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Abstract Based on the diversity of the agricultural
system, this research calculates the planting structures of
rice, maize and soybean considering the optimal economic-social-ecological aspects. Then, based on the
uncertainty and randomness of the water resources system,
the interval two-stage stochastic programming method,
which introduces the uncertainty of the interval number, is
used to calculate the groundwater exploitation and the use
efﬁciency of surface water. The method considers the
minimum cost of water as the objective of the uncertainty
model for surface water and groundwater joint scheduling
optimization for different planting structures. Finally, by
calculating harmonious entropy, the optimal exploitation
utilization interval of surface water and groundwater is
determined for optimal cultivation in the Sanjiang Plain.
The optimal matching of the planting structure under the
economic system is suitable when the mining ratio of the
surface is in 44.13%–45.45% and the exploitation
utilization of groundwater is in 54.82%–66.86%, the
optimal planting structure under the social system is
suitable when surface water mining ratio is in 47.84%–
48.04% and the groundwater exploitation threshold is in
67.07%–72.00%. This article optimizes the economicsocial-ecological-water system, which is important for the
development of a water- and food-conserving society and
providing a more accurate management environment.
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1

Introduction

As an agricultural country, in China, more than 70% of the
total water used is for agriculture[1]. However, the
distribution of water resources over time and space is
uneven in China, particularly in the northern region. This
region includes 59.2% of the country’s arable land but only
14.7% of the country’s water resources[2]. Water is scarce
in China and the tens of billions of kilogram decrease in
grain production caused by water shortages each year
threatens food security. Thus, water has become the most
important factor affecting crop yield[3]. From the perspective of sustainable development, when a shortage of water
resources occurs in the region, it can only be overcome
through the rational allocation of limited water resources,
in order to achieve the optimum comprehensive beneﬁt and
achieve sustainable development in agriculture[4]. Along
with the rapid development of the social economy, the
water use in industry, in cities and towns, and in the
environment have also generated increasing competition
with water use agriculture, caused the shortfall between the
supply and demand for agricultural water to increase.
Therefore, scientiﬁc planning of crop planting structures,
establishing models of optimal allocation of water for the
efﬁcient use of the limited water resources for agriculture,
and promoting the sustainable development of the
agricultural ecological environment and economy are of
great signiﬁcance[5].
As the difference between the supply and demand of
agricultural water resources increases, the development of
agricultural water resources simulation and optimal
allocation have been widely used. Grundmann et al.[6]
presented a new simulation-based integrated water management tool for sustainable water resources management
in arid coastal environments. Huo et al.[7] distributed
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irrigation water based on a soil moisture dynamic
simulation optimization model of irrigation systems and
the crop water production function. Environmental
problems are triggered by the over-exploitation of groundwater; thus, joint groundwater and surface water scheduling problems are gaining increasing attention. The main
methods used to solve such problems are the simulation
optimization method[8], linear method[9,10], dynamic
programming model[11], and numerical simulation analysis
method[12].
Because the level of agricultural water use and unit cost
are uncertain, and the water resources management system
is an uncertain complex system, an uncertainty optimization method is suitable for solving the uncertainty factors
for such a system. In recent years, this method has been
widely used in many areas by, for instance, Maqsood[13].
An accurate rough interval, fuzzy linear programming
method is applied to the water resources allocation of an
agricultural irrigation system. Li et al.[14,15] used an
interval fuzzy multistage method for water resources
management and established a random two-stage interval
quadratic programming model for water quality management. Xie and Fu[16–18] used two-stage stochastic programming to optimize the allocation of water resources.
However, few studies have obtained a multi-objective
cultivation solution by calculating the utilization threshold
of the surface water and groundwater. Therefore, this study
considers the economic-social-ecological and water
resources system using a multi-objective two-stage
stochastic programming model with intervals and agricultural water system entropy considerations to analyses the
surface water and groundwater exploitation ratio for the
Sanjiang Plain to overcome the complexity and uncertainty
of the agricultural water resources system and to obtain an
optimization solution and use ratio threshold of surface
water and groundwater in agriculture. Multi-objective
optimization and two-stage interval programing model are
combined to establish the objective solution function under
different solutions. Moreover, it can be employed for
quantitatively analyzing a variety of alternative solutions
with different stream ﬂow levels and allocation proportions. Then, the optimal scheme is obtained by the
comparison of the different solutions through the harmonious entropy. Using this approach, a new method for
optimizing the allocation of water resources is proposed.

2

Modeling

2.1 Optimization of the crop planting structure under each
system

The agricultural system is a complex system. A crop
planting structure optimization model is established based
on the latest research results of crop planting structure
adjustment based on the aspects of production, life and

ecology to determine the areas of economic beneﬁt, social
beneﬁt and ecological beneﬁt target function.
One of the largest economic beneﬁts is to make crops
produce more, which involves maximizing the use of water
resources to achieve the efﬁcient utilization of water
resources[19].
Social beneﬁts arise from making the output of grain
meet the demands of human society, achieving fair social
distribution, meeting the social demands of people’s daily
consumption and increasing farmers’ income to maintain
social stability and raise the quality of life of individuals[19].
Ecological sustainability involves guaranteeing ecological water use to ensure the natural condition of water
resource natural ecological service function and regulating
human activities and allowing water to better serve
humans[19].
According to the above analysis and considering the
limitations of water and soil resources, a multi-objective
economic, social and ecological optimization model is
proposed as follows:
maxf ðX Þ ¼ ½f ðxÞ1 ,f ðxÞ2 ,f ðxÞ3 ðX 2 RÞ

(1)

s:t:R ¼ fX jGðX Þ£0,X ³0g

(2)

where decision vector X refers to the crop planting area and
f(x)1, f(x)2, f(x)3 are the economic, social and ecological
beneﬁts of the objective function, respectively. The
constraint conditions include water and soil resource
constraints.
2.2 Joint surface water and groundwater conﬁguration
under uncertainty

Considering the various beneﬁts of crop planting area, due
to the importance of the water resources system and
considering the joint use of surface water and groundwater
to meet a variety of crop water requirements, the goal is to
reduce the cost of water. Using the two-stage uncertainty
interval stochastic programming method with the minimum agricultural water comprehensive cost as the
objective function and the water supply in study area as
the constraint conditions, the ﬁrst step to determining the
three solutions for crop planting area for known conditions
is the introduction of the total water cost and water
dynamic resources and evaluating water resources and
different water costs to calculate the optimal conﬁguration
of water.
Because the water resources system contains many
sources of uncertainty, the prediction of the supply of water
is challenging and the early crop water supply target is
uncertain. The difference between the water resources and
the water supply route leads to water transfer cost and crop
price changes[20]. The output of water makes the presence
of a penalty coefﬁcient uncertain. To account for this
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uncertainty, this research introduced the interval parameter
and used the upper and lower limit based on scientiﬁc
considerations and rationality. The basic two-stage interval
stochastic programming model is as follows:
Minf  ¼

n
X

Ti Wi þ

i¼1

n X
0
X

pk Ci Sik

(3)

i¼1 k¼1

where f  is the cost of agricultural water (CNY), T 
i is the
is
the
prediction
of
water conveyance cost (CNY), W 
i
water under different solutions (ten thousand m3), C 
i is
lack of punishment coefﬁcient, indicating that the actual
water supply cannot meet the forecast (CNY), and S 
ik is the
water deﬁcit forecast for the year (ten thousand m3). These
values are signiﬁcantly inﬂuenced by the amount of
rainfall, which is difﬁcult to forecast. This study predicts
different years by analyzing the water deﬁcit cases
according to discrete function processing[21]. pk is the
probability of the water level. k = 1, 2, 3…… k, where k = 1
predicts the year of minimal water deﬁcit and high ﬂow.
When k = 2, water ﬂow is moderate, and the water deﬁcit is
small. When k = k there is little water and low ﬂow,
resulting in a large water deﬁcit. Different water resources
are represented (surface water and groundwater). The
constraints are as follows:
(1) Minimum water demand constraints:
n
X

Wi ³Wimin ,8i

(4)

i¼1

where W 
imin ensures the normal growth of minimum water
requirement (hundred million m3).
(2) Water supply capacity constraints:

Wi – Si £Q
i þ qik ,8i,k

(5)

where Q
i is the amount of available water in different
regions in early water planning, and q
ik is the water in
different regions with different inﬂows during the planning
period; only rainfall is considered here.
(3) Maximum water consumption constraint:
Wi £Wimax ,8i

used to determine the value. With the introduction of
decision variables, the optimal value ziopt can be solved.
The water resources optimal allocation solution system
cost is determined to obtain the optimal value W  .
The model is transformed into two certain temperament
models representing the upper and lower limits. Such a
deformation process based on an interactive algorithm is
different from the commonly used interval analysis and
case analysis[22] because the model uses the minimum cost
of water. Therefore, the ﬁrst solution f – and its
corresponding model are
Minf

–

¼

n
X

Ti– ðWi – þ ΔWi zi Þ þ

i¼1

n X
0
X

pk Ci– Sik– (8)

i¼1 k¼1

Subject to
n
X
ðWi – þ ΔWi zi Þ³Wimin ,8i

(9)

i¼1
þ
ðWi – þ ΔWi zi Þ – Sik– £Qþ
i þ qik ,8i

(10)

Wi – þ ΔWi zi £Wimax ,8i

(11)

Wi – þ ΔWi zi ³Sik– ,8i

(12)

0£zi £1,8i

(13)

For the model, zi and si– are the decision variables. The
–
deﬁnitions of ziopt and siopt
are the solutions for the model.
–
The minimum value is fopt into Wi ¼ Wi – þ ΔWi zi , the
optimal water diversion goals can be calculated by
changing ziopt to Wi ¼ Wi – þ ΔWi zi . In the same manner,
ziopt is changed to the upper limit of the model:
Minf þ ¼

n
X

Ti – ðWi – þ ΔWi ziopt Þ

i¼1

þ

n X
0
X

pk Ciþ Sikþ

(14)

i¼1 k¼1

(6)
Subject to

(4) Variable nonnegative constraints:
Wi ³Si ³0

233

(7)

Due to the linear programming solution of constraints,
when W 
i , the uncertain input parameters cannot calculate
the model solution. Therefore, this article introduces
another decision variable zi, among zi 2 ½0,1, ΔWi ¼ Wiþ
– Wi – . When zi ¼ 1, Wi reaches the upper limit value,
and the corresponding water consumption is at a
maximum. When zi ¼ 0, Wi reaches the lower limit
value and the corresponding water consumption is
expected to reach the minimum. ΔWi ¼ Wiþ – Wi – is

ðWi – þ ΔWi zi Þ – Sikþ £Qi– þ qik– ,8i

(15)

Wi – þ ΔWi zi ³Sih– ³0

(16)

Sikþ ³Sik– ,8i

(17)

0£zi £1,8i

(18)

þ
After solving the calculated sþ
iopt and fopt merging two sub
models, the solution of the two-stage stochastic program
–
þ
¼ ½Siopt
,Siopt
,
ming model is obtained as follows: Siopt
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– þ

–
þ
zi ¼ ziopt , fopt
¼ ½fopt
,fopt , Sopt
¼ ½Sopt
,Sopt
, zi ¼ ziopt . One
of the most optimal allocations of water is OPTi– ¼
–
–
Wiopt
– Siopt
,8i

2.3

Computing the harmonious entropy

There are contradictions and competition between economic, societal, and ecological resources. The question of
how to achieve harmoniously balanced development
requires quantitative evaluation. This research established
a calculation method for the entropy of the harmonious
degree and determined the harmonious entropy of each
subsystem. The evolution of the system direction is often
determined by entropy change theory based on the
maximum entropy principle, deﬁning the system of
relative entropy of harmonious entropy and using the
relative harmony entropy of the agricultural system
efﬁciency under different water utilization thresholds for
comparative analysis.
The modeling process is as follows:
(1) Conﬁrm the economic, social, ecological and water
resources system parameters. For the dimensionless
processing of various parameters, the optimal methods
adopt the following formulas to eliminate the dimension
inﬂuence on the evaluation results:

r
ij ¼ ðxij – xijmin Þ=ðxijmax – xijmin Þ

(19)


r
ij ¼ ðxijmax – xij Þ=ðxijmax – xijmin Þ

(20)

which typically takes k ¼ – 1.
According to the relationship between entropy change,
determine the evolution of the water resource system[23] to
evaluate water resources allocation rationality: when
EðtÞ<Eðt þ 1Þ, the system entropy increases, there is
disharmonious degree enhancement, the system is in an
unstable state, the system is in the process of evolution in a
vicious cycle, and the allocation of water resources is
unreasonable; when EðtÞ > Eðt þ 1Þ, the system entropy
decreases, the disharmony degree is reduced, the system is
in a state of virtuous cycle, the allocation of water
resources is reasonable; when EðtÞ<Eðt þ 1Þ, for a certain
time interval, the system entropy has no change, the system
is in a stable state, and the water resources allocation is
more reasonable. By comparing various solutions of
harmony entropy, where lower values indicate the solution
is relatively optimal, the utilization threshold of the
groundwater and surface water conditions under the
solution of crop planting structure are improved.
The overall concept of the model can be summarized as
shown in Fig. 1.

where rij is the relative membership degree of the i system
parameters under the j plan structure; xij is the system
parameter values of i under thej plan structure; and xijmin ,
xijmax and xijmin are the respective thresholds of the i system
parameters under the j plan structure.
(2) Conﬁrm the relative membership degree of each
subsystem of the harmonious degree, hereinafter referred
to as the subsystem relative harmony degree u
i :
(
(
)) – 1
m
m
X
X

 2
 2
½wij ð1 – rij Þ =
ðwij rij Þ
(21)
ui ¼ 1 þ
i¼1

i¼1

where ui is the relative degree of the subsystem of
i,ui 2 ½0,1; m is the total parameter number of i subsystem;
and wij is the weight of the i system parameters under the j
plan structure.
(3) Conﬁrm the relative harmony entropy of the
agricultural water system EðtÞ :


EðtÞ ¼

n
X

klnu
i

(22)

i¼1

where EðtÞ is the relative harmony entropy of the
agricultural water system under the j plan structure; n is
the total number of the system; and k is the ratio coefﬁcient,

Fig. 1 Analytic framework of the model

3

Case study

3.1

Study area

The Sanjiang Plain is located in the eastern part of
Heilongjiang Province in China: 44°51′–48°28′ N,
129°12′–135°05′ E. The total area is 10.89  104 km2,
approximately one third of the cultivated land in
Heilongjiang Province is China’s important grain reserve
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base and commodity grain production base. The allocation
of water resources in the Sanjiang Plain is not optimal,
which results in a decrease in the capacity of regional water
resources. Therefore, for the protection of national food
security and based on the premise of regional ecological
security, adjustments to the agricultural planting structure
and the sustainable utilization of water resources are used
to ensure the food security and sustainable development of
the social economy in our country. The regional geographical locations are shown in Fig. 2.
3.2

Target of the crop planting structure under each system

The research data mainly originate from the Heilongjiang
Province economic statistical yearbook, the water
resources in Heilongjiang Province, the Heilongjiang
Province statistical yearbook and the Heilongjiang Province yearbook. Considering the data sources and the
cultivation characteristics of the Sanjiang Plain, three main
crops — rice ðx1 Þ, corn ðx2 Þ and soybeanðx3 Þ — are chosen
for use in the surface water and groundwater joint
scheduling considering the economic, social and ecological beneﬁts. Three types of solutions are developed with
the corresponding objective functions as follows:
Solution 1: economic beneﬁt maximum (108 CNY).
According to the data analysis and the comprehensive
consideration of many years of rice, maize and soybean
sales prices, the sales of Sanjiang Plain food produce
economic beneﬁts according to the objective function:

235

maxf ðX Þ ¼ 23713x1 þ 16152x2 þ 7907x3

(23)

Solution 2: social beneﬁt maximum (108 kg)
According to the data analysis and the comprehensive
consideration of many years of rice, maize and soybean
yield per unit area, the goal of maximizing the Sanjiang
Plain grain output function yields the following objective
function:
maxf ðX Þ ¼ 7504x1 þ 7409x2 þ 1967x3

(24)

8

Solution 3: ecological beneﬁt maximum (10 CNY)
According to the data analysis, the comprehensive
consideration of the size of the agricultural land area and
the relationship between the ecological service values, the
following Sanjiang Plain ecological service value function
is maximized:
maxf ðX Þ ¼ 55485x1 þ 1857x2 þ 3290x3

(25)

The constraint conditions of the objective function are as
follows:
(1) The full irrigation of crops water requirement
constraint (104 m3)
11324x1 þ 5142x2 þ 3045x3 £1664000

(26)

According to the data analysis and the comprehensive
consideration of the Sanjiang Plain rice, maize and
soybean supply situation, the amount of water available
for the three crops does not exceed a maximum of
16.64109 m3.

Fig. 2 Study area of the Sanjiang Plain located in the eastern part of Heilongjiang Province in China

Front. Agr. Sci. Eng. 2016, 3(3): 231–240

236

(2) The area constraint (104 hm2)
8
x1 þ x2 þ x3 £228:38
>
>
>
>
< 0£x £95
1
>
0£x
>
2 £128
>
>
:
0£x3 £50

(27)

According to the data analysis and the comprehensive
consideration of the Sanjiang Plain crops with a planting
area for rice, maize and soybean of no more than 2.2838 
104 hm2 over many years, the largest acreage was less than
95  104 hm2, 128  104 hm2 and 50  104 hm2 for rice,
maize, and soybean, respectively.
The beneﬁt of each system for crop planting area and the
corresponding beneﬁt value are calculated[24], and the
results are shown in Table 1.
3.3 Optimal allocation of surface water and groundwater
under uncertainty

With more than three solutions for planting area under
known conditions, an interval, two-stage, stochastic
programming model has been developed using the method
of interval two-stage stochastic programming and having
the minimum comprehensive cost of the Sanjiang Plain
water as the goal. Groundwater and surface water are
optimized; then, the water resources system status is
analyzed according to the result of the optimal conﬁguration and analysis of the surface water and groundwater
exploitation utilization.
Table 2 lists the allowable water usage in the irrigation

of the three crops in Sanjiang Plain for different forecast
years. The research of the future water levels is divided
into three categories, namely, low, medium, and high,
according to the historical statistical rainfall and runoff
data of Sanjiang Plain. The probability of medium is higher
than the high ﬂow and low ﬂow, and the high ﬂow and low
ﬂow have similar probabilities. Therefore, this article
assumes water level probabilities of 0.2, 0.6, and 0.2.
In water resources planning, if the amount of water
available is expected to meet the water demand, there are
only water costs; if the amount of water fails to meet the
water demand, there are punishment costs. Table 3 shows
the different cost of water diversion, the water shortage
penalty coefﬁcient and the amount of water available in
early planning[25].
3.4

Optimal allocation results for water resources

The solutions are obtained using Matlab and Excel. The
optimal water supply of surface water and groundwater
under different solutions can be obtained by, Wiopt  ¼ Wi –
þΔWi ziopt . The water deﬁcit is forecast according to the
model calculation results, which are shown in Table 4.
Then, the optimal allocation of water resources under
different solutions is calculated for different levels of
water. The value is the available water quantity minus the


water deﬁcit OPT  ¼ Wiopt
– Siopt
, as shown in Fig. 3.
The results in Table 4 show that each solution in the
optimal water resources allocation has a certain water
shortage. The difference between the supply and demand
of water resources is signiﬁcant in the study area. Research

Table 1 Crop planting area and corresponding efﬁciency values under each solution
Rice/(104 hm2)

Solution

Corn/(104 hm2) Soybean/(104 hm2)

Economic beneﬁts
/(108 CNY)

Food production
/(108 kg)

Ecological beneﬁts
/(108 CNY)

419.61

161.35

497.63

1

84.46

128.00

15.92

2

88.74

128.00

0.00

417.17

161.42

516.14

3

95.00

83.38

50.00

399.48

142.90

559.04

Allowed water use for Sanjiang Plain under different water levels

Table 2
Study area

Sanjiang Plain

Water level

Surface water/(108 m3)

Groundwater/(108 m3)

Probability

low

[64.0, 75.1]

[27.8, 36.9]

0.2

medium

[76.8, 91.5]

[33.5, 47.5]

0.6

high

[93.7, 105.7]

[48.3, 60.7]

0.2

Table 3 Initial period of allowed water use (108 m3) and related economic data (CNY$m–3)
Surface water

Allowable water use/(108 m3)

Groundwater

Unit cost of water diversion/
(CNY$m–3)

Penalty coefﬁcient

Unit cost of water diversion/
(CNY$m–3)

Penalty coefﬁcient

Surface water

Groundwater

[3.9, 4.3]

[4.5, 4.8]

[5.2, 5.5]

[5.7, 6.0]

[25.13, 37.83]

[8.15, 17.83]
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Fig. 3 Optimal allocation of surface water and groundwater under different solutions and water levels

Table 4
Solution

Water supply target and shortage under different solutions
Water

Surface water
Solution 1
Groundwater

Surface water
Solution 2
Groundwater

Surface water
Solution 3
Groundwater

Water level

Probability

Optimal water supply/(108 m3)

Water deﬁcit/(108 m3)

low

0.2

68.17

[1.31, 3.28]

medium

0.6

68.17

[0.34, 0.71]

high

0.2

68.17

[0.13, 0.64]

low

0.2

31.09

[1.03, 3.68]

medium

0.6

31.09

[0.30, 0.58]

high

0.2

31.09

[0.12, 0.51]

low

0.2

69.42

[0.89, 1.23]

medium

0.6

69.42

[0.38, 0.56]

high

0.2

69.42

[0.16, 0.22]

low

0.2

32.08

[0.82, 1.14]

medium

0.6

32.08

[0.32, 0.49]

high

0.2

32.08

[0.14, 0.19]

low

0.2

69.84

[5.37, 5.98]

medium

0.6

69.84

[3.92, 4.85]

high

0.2

69.84

[0.33, 2.42]

low

0.2

32.41

[3.67, 4.12]

medium

0.6

32.41

[2.96, 3.73]

high

0.2

32.41

[0.80, 2.35]

Note: z(1,1) = 0.10, z(1,2) = 0.10; z(2,1) = 0.13, z(2,2) = 0.13; z(3,1) = 0.14, z(3,2) = 0.14. Minimum overall cost [432.08, 477.05], [441.71, 481.30], [471.84, 521.79]
(108 CNY). z(1,1) and z(1,2) are the decision variables of surface water and groundwater, respectively, under the ﬁrst solution, z(2,1) and z(2,2) are the decision
variables of surface water and groundwater, respectively, under the second solution and so on.

into water-saving irrigation and improving the efﬁciency of
water use has a profound signiﬁcance for the Sanjiang
Plain. Reducing the total cost of water is also important to
further increase income among regions and to reduce the
losses caused by the exploitation of water; thus, the
solutions of water resources allocation are smaller.
Figure 3 shows that the changing trends of the optimal
conﬁguration of water under different water levels in
Solutions 1 and 2 are small. The change in the third
solution of the optimal allocation of water under different

water levels is larger, which indicates that the considerations for the economic system and social system in the
natural and outside factors of water are small, whereas the
ecosystem response to the external system is large, which
results in a larger change.
To further understand the exploitation of surface water
and groundwater, this research used the optimal allocation
of water resources determined above as the foundation and
the medium water level was selected to calculate the
proportion of surface water and groundwater available for
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each situation and to calculate the surface water and
groundwater proportions of the total water use of each
situation. The reasonable proportion of surface water and
groundwater usage is determined. The calculation result is
shown in Fig. 4.
As seen from Fig. 4., the overall surface mining ratio of
Sanjiang Plain is [40%, 55%], and the groundwater
exploitation threshold is [50%, 80%], which indicates a
higher percentage of groundwater exploitation but reasonable control (within 80%). Reasonable development of
groundwater can greatly improve the efﬁciency of groundwater; in each region, the surface water use ratio is
approximately 70%, and the groundwater use ratio is
approximately 30%. For the Sanjiang Plain agricultural
irrigation to achieve economic-social-ecological optimization and for the sound development of the water resources
system, the manager should give priority to surface water,
with groundwater being complementary.

3.5 Using the entropy of the harmony degree to compare
solutions

According to the characteristics of the Sanjiang Plain and
the related system principle of determining the parameters,
the output of the three crops is chosen as the order
parameter of the economic system, per capita gain is
chosen as the parameter for the social system, the per
capita ecological service value is chosen as the ecological
order parameter, and the extraction threshold of groundwater and surface water utilization are chosen for the water
resources system parameters. The weight of each of the
economic-social-ecological-water systems is 0.25, which
embodies the principle of balanced and harmonious
development. Finally, the harmonious entropy of each
solution and corresponding exploitation of groundwater
and surface water utilization are calculated, as shown in
Fig. 5.

Fig. 4 Exploitation and utilization ratio of surface water and groundwater under each solution

Fig. 5 Utilization threshold of groundwater and surface water and corresponding entropy of harmony degree under the three solutions
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Figure 5 shows that the entropy of harmony degree of
the third solution is the largest, the corresponding surface
water and groundwater exploitation utilization ratio is the
largest, the agricultural system is relatively unstable, and
the planting structure is not suitable. For the ﬁrst and
second solutions, due to the mining of groundwater and the
surface water use ratio of a certain interval, with the surface
water utilization within 44.13%–45.45% and the threshold
of groundwater exploitation within 54.82%–66.86%, the
minimum entropy value of harmony degree and the
corresponding crop planting structure of the ﬁrst solution
are more suitable. For surface water utilization within
47.84%–48.04% and a threshold of groundwater exploitation within 67.07%–72.00%, the entropy of the harmonious degree of the second solution is smaller, and the
corresponding crop planting structure is more reasonable.
Figure 5 shows that the three solutions of surface water
and groundwater exploitation are better than the current
usage. Solution 1 considers the economic beneﬁt most and
the mining quantity and costs less. The optimal solution 2
maximizes the social beneﬁts, and the exploitation of water
and cost are greater. Solution 3 maximizes the ecological
beneﬁts. The mining quantity is greater, the cost is the
largest, and the entropy of harmonious degree is the
maximum, which indicates the system is the least stable.
The solution cannot blindly pursue economic-socialecological beneﬁts, causing the water resources system to
face excessive risk. The solution also cannot only consider
the existence of risk and ignore the development of the
society. Therefore, the beneﬁts and water resources system
must be balanced to select the appropriate solution.

4

Conclusions

This research establishes an objective optimization model
for the beneﬁt of the comprehensive agricultural planting
structure and the corresponding water cost minimum target
optimization model considers the sustainable development
of agriculture. The objective functions of the model
represent the four aspects of economy, society, ecology
and water resources.
After a variety of crop planting structures were
determined, a reasonable allocation of water resources
was studied, with the objective function of minimizing the
cost of crop water. A two-stage uncertainty interval
stochastic programming model was applied for the optimal
allocation of agricultural water resources in the Sanjiang
Plain. After the introduction of water cost and shortage
cost to the cost of water, the optimal allocation of surface
water and groundwater under various solutions can be
calculated under different water levels, which helps policy
makers save water and improve the use efﬁciency of water.
The greatest advantage of this model is using the entropy
of harmonious degree to evaluate the social-economicecological-water resources system comprehensively for
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each solution. Through the harmonious entropy, this
research provides the optimal allocation of surface water
and groundwater in the rational mining range. When the
utilization threshold of surface water is within 44.13%–
45.45% and the exploitation threshold of groundwater is
within 54.82%–66.86%, the structure of crop planting is
based on achieving the maximum beneﬁts of the economic
system. When surface water utilization is within 47.84%–
48.04% and the groundwater exploitation threshold is
within 67.07%–72.00%, the structure of crop planting is
based on achieving the maximum beneﬁts of the social
system. This reasonable exploitation is an important
reference value and theoretical basis for agricultural policy,
which is useful for the sustainable utilization of water
resources in the Sanjiang Plain.
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