55 million m3 more than its initial distribution. This shows that
Shanxi saved 0.55 million m3 in water resources, and the saved water was sold to Hebei
Province. Hebei Province alleviated its own water shortage problem by purchasing 0.55
million m3 of water from Shanxi. This demonstrates that water rights trading encourages
water rights holders to save water and obtain economic benefits by selling water, which
promotes water transfer from areas with low efficiency to areas with high efficiency and
further realizes an efficient allocation of water resources;

3© Before water rights trading, the economic benefits of Shanxi and Hebei were CNY
39.23 hundred million and CNY 239. 92 hundred million, respectively. After water rights
trading, the economic benefits of Shanxi and Hebei increased to CNY 50.24 hundred million
and CNY 289.53 hundred million, respectively. It can be seen that Shanxi Province obtained
more economic benefits through water conservation and water rights trading. Although
Hebei Province bought water from Shanxi Province at a certain cost, its ultimate economic
benefits were improved, which shows that water rights trading can effectively solve water
shortage problems and improve the utilization efficiency of water resources.

4. Conclusions

In this paper, administrative allocation mode and market allocation mode are inte-
grated with the consideration of water users’ satisfaction degree and water rights transac-
tion negotiations. A bilevel optimal water allocation model for river basin water resources
is constructed, and a solving algorithm based on the response surface is proposed.

(1) The model integrates both collective and individual rationalities of water users,
simulates water users’ negotiation behavior with the principles of water users’ satisfaction,
and enhances the enforceability of the water resource allocation scheme;

(2) Satisfaction degree is a useful way for water users to participate in water allocation.
The management agency of the basin can regulate the equity and efficiency of water
allocation by setting the minimum satisfaction degree of the basin (S0). The higher the
value of (S0), the more attention is paid to the equity of water allocation;

(3) Compared to only considering satisfaction degree in the initial allocation, bilevel
optimal water allocation improves the overall efficiency of water resource allocation effec-
tively. In the initial allocation, only considering satisfaction degree, Shanxi’s and Hebei’s
economic benefits a\were CNY 39.17 hundred million and CNY 240.99 hundred million,
respectively. In the bilevel optimal water allocation, taking into account the mutual influ-
ence of satisfaction degree and water rights transactions, Shanxi’s and Hebei’s economic
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benefits were obviously improved to CNY 50.24 hundred million and 289.53 hundred
million, respectively. Meanwhile, Shanxi’s and Hebei’s satisfaction degrees only fluctuated
a little;

(4) In the model, the basin management organization is not only a distributor of
water resources, but also a regulator of the water rights trading market. In addition to
participating in initial negotiations over water rights allocation, local governments can
also make decisions on water rights trading volume and water intake independently to
maximize their own interests.

However, this paper did not consider the variability in water resources demand and
supply over years, which will influence the water allocation results. The results calculated
in this paper can only be used for water allocation in a given year. Water allocation of the
Zhanghe River Basin should be allocated dynamically [36], i.e., should be conducted on
the basis of the predicted water supply and demand data according to seasonal variation,
social development, and so on. It is necessary to predict these data first, and then use
the established model in this paper to carry out the allocation. Integrating complex water
demand and supply prediction problems into the model built in this paper will be a
potential focus of future research.
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