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ABSTRACT

A model for agricultural water resources optimal allocation is established by taking the
maximization of the net irrigation benefit as a target in this paper. The first level is partition
subsystem, and at this level an optimal allocation model of water supply for different crops
is established. The second level is the irrigation area overall system, and at this level an
optimal allocation model of water supply for different partitions is established. This model is
applied in Tao Cheng-Pu Yellow River Irrigation Area in Shandong Province to optimize the
agricultural planting structure and the annual distribution of surface water and ground
water in different periods. The results show that compared with present, the optimized net
irrigation benefit increased about 23.7% and the optimization scheme is feasible, which
provides a scientific basis for the adjustment of agricultural planting structure and the
management of water in this area.

Keywords: Yellow River Irrigation Area; Agricultural planting structure; Agricultural water
resources; Optimal allocation

1. Introduction

In the condition of a given agricultural water use,
the water resources optimization goal is that with a
goal of ensuring agricultural output to realize optimal
allocation and joint control of irrigation area water
resources on the base of keeping groundwater in
balance. Existing problems of Yellow River Irrigation
Area in Shandong Province is that because of a larger

water use in the upper reaches, excess water from
irrigation soaks into underground and raises the water
level. Meanwhile without rational exploitation of
groundwater, secondary salinization would happen.
However, the groundwater has been excessively
exploited in the lower reaches because of difficult
water diversion. So, it is especially important to
determine a reasonable exploitation quantity of
underground water as well as allocate surface water
and ground water resources rationally in Yellow River
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Irrigation Area [1,2]. In view of above mentioned
problems, a model for agricultural water resources
optimal allocation is established in this paper.

2. Model building

According to the distribution of groundwater, the
whole irrigation area is divided into three partitions,
which is the upper (Partition Ⅰ), middle (Partition
Ⅱ), and lower (Partition III) reaches. Water distribu-
tion is optimized both between different partitions
and different crops as well as different development
stages of the crops to ascertain the water allocation in
whole irrigation area and optimal agricultural
planting structure [3]. Take the partition subsystem as
the first level to establish the optimal model of water
distribution between different crops, and take the
irrigation area overall system as the second level to
establish the optimal model of water distribution
between different partitions [4–6].

2.1. The first-level partition subsystem optimal allocation
model building

2.1.1. Objective function

Take the maximum net irrigation benefit (the
benefit of increasing yield by irrigation minus the
irrigation cost of both surface water and ground
water) of each partition as target, which is:

Fimax ¼
XJ
j¼1

½dijcijAijðaij � YijmaxÞ� �
XJ
j¼1

ðC1 �Q1ij þ C2 �Q2ijÞ

In above formula, Fi =net irrigation benefit of
partition i; dij= irrigation benefit sharing coefficient;
cij= the unit price of crop j in partition i; Aij=planting
area of crop j in partition i, hm2; aij=relative yield of
crop j in partition i; Yij= the yield per hectare, kg/hm2;
C1, C2 = the irrigation cost of surface water, groundwa-
ter; Q1ij, Q2ij= surface, ground water use of crop j in
partition i, Q1ij þQ2ij ¼ MijAij, and Mij=net irrigation
quota of crop j in partition i.

2.1.2. Decision variables

Decision variables including crop irrigation quota,
surface water use, ground water use, planting area,
and yield. Decision variables of optimal allocation
model are showed in Table 1.

2.1.3. Constraint conditions

(1) Planting area constrain.

Aij 6 eijAij 8i; j

XJ
j¼1

Aij 6 Ai

In above formula, Ai =planting area of partition i,
hm2; Aij =planting area of crop j in partition i, hm2;
and eij = the proportion of planting area of crop j in
partition i to total planting area.

(2) Crop water consumption constraint

XJ
j¼1

MijAij=g ¼ g1
XJ
j¼1

Q1ijt þ g2
XJ
j¼1

Q2ijt 8i; t

In above formula, g1, g2 = the utilization coefficient
of surface water, ground water.

(3) Crop irrigation quota and relative yield
constraint

aij ¼ Yij

Yijmax

¼ 1 Mijmax 6 Mij

m0ij þm1ijMij þm2ijM2
ij Mij 6 Mijmax

�

In above formula, Mijmax = the optimal net irriga-
tion quota corresponds to Yijmax; m0ij, m1ij, m2ij=fitting
coefficient of function relation between the optimal
irrigation quota of crop j in partition i and relative
yield.

(4) Surface water use constraint

XJ
j¼1

Q1ij=g1 6W1it 8i; t

In above formula, t= a period of time, it is divided
by month in different development stages of the
crops, t= 1, 2,… , 12; W1it = available surface water
supply for irrigation in partition i in the period of
time t, m3.

(5) Ground water use constraint

XJ
j¼1

Q2ij=g2 6W2it 8i; t

H0
i\Hit 6 H00

i
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Hit ¼ Hit�1 þ ðliAi10
6Þ�1 b1

XJ
j¼1

Q1ijt�1 þ b2

XJ
j¼1

Q2ijt�1

 

þW 0
it�1 � ETit�1 þ INit�1 �OUTit�1 þ 103rit�1Pit�1Ai

�

In above formula, W2it = available ground water sup-
ply for irrigation in partition i in the period of time t, m3;
Hit, H

0
i;H

00
i ¼ bury of groundwater in the period of time

t, the minimum allowed bury of groundwater and the
maximum allowed bury of groundwater in partition i;
li =ground water specific yield in partition i; b1, b2 = sur-
face water, ground water irrigation return flow rate;
W 0

it�1 ¼ groundwater exploitation, not including irriga-

tion use, in the period of time t� 1, m3; ETit�1 =ground
transpiration in partition i in the period of time t�1, m3;
INit�1 =ground water inflow in partition i in the period
of time t�1, m3; OUTit�1 =ground water outflow in
partition i in the period of time t�1, m3; Pit�1 = rainfall in
partition i in the period of time t�1, mm; rit�1 = the
rainfall infiltration coefficient in partition i in the period
of time t�1.

(6) Nonnegative constraints
All decision variables cannot be negative.

2.2. The second level-irrigation area overall system optimal
allocation model building

The irrigation area overall system optimal
allocation model, based on the feedback index Fi from
the first level is used to determine surface and ground
water allocation. It has the same decision variables
and period division with the first level.

2.2.1. Objective function

In above formula, F= the net irrigation benefit of
irrigation area; Fi= the net irrigation benefit of
partition i.

Fmax ¼
XI
i¼1

Fimax

2.2.2. Constraint conditions

(1) Planting area constraint

XI
i¼1

Ai 6 A

In above formula, A= the total planting area, hm2 ;
Ai=planting area of partition i, hm2.T
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(2) Crop water consumption constraint

XI
i¼1

XJ
j¼1

MijAij=g ¼
XI
i¼1

ðg1Q1it þ g2Q2itÞ 8t

(3) Surface water use constraint

XI
i¼1

XJ
j¼1

Q1ij=g1 6W1t 8t

In above formula, W1t= available surface water
supply for irrigation in irrigation area in the period of
time t, m3.

(4) Ground water use constraint

XI
i¼1

XJ
j¼1

Q2ij=g2 6W2t 8t

H0 6 Ht 6 H00

Ht ¼ Ht�1 þ ðlA106Þ�1 b1

XJ
j¼1

Q1jt�1 þ b2

XJ
j¼1

Q2jt�1W
0
t�1

 

�ETt�1 þ INt�1 �OUTt�1 þ 103rt�1Pt�1A

�

In above formula, W2t = available ground water
supply for irrigation in irrigation area in the period of
time t, m3; Hit, H0

i;H
00
i ¼ bury of groundwater in the

periodoftime t, the minimum allowed bury of ground-

water and the maximum allowed bury of groundwa-
ter in irrigation area; l= ground water specific yield
in irrigation area; W 0

t�1 ¼ groundwater exploitation,

not including irrigation use, in the period of time
t� 1, m3; ETt�1 = ground transpiration in irrigation
area in the period of time t� 1, m3; INt�1 = ground
water inflow in irrigation area in the period of time
t� 1, m3; OUTt�1 = ground water outflow in irrigation
area in the period of time t� 1, m3; Pt�1 = rainfall in
irrigation area in the period of time t�1, mm;
rt�1 = the rainfall infiltration coefficient in irrigation
area in the period of time t� 1.

(5) Nonnegative constraints
All decision variables cannot be negative.

3. Model solution

Take the function relation between the optimal
irrigation quota and relative yield in the first level as
a constraint condition to satisfy the second level
directly. Then, the optimization results will be
achieved by using LINGO 8.0 computer program.

4. Model application

Take the agricultural water resources optimal
allocation of Tao Cheng Pu Yellow River Irrigation
Area for example.

4.1. Basic information

Tao Cheng Pu Yellow River Irrigation Area located
in southern Liaocheng City in Shandong Province,
and the designed irrigation area is 53333hm2.
The most major crops are wheat and corn, and plant-
ing area is 43593hm2 in the current year [7] (Table 2).

Table 2
Planting area and proportion of irrigation area in the current year

Crop Wheat Corn Vegetable Fruit tree Others Total

Planting area and proportion

Planting area (hm2) 43,593 43,593 4,443 1,707 3,591 53,333

Planting proportion (%) 81.74 81.74 8.33 3.20 6.73 100

Table 3
Annual average optimized planting area and proportion of irrigation area

Crop Wheat Corn Vegetable Fruit tree Others Total

Planting area and proportion

Planting area (hm2) 30,667 30,667 6,133 6,200 10,333 53,333

Planting proportion (%) 57.50 57.50 11.50 11.63 19.38 100
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4.2. Model parameters determination

(1) Planting proportion: According to the emphasis
of agricultural planting structure optimization
[8] and agricultural overall planning, food
crops should have a certain proportion in the
upper reaches and high-value crops, such as
fruit tree and vegetable are mainly planted;
food crops are mainly planted in the middle
and lower reaches with a certain proportion of
fruit trees and vegetables. So, it is determined
that optimized planting area of food crops is
not less than 55% of total agricultural acreage,
fruit tree is not more than 25%, and vegetable
etc. is not more than 20%.

(2) Yield: According to the investigation of local
crop irrigation and yield, the average yield is
determined as wheat 7,725 kg/hm2, corn
9,070 kg/hm2, fruit tree 27,900 kg/hm2, and
vegetable 55,800 kg/hm2.

(3) Irrigation quota: Irrigation quotas of wheat and
corn are calculated based on optimized water
allocation, and fruit tree and vegetable’s are
determined according to the standard [9]. The
results show that fruit tree net irrigation quota
is 3,225m3/hm2 and gross irrigation quota is
5,760m3/hm2, and the corresponding values of
vegetable are 4,650m3/hm2, 8,310m3/hm2

under 50% irrigation guarantee rate. Fruit tree
net irrigation quota is 4,050m3/hm2 and gross
irrigation quota is 7,230m3/hm2, and the corre-
sponding values of vegetable are 5,250m3/hm2,

9,375m3/hm2 under 75% irrigation guarantee
rate.

(4) Crop price and irrigation benefit sharing coeffi-
cient: the price of wheat is 2.1 Yuan/kg, corn
1.9 Yuan/kg, fruit 3.0 Yuan/kg, vegetable 2.5
Yuan/kg; irrigation benefit sharing coefficient
is 0.69 [10].

(5) The utilization coefficient of irrigation water: It
is about 0.56 in current year and would be
raised to 0.70 after the water-saving reform.

(6) Available surface and ground water supply for
irrigation: annual average water diversion from
the Yellow River of main canal head is
13,966� 104m3, and allowable groundwater
exploitation is 5,410� 104m3.

(7) Irrigation cost: original Yellow River water sup-
ply price is 0.143m3/Yuan and terminal surface
water price is 0.21m3/Yuan; the terminal
ground water price is 0.21m3/Yuan with taking
energy cost and maintenance cost into account
[11].

4.3. Optimization results

4.3.1. Optimization scheme of agricultural planting
structure

It is showed in Table 3: The proportion of food
crop and cash crop is adjusted from 8:2 to 6:4, com-
paring with the original planting structure. Planting
area of food crops is reduced by 24.24%, meanwhile
planting area of fruit tree, vegetable, and others are

Table 5
Comparative analysis of irrigation benefit before and after optimization

Item Current
parameter

Optimized
parameter

Parameter change

The proportion of food
crop and cash crop

8:2 6:4 �24.24% (Planting proportion of food
crop)

Total irrigation benefit
(Ten thousand Yuan)

204,249 253,310 +49,061

Irrigation water use
(104m3)

Surface
water

7,821 9,776 +1955

Ground
water

3,462 4,328 +866

Total 11,283 14,104 +2,821

Irrigation cost (Ten
thousand Yuan)

Surface
water

1,323 2052 +729

Ground
water

837 1,298 +461

Total 2,160 3,350 +1,190

Net irrigation benefit
(Ten thousand Yuan)

138,772 171,434 +32,662
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raised, respectively by 3.17, 8.43, and 12.64%. The
adjustment is in line with the development tendency
that inhibiting food crops planting area properly and
expand vegetable planting area so that to achieve the
goal of peasantry increasing income [12,13].

4.3.2. Optimization distribution scheme of surface water
and ground water

As it is shown in Table 4, surface water is mainly
used by food crops, such as wheat and corn in the
period before flood season and in June. Because the
period is the main growth period of wheat as well as
the “spring drought” in irrigation area [14], and the
average ground transpiration nearly five times as rain-
fall in the same period which leads to the rainfall not
nearly enough to meet crop water requirements.
Ground water exploitation is concentrated before
flood season, the quantity during January to May is
3,920� 104m3, about 91% of the total. Therefore, the
ground water should be mainly used before flood sea-
son in order to empty the underground storage capac-
ity for rainfall in flood season.

4.4. Results analysis

As it is shown in Table 5, although the utilization
coefficient of irrigation water is raised about 25% after
the agricultural planting structure optimization and
agricultural water resources optimal allocation, but
the irrigation water use and irrigation cost still
increased due to the planting area expansion of high
water-consuming crops. However, compared to the
higher economic benefit of fruit tree and vegetable, it
does not stop promoting the irrigation benefit which
still raised about 23.7%.

5. Conclusions

(1) It is suggested that the proportion of food crop
and cash crop is adjusted to 6:4.

(2) Water resources distribution between crops is
that wheat: corn: fruit tree: vegetable:
others = 13:7:3:66:11.

(3) To promote the development of high-efficiency
water saving irrigation technology and make
the utilization coefficient of irrigation water
raise to 0.70.
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