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Abstract: Adjusting the agricultural planting structure is one of the important means to realize 27 

agricultural water-saving, especially in inland river basin with droughts and water shortages. In this 28 

paper, taking Shiyang River Basin in Northwest arid inland river basin as an example, on the basis of 29 

determining the crop water production function, a multi-objective optimization model was constructed, 30 

which comprehensively considered the maximization of economic benefits, the green water utilization 31 

rate and ecological benefits. The optimized planting structure was obtained by using GAMS (General 32 

Algebraic Modeling System) model solver. The results showed that: after optimization, the sown areas 33 

of wheat, tubers, vegetables and cotton all increased, of which the sown area of tubers increased the 34 

most by 8.81×104ha. The sown areas of corn, oil-bearing crops and fruits all decreased, of which the 35 

sown area of corn decreased the most by 8.03×104ha. The optimization results of planting structure 36 

were different in different counties and districts. The average contribution rate of planting structure 37 

adjustment to total water saving was 75.24%, indicating that planting structure adjustment was the key 38 

to water-saving. The water consumption of the same crop was different in different counties. 39 

Oil-bearing crops and vegetables were more suitable for planting in the lower reaches, while corn and 40 

tubers were more suitable for planting in the middle reaches. 41 

Key words: optimization of planting structure; virtual water; nonlinear multi-objective programming 42 

model; Shiyang River Basin. 43 

1. Introduction 44 

Agricultural water accounts for 70–90% of total global fresh water consumption (Zhang and 45 

Vesselinov 2017; Song et al., 2018; Tan and Zheng 2019), especially in arid and semi-arid areas where 46 

water resources are scarce, with agricultural water accounting for 90% (Li et al., 2017). Moreover, with 47 

the development of the social economy, the agricultural water consumption is increasing (Abdulbaki et 48 
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al., 2017). The increase of agricultural water use will inevitably intensify the water use competition 49 

among various departments, thus restricting economic development and damaging ecological health 50 

(Sauer et al., 2010; Zhao and Chen 2014; Bekchanov et al., 2018; He et al., 2019). In order to alleviate 51 

the increasingly serious shortage of water resources, the integrated management of water and 52 

agricultural land is currently considered to be the most important and effective method (Tan et al., 2011; 53 

Xue et al., 2015). However, at present, a mismatch between agricultural planting structures and water 54 

resources in different regions still exists. The proportion of drought-tolerant crops is low, while the 55 

proportion of high water-consuming crops is high (Luo et al., 2018). Therefore, the efficient use of 56 

agricultural water resources and land resources in PSA has become a focus of attention for scholars and 57 

managers (Tan et al., 2017; Wang 2014; Pan et al, 2015; ANDERSON K 2016). 58 

Over the last a few decades, many research works have explored how to make the best use of 59 

water resources and land resources in irrigated agricultural areas, and a series of mathematical 60 

optimization models have been developed (Schutze et al., 2012; Guo et al., 2014; Das et al., 2015), 61 

such as linear or non-linear programming models (Ghahraman and Sepaskhah 2002), dynamic 62 

programming models, fractional programming models (Amini Fasakhodi et al., 2010) and 63 

single-objective or multi-objective programming models (Sarker and Guaddus 2002; Xevi and Khan 64 

2005; Jayaraman et al., 2015). Of these, the single-objective programming model is widely used 65 

because of its simple calculation (Pant et al., 2010; Hao et al., 2018). However, the management of 66 

agricultural water resources and land resources is a very complex issue, which requires the 67 

comprehensive consideration of the impact of planning results on society, economy and the ecological 68 

environment, there are obvious limitations in the single-objective planning model (Amini Fasakhoid 69 

2010; Jayaraman et al., 2015). However, a multi-objective programming model can provide the ideal 70 
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framework for a decision maker to obtain an optimal solution for problems with multiple competing 71 

objectives and to optimize resource allocation (Jayaraman et al., 2015), which plays an increasingly 72 

important role in the management of agricultural water resources and land resources and is widely used 73 

in the optimization and adjustment process of planting structures. Scholars generally believe that 74 

different agro-ecological regions have different planting structures, and it is necessary to select suitable 75 

planting structures according to local water and soil resources. Kennedy et al. (2016) put forward a 76 

multi-objective programming model based on maximizing economic benefits, biodiversity and 77 

freshwater quality and on the climatic conditions of the Brazilian Cerrado to optimize the agricultural 78 

planting structure in this region. In view of the problem of water resource shortages caused by 79 

unreasonable sown area of wheat under dry farming and irrigation conditions in Spain, Galán-Martín et 80 

al. (2017) put forward a double-objective optimization model which considered both the maximization 81 

of crop yield and the minimization of water consumption in the environment to optimize the sown area 82 

of wheat in dry land and irrigation area in this region. Yang et al. (2019) found that the sown area was 83 

decreasing in Jinghui Canal Irrigation District. Considering the food security problem, a 84 

multi-objective optimization model based on minimizing the amount of agricultural irrigation water, 85 

maximizing economic benefits and ensuring food security was established to optimize the agricultural 86 

planting structure in this area. Considering that crops can provide ecosystem services as a part of 87 

ecosystem vegetation coverage, Tian et al. (2017) established a multi-objective optimization model 88 

based on minimizing agricultural irrigation water and maximizing economic and ecological benefits to 89 

optimize the planting structure in this area. Previous studies have shown that the optimization of 90 

planting structure is of great significance to improve economic, social and ecological benefits. Under 91 

the condition of a shortage of water resources, the increase of agricultural production and income 92 
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urgently calls for the establishment of a regional water-saving planting structure model centered on the 93 

efficient use of water (Bastiaanssen et al., 2007; Singh et al., 2006; Wu et al., 2018). 94 

For arid and semi-arid areas, the amount of agricultural irrigation water is limited. On the basis of 95 

ensuring food security, it is necessary to consider PSA from the perspective of agricultural water-saving. 96 

At the same time, it is important to make full use of precipitation resources, improve the utilization rate 97 

of green water (Falkenmark and Rockstrom 2004) and avoid the inefficient allocation of irrigation 98 

water. In this process, it is necessary to accurately grasp the functional response relationship between 99 

water consumption and yield in the crop growth period—that is, the water production function (Wang 100 

2003)—to rationally control water resources and maximize crop yield. For instance, Li (2013) and Ma 101 

(2016) used crop water production function to optimize the irrigation schedule of single crops and 102 

watermelons in sandy land, respectively. Li (2017) and Yue (2020) considered the field water cycle 103 

process and obtained the total optimal allocation irrigation water amounts combined with the crop 104 

water production function. The purpose of this kind of research is to make full use of limited water 105 

resources for crops, increase the yield as much as possible on the basis of avoiding water loss and truly 106 

realize the unity of ecological and economic benefits. To date, there are still few programming models 107 

that combine the utilization rate of precipitation resources with economic and ecological benefits to 108 

optimize planting structures (Su et al., 2014; Li et al., 2020). 109 

The SRB is located in the arid area of northwest China, and its lower reaches—Minqin Oasis is 110 

surrounded by the Tengger Desert and Badain Jaran Desert. It is one of the inland river basins in China 111 

with the densest population and the highest degree of development and utilization of water and soil 112 

resources, with the most prominent contradiction in terms of water use and the most serious ecological 113 

and environmental problems (Zhou et al., 2015). Rapid population growth and economic development 114 
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have resulted in an excessive water demand for the SRB under critical ecological conditions (Khan et 115 

al., 2018; Khan et al., 2019). The growing ecological crisis in the region is worsening due to the 116 

existing imbalanced distribution of water among the upper, middle and lower reaches (Zhao et al., 117 

2015). Since 1970s, the amount of water discharged from the upper and middle reaches to the Minqin 118 

Oasis has been decreasing, resulting in the increasing exploitation intensity of groundwater, the 119 

continuous decline of groundwater level, the death of a large amount of surface vegetation, the 120 

intensification of desertification and the danger of the Minqin Oasis disappearing. Therefore, in 121 

January 2006, the Chinese central government launched the Key Treatment Program of the Shiyang 122 

River Basin (KTPSRB), which was implemented in 2007, with the ultimate objective of curbing 123 

ecological degradation and avoiding the disappearance of the Minqin Oasis. In the past 10 years (2007–124 

2017), the comprehensive management of the basin has achieved remarkable results, and the ecological 125 

deterioration trend has been restrained. In 2017, although the total water consumption in the basin 126 

decreased from 37.62 × 108 m3 to 22.93 × 108 m3, the proportion of agricultural water consumption 127 

decreased from 88.12% to 86.30%. However, there are still some challenges, such as high agricultural 128 

water consumption, a high irrigation quota and an unreasonable planting structure. It is urgent to 129 

optimize and adjust the planting structure, reduce irrigation water and realize agricultural water-saving. 130 

Based on this, on the basis of determining the water production functions of different crops, this paper 131 

used the GAMS model solver to construct a multi-objective optimization model of the planting 132 

structure, which takes into account the objectives of minimizing the total irrigation water, maximizing 133 

the ecological and economic benefits and maximizing the utilization rate of green water, and optimized 134 

and adjusted the planting structure of four counties (districts) in the SRB in 2017. The difference 135 

between this plan and the existing PSA plan in the SRB is in the following two points: first, we 136 
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scientifically determine the water production function of each crop, and specify the water consumption 137 

when the crop yield is maximized; secondly, with the objective of minimizing the total irrigation water 138 

consumption, the utilization rate of green water is maximized and the scientific allocation of irrigation 139 

water is realized, which is an urgent scientific problem to be solved in the study area and the main 140 

innovation of this paper. 141 

2. Materials and methods 142 

2.1. Study area 143 

The SRB (101°41′-104°16′E, 36°29′-39°27′N) is located at the edge of the monsoon region in 144 

China, at the intersection of the Qinghai-Tibet Plateau, Inner Mongolia Plateau and Loess Plateau, and 145 

is one of the three inland river basins in Hexi Corridor of China. Its upper reaches originates from the 146 

northern slope of the eastern Qilian Mountains and flows through the middle corridor plain area, and its 147 

lower reaches ends at the Minqin Oasis between Tengger Desert and Badain Jaran Desert, with a total 148 

area of 4.16 × 104 km2. The upper reaches has a humid climate with an annual precipitation of 300–600 149 

mm and annual potential evapotranspiration of 700–1200 mm, which is the runoff forming area. The 150 

average annual runoff from 1980 to 2017 was 13.40 × 108 m3. The middle and lower reaches have a dry 151 

climate, and the annual potential evapotranspiration (1300~2000 mm and 2000~2600 mm, respectively) 152 

is much larger than the annual precipitation (150~300 mm and <150 mm, respectively), which is a 153 

runoff dissipation area and an important irrigated agricultural area. In 2017, the total amount of water 154 

resources in the whole basin was 18.78 × 108 m3, and the annual total water consumption was 22.93 × 155 

108 m3, of which 86.30% was used for planting, and the utilization rate of water resources was as high 156 

as 122.1%, which caused serious water shortages. Due to excessive water use in the middle reaches, the 157 

lakes in the lower reaches are dried up, the ecological deterioration and desertification is serious and 158 
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the planting structure in the basin is unreasonable; furthermore, the irrigation methods are backward, 159 

with mainly flood irrigation used, with a high irrigation quota. Therefore, the study area needs to 160 

strictly control the expansion of cultivated land, scientifically determine irrigation quotas, increase 161 

ecological water consumption and protect the ecological environment. 162 

The administrative divisions of the SRB mainly include Gulang County, Liangzhou District, 163 

Minqin County and parts of Tianzhu County in Wuwei City, and Jinchang City includes Yongchang 164 

County and Jinchuan District. Among them, Tianzhu County is in the upper reaches of the river basin, 165 

mainly dominated by animal husbandry; Jinchuan District is dominated by non-ferrous heavy metals 166 

and chemical industry, and agriculture accounts for a relatively small proportion; while Gulang County, 167 

Liangzhou District, Minqin County and Yongchang County are mainly agricultural, and the cultivated 168 

land area accounts for 85.75% of the total cultivated land area in the basin. Therefore, this study mainly 169 

optimizes and adjusts the planting structure of the above four counties (districts). Food crops mainly 170 

include wheat, corn and tubers, while economic crops mainly include oil-bearing crops, vegetables, 171 

fruits and cotton. Of these, cotton is mainly planted in Minqin County. 172 
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 173 

Fig 1. Study area 174 

2.2 Material 175 

The data sets used in this paper include meteorology data, the areas, yields, crop unit price, 176 

production costs, the minimum demands and the irrigation quota data of wheat, corn, tubers, 177 

oil-bearing crops, vegetables, fruits, and cotton and the populations, agricultural water resources data in 178 

SRB. The specific data contents and sources are shown in Table 1. 179 

Table 1 Data contents and source 180 

Data types Data contents Data sources 

Meteorology 
data 

Wuwei, Minqin, 
Yongchang, and 

Wushaoling 
stations data 

Daily maximum temperature, 
Daily minimum temperature, Daily 

average relative humidity, Daily 
average wind speed, and sunshine 

hours from 1980 to 2017 
China 

Meteorological 
Data Network 

0.5°× 0.5° grid 
data in Gulang 

County and 
Wushaoling 

station 

Daily maximum temperature, 
Daily minimum temperature, and 
Daily average temperature from 

1980 to 2017 

Main crops data (wheat, corn, 
tubers, oil-bearing crops, 

vegetables, fruits, and cotton) 

Areas and yields of Gulang County 
and Minqin County from 1980 to 

2008 

《Compilation 
of Statistics on 

National 
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Areas and yields in Yongchang 
County from 1980 to 1995 

Economy and 
Social 

Development》 

Areas and yields in Liangzhou 
District from 1980 to 2008 

《Wuwei 
Statistical 

Yearbook》 

Areas and yields in Yongchang 
County from 1996 to 2008 

《Yongchang 
Statistical 

Yearbook》 

Areas and yields in Yongchang 
County, Liangzhou District, 
Gulang County, and Minqin 
County from 2009 to 2017 

《Statistics 
Bureau of Gansu 

Province》 

Irrigation quota data of different 
crops per unit area (Table 2) 

Water Resources 
Bureau in 

Shiyang River 
Basin of Gansu 

Province 

Minimum demands of main crops 
(Table 3) 

Balanced diet 
pagoda of the 

Chinese Dietary 
Guidelines 

(2016) 
Production costs  Su, 2007 

crop unit price Gansu 
Development 

Yearbook 2017 
Others data in Yongchang County, 

Liangzhou District, Gulang 
County, and Minqin County 

Population data  

Data of agricultural water 
consumption 

Water resources 
bulletin of the 
Shiyang River 

Basin 

The four meteorological stations (Wuwei, Minqin, Yongchang and Wushaoling) have not migrated 181 

in the past 38 years, and all the observed data have been strictly controlled in quality (Lu et al., 2017), 182 

such that the data integrity and continuity are good, and the data have high credibility (Wang et al., 183 

2008), which have been widely used in related studies (Liu et al., 2019; Cao and Wei, 2020; Xu et al., 184 

2019; Xue et al., 2021; Li et al., 2020). 185 

Table 2. Irrigation quotas of main crops in the middle and lower reaches of the SRB（m3/ha）. 186 

 Wheat Corn Tubers Oil-bearing crops Vegetables Fruits Cotton 

Yongchang 5850 6600 4500 4350 6000 5100  
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Liangzhou 5400 6700 4275 4200 5550 5100  

Gulang 4900 5730 4200 3450 5550 5100  

Minqin 5700 5700 4200 5250 6900 5700 4500 

Table3. The minimum demands of main crops in the middle and lower reaches of the SRB 187 

(kg/(person·year)). 188 

 Grain crops 
Oil-bearing crops Vegetables Fruits Cotton 

Crops Wheat Corn Other crops 

Demands 200 100 100 7.3 292 73 40 

2.3 Method 189 

Based on multi-objective programming, this study optimized and adjusted the planting structure 190 

and irrigation quota in the SRB, and the method flow chart is shown in Fig 2. 191 

 192 

Fig 2. Method flow chart. 193 

2.3.1 Calculation of crop water consumption 194 

(1) Reference crop water consumption 195 

Reference crop evapotranspiration (ET0) was calculated by the modified Penman–Monteith model 196 
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(abbreviated as the P-M model) recommended by the United Nations Food and Agriculture 197 

Organization (FAO) (Allen et al., 1998). Comparative studies of the European Union and the United 198 

States have shown that the P-M model is relatively accurate when calculating ET0 in both humid and 199 

arid regions. However, using the P-M model to calculate potential evaporation requires daily 200 

meteorological data from meteorological stations (daily maximum temperature, daily minimum 201 

temperature, daily average relative humidity, daily average wind speed and sunshine hours). When 202 

there is no meteorological station in the study area and the above daily data cannot be obtained, the 203 

potential evaporation can be calculated by using the Hargreaves formula (abbreviated as the H formula), 204 

another model recommended by the FAO. The Hargreaves formula only needs meteorological data of 205 

daily grid points (daily maximum, minimum and average temperature). However, many studies have 206 

shown that the calculation results of the H model have large errors and need to be corrected (Wu 1997, 207 

Wang et al., 2006, Feng and Tian 2014). Therefore, for Yongchang, Liangzhou and Minqin, which have 208 

meteorological stations, the P-M model is directly applied to calculate the ET0 of the reference crop in 209 

growth seasons (Zhou et al., 2012); that is, the reference crop water consumption. There is no 210 

meteorological station in Gulang, and Wushaoling meteorological station is the closest to Gulang. 211 

Therefore, ET0-P-M (calculated by the P-M model) and ET0-H (calculated by the H formula) can be 212 

calculated by using the daily meteorological data of Wushaoling meteorological station and the daily 213 

grid data at its location. On this basis, a regression model (formula (1)) between ET0-P-M and ET0-H was 214 

established, and the ET0-H of reference crop in Gulang was modified by this regression model to obtain 215 

its corresponding ET0-P-M; that is, the reference crop water consumption in Gulang. 216 ET0−PM = 0.9586ET0−H − 0.0861                   （1） 217 

where ET0−PM is the water consumption (mm) of the reference crop calculated by the P–M model, and 218 

ET0−H is the water consumption (mm) of the reference crop calculated by the H formula. 219 
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The correlation coefficient (R) of this regression model is 0.970, which passed the test of 220 

significance level at 0.01. F (22.919) is much larger than the value of SigF (0.0001), indicating that the 221 

model has higher accuracy, and there is a significant positive linear relationship between ET0-PM and 222 

ET0-H. 223 

(2) Crop water consumption 224 

The actual water consumption of each crop is different from that of the reference crop. Therefore, 225 

on the basis of calculating the water consumption of reference crops, it is necessary to calculate the 226 

actual water consumption in combination with the crop coefficient (Kc) of each crop at different 227 

growth stages. The crop coefficients in this paper adopt the experimental results of Kang et al (2009) in 228 

the SRB. The specific calculation process is as follows: 229 

 ETnci−x = Kcci−xET0nc−x            （2）  

 Wnci = 10 × ∑ ETnci−xm
x=1       （3）  

where ETnci−x is the water consumption in the xth stage during the growth period of crop i in region c 230 

in the nth year (mm), Kcci−x is the crop coefficient in the xth stage during the growth period of crop i 231 

in region c, ET0nc−x is the water consumption of reference crops in the xth stage during the growth 232 

period in region c in the nth year (mm), and Wnci is the water consumption per unit area in the growth 233 

period of crop i in region c in the nth year (m3/ha). The function of 10 is used to convert the water 234 

consumption depth (mm) into water consumption volume per unit area (m3/ha), and m is the number of 235 

crop growth stages. 236 

Effective rainfall in the crop growth period refers to the rainfall directly utilized by crop growth, 237 

which does not include surface runoff and leakage below crop roots (Dastane N G 1974; Brouwer C 238 

and Heibloem M 1986). Generally, the effective rainfall is calculated by the empirical rainfall effective 239 
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utilization coefficient, and the effective rainfall during the crop growth period can be calculated by the 240 

following formula (Kang and Cai 1966): 241 𝐸𝑃𝑛𝑐𝑖 = ∑ 𝜎𝑃𝑛𝑐𝑖−𝑥𝑚𝑥=1                              (4) 242 

where 𝐸𝑃𝑛𝑐𝑖  is the effective rainfall of crop i in the growth period of region c in the nth year (mm), 243 

𝑃𝑛𝑐𝑖−𝑥 is the daily rainfall of crop i in the x stage in the growth period of region c in the nth year (mm), 244 

and σ is the effective utilization coefficient of daily rainfall (𝑃𝑛𝑐𝑖−𝑥 < 5mm, 𝜎 = 0; 5mm ≤ 𝑃𝑛𝑐𝑖−𝑥 ≤ 245 

50mm, 𝜎 = 1; 𝑃𝑛𝑐𝑖−𝑥 > 50mm, 𝜎 = 0.8). 246 

The minimum level of crop water requirement and effective rainfall is the green water 247 

consumption of a crop. The blue water consumption is the difference between the crop water 248 

requirement and green water. It can be calculated by the following formula (Novo P and Garrido A, 249 

2009; Hoekstra et al., 2011; Sun et al., 2013): 250 WGnci = min(Wnci , 10EPnci)                         (5) 251 WBnci = max(0, (Wnci − WGnci))                    (6) 252 

(3) Crop virtual water, virtual blue water and virtual green water 253 

The formula for calculating the content of crop virtual water, virtual blue water and virtual green 254 

water is as follows (Hoekstra and Hung 2002): 255 

Vnci = WnciYnci                                     (7) 256 

VBnci = WBnciYnci                                   (8) 257 

VGnci = WGnciYnci                                   (9) 258 

where Vnci、VBnci and VGnci are the content of virtual water, virtual blue water and virtual green 259 

water of crop i in region c in the nth year (m3/kg), respexctively; Ynci is the yield per unit area of crop 260 

i in regional c in the nth year (kg/ha); Wnci is the water consumption per unit area in the growth period 261 

of crop i in region c in the nth year (m3/ha); WBnic is the amount of blue water consumed by crop i in 262 

region c in the growth period of the nth year (m3/ha); and WGnci is the amount of green water 263 



15 

 

consumed by crop i in region c in the growth period of the nth year (m3/ha). 264 

2.3.2 Determination of the crop water production function 265 

In this study, the crop water production function takes the total water consumption per unit area 266 

( W𝑐𝑖) as an independent variable and the yield ( Y𝑐𝑖) as a dependent variable, reflecting the functional 267 

relationship between the total water consumption per unit area and the yield in the whole growth period. 268 

A large number of studies show that, with the improvement of water source conditions and the 269 

management level (Kang et al, 2009；Liu et al., 2011; Li et al., 2019), the relationship between Y𝑐𝑖  and 270 

W𝑐𝑖  changes in a non-linear form. The initial Y𝑐𝑖  increases with the increase of W𝑐𝑖  and reaches its 271 

maximum when W𝑐𝑖  reaches a certain value, and then Y𝑐𝑖  decreases with the increase of W𝑐𝑖 , 272 

showing a quadratic parabolic relationship: 273 Y𝑐𝑖 = 𝑎𝑐𝑖W𝑐𝑖 2 + b𝑐𝑖W𝑐𝑖 + d𝑐𝑖                        (10) 274 

where Y𝑐𝑖  is the yield of crop i in region c (kg/ha), W𝑐𝑖  is the total water consumption per unit area of 275 

crop i in regional c in the whole growth period (m3/ha), and 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and 𝑑𝑐𝑖  are empirical 276 

coefficients and constant terms of water production function of crop i in region c. 277 

The water production functions of wheat, corn, vegetables, fruits and cotton in Minqin, wheat and 278 

oil-bearing crops in Gulang and wheat in Liangzhou have been determined by experiments 279 

(corresponding experimental years are 1993, 1989, 2007, 1992, 1993, 1987, 1988 and 1985, 280 

respectively) (Kang et al., 2009). On this basis, according to the historical maximum crop yield of each 281 

county and district from 1980 to 2017, the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and constant term 𝑑𝑐𝑖  of 282 

the determined water production function are modified, and the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and 283 

constant term 𝑑𝑐𝑖  of the undetermined water production function of crops are solved and calculated to 284 

determine the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 𝑑𝑐𝑖  of the water production 285 

function of various crops in different counties (districts) (Table 4). 286 
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The correction process of empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 𝑑𝑐𝑖  of existing 287 

crop water production functions was as follows: 288 

(i) The actual crop yield (yci−exp) in the experimental year was obtained by yearbook data, which 289 

was brought into the crop water production function determined by Kang et al. (2009), and the total 290 

water consumption per unit area of crops (Wci−exp−s) in the experimental year was obtained without 291 

ineffective irrigation. At the same time, the total water consumption per unit area (Wci−exp−s) in the 292 

growth period of crops in this region in the experimental year was calculated by 2.3.1. There is a linear 293 

relationship between Wci−exp−s and Wci−exp, and  α𝑖 is the coefficient of this linear relationship. 294 

(ii) We selected the historical maximum yield of a crop from 1980 to 2017 to represent the 295 

maximum yield that can be achieved during the growth period of the crop in this region (yci-m-38), and 296 

we calculated the corresponding water consumption per unit area (Wci-m-38) when the crop reached the 297 

maximum yield through 2.3.1. Using α𝑖, the total water consumption per unit area (Wci-m-38s) when the 298 

crop reaches the maximum yield can be calculated and brought into the crop water production function 299 

determined by Kang et al. (2009). Comparing the calculated yield yci-m-38s with the historical maximum 300 

yield yci-m-38s, if the error between the two is less than 5% (Liu et al., 2011), the crop water production 301 

function determined by Kang et al. (2009) is not modified and is thus directly used in this study. On the 302 

contrary, the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 𝑑𝑐𝑖  are adjusted until the error 303 

between yci-m-38s and yci-m-38 is within 5%. 304 

(iii) When the water consumption W𝑐𝑖  is 0, there is a linear relationship between the maximum 305 

yield yci-m-38 and constant term dci, and β𝑖 is the coefficient of this linear relationship. 306 

The α𝑖 and β𝑖 of a certain crop in a certain county (district) are also applicable to the same crop 307 

in other counties (districts). On this basis, the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 𝑑𝑐𝑖  308 
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of the water production function of this crop are determined. The solution process is as follows: 309 

On the basis of calculating α𝑖 and β𝑖 in the above process, according to the historical maximum 310 

yield (yci-m-38) of a crop and the total water consumption per unit area corresponding to the maximum 311 

yield (Wci-m-38) in each county and district, the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 312 

𝑑𝑐𝑖  of the crop water production function in four counties (districts) are obtained according to formulas 313 

(11), (12) and (13). Among them, the α𝑖 and β𝑖 values of tubers are the average values of the α𝑖 and 314 

β𝑖 values of wheat and corn in Minqin. Because Yongchang and Liangzhou are located in the middle 315 

reaches, the α𝑖 and β𝑖 values of wheat in Yongchang are the same as those in Liangzhou. The α𝑖 316 

and β𝑖 values of corn, vegetables and fruits in Yongchang, Liangzhou and Gulang are the same as 317 

those in Minqin. The α𝑖 and β𝑖 values of oil-bearing crops in Yongchang, Liangzhou and Minqin are 318 

the same as those in Gulang. The empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 𝑑𝑐𝑖  of the crop 319 

water production function in the four counties (districts) are as follows: 320 

(1) Water consumption per unit area when the crop reaches the maximum yield in the whole 321 

growth period: 322 

− b𝑐𝑖2𝑎𝑐𝑖 = α𝑖W𝑐𝑖−𝑚−38                           (11) 323 

(2) Maximum yield: 324 4𝑎𝑐𝑖d𝑐𝑖−b𝑐𝑖24𝑎𝑐𝑖 = 𝑦𝑐𝑖−𝑚−38                          (12) 325 

(3) Constant term: 326 d𝑐𝑖 = β𝑖𝑦𝑐𝑖−𝑚−38                             (13)  327 

Table 4. Empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and constant term 𝑑𝑐𝑖  of the crop water production function 328 

in four counties (districts) in the SRB. 329 

Region Crop a𝑐𝑖 b𝑐𝑖  d𝑐𝑖  
Yongchang 

Wheat -0.000044 4.6646 -5488.2181 

Corn -0.00447 41.3406 -82675.0022 

Tubers -0.0039 284051 -41360.5869 

Oil-bearing crops -0.00032 2.7869 -2314.2197 
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Vegetables -0.00301 31.4167 -3922.941 

Fruits -0.0099 5.8898 -2619.3133 

Liangzhou 

Wheat# -0.0004 5.0751 -5770.5 

Corn -0.0034 34.7909 -76209.8607 

Tubers -0.00641 43.8176 -6069.1657 

Oil-bearing crops -0.00023 2.2130 -1960.0225 

Vegetables -0.00208 24.4396 -3434.5872 

Fruits -0.00113 6.7782 -3016.1283 

Gulang 

Wheat# -0.0002 2.5352 -2081.6 

Corn -0.00251 27.2038 -63814.61124 

Tubers -0.01375 104.6291 -161412.4738 

Oil-bearing 
crops* 

-0.00003 2.6495 -221.15 

Vegetables -0.00271 31.9630 -4500.4165 

Fruits -0.00182 10.7016 -4688.9633 

Minqin 

Wheat* -0.0007 8.1187 -16064 

Corn^ -0.00205 25.617 -6934.9 

Tubers -0.00251 21.5327 -37434.4258 

Oil-bearing crops -0.0014 16.3457 -17413.7155 

Vegetables^ -0.0013 17.351 -43195 

Fruits* -0.0348 254.51 -41373 

Cotton* -0.0004 3.7297 -6495.9 

Note: * shows that the empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and the constant term 𝑑𝑐𝑖  of the water 330 

production function of this crop have not been modified. # shows that only the constant term 𝑑𝑐𝑖  of the 331 

water production function of this crop has been modified. ^ shows that empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  332 

and the constant term 𝑑𝑐𝑖  of the water production function of this crop have been modified. The 333 

empirical coefficients 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and constant term 𝑑𝑐𝑖  of the water production function of other crops 334 

were obtained by deduction. 335 

2.3.3 Establishment and solution of multi-objective programming model 336 

The programming model established in this paper is a nonlinear multi-objective planning model 337 

which aims to maximize economic benefits, the green water utilization rate and ecological benefits. 338 

The model takes the regional crop sown area and water consumption per unit area as decision variables. 339 

Crops include food crops (wheat, corn and tubers) and economic crops (oil-bearing crops, vegetables, 340 
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fruits and cotton). The multi-objective programming model was used to optimize the planting structure 341 

and water consumption in the crop growth period in four counties (districts) of the SRB in 2017. 342 

(1) Objective function 343 

①Economic benefit objective: the economic objective is to maximize the net income of 344 

agriculture. 345 

Max𝑓1=∑ ∑ 𝑥𝑐𝑖(𝑃𝑐𝑖 − 𝑝𝑐𝑖)(𝑎𝑐𝑖𝑊𝑐𝑖2 + 𝑏𝑐𝑖𝑊𝑐𝑖 + 𝑑𝑐𝑖)𝑗𝑖=1𝑒𝑐=1        (14) 346 

where 𝑓1 is the agricultural economic benefit 𝑥𝑐𝑖  is the sown area of crop i in region c (ha); 𝑃𝑐𝑖  is 347 

the unit price of crop i in region c (yuan/kg); 𝑝𝑐𝑖  is the production cost of crop i in region c, including 348 

the planting cost and labor cost (yuan/kg); 𝑊𝑐𝑖 is the water consumption per unit area of crop i in 349 

region c (m3/ha); 𝑎𝑐𝑖 , 𝑏𝑐𝑖  and 𝑑𝑐𝑖  are the coefficients of the water production function; e is the 350 

number of administrative districts; and j is the number of crop species. 351 

②Green water utilization rate objective: the objective is to maximize the virtual green water rate 352 

of crops. 353 

Max𝑓2 = ∑ ∑ 𝑥𝑐𝑖𝑦𝑐𝑖𝑉𝐺𝑐𝑖𝑗𝑖=1𝑒𝑐=1∑ ∑ 𝑥𝑐𝑖𝑦𝑐𝑖𝑉𝑐𝑖𝑗𝑖=1𝑒𝑐=1 × 100%                       (15) 354 

where 𝑓2 is the green water utilization rate and 𝑉𝐺𝑐𝑖  and 𝑉𝑐𝑖 are the virtual green water and virtual 355 

water content of crop i in region c (m3/kg). In this paper, the average values of the virtual green water 356 

and virtual water content of crops from 1980 to 2017 were used. 357 

③ Ecological benefit objective: the ecological objective is to minimize the total water 358 

consumption during the crop growth period. 359 

Min𝑓3 = ∑ ∑ 𝑥𝑐𝑖𝑗𝑖=1𝑒𝑐=1 𝑊𝑐𝑖                               (16) 360 

where 𝑓3 is ecological benefit, 𝑥𝑐𝑖  is the sown area of crop i in region c (ha), and 𝑊𝑐𝑖 is the water 361 

consumption per unit area of crop i in region c (m3/ha). 362 

(2) Constraint condition 363 
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The constraint conditions of the model can be roughly divided into the following two categories: 364 

the available land resource constraint and water resource constraint. Specific constraint conditions are 365 

as follows: 366 

① Constraints of the total sown area: 367 

According to the basic requirements of KTPSRB, it is not suitable to reclaim cultivated land, and 368 

thus the total sown area of a certain area is not larger than the total sown area of seven main crops in 369 

the current year. 370 ∑ 𝑥𝑐𝑖 ≤ 𝐴𝑐𝑒𝑐=1                                  (17) 371 

where 𝐴𝑐 is the total sown area of seven main crops in the current year in region c (ha). 372 

② Constraints of total available water resources: 373 

Irrigation water is the main type of water used for crops in this study area, which includes the 374 

water needed for crop growth and the water lost in the process of water intake, water delivery and 375 

water distribution in the irrigation area. The irrigation water demand of main crops is less than that of 376 

agriculture. 377 ∑ (∑ 𝑥𝑐𝑖𝑗𝑖=1 (𝑊𝑐𝑖 − 𝑊𝐺𝑐𝑖)/𝑟𝑒)𝑒𝑐=1 ≤ 𝑊𝑠𝑢𝑚                  (18) 378 

where 𝑊𝑐𝑖 − 𝑊𝐺𝑐𝑖  is the irrigation water needed by crop i in region c, and re represents the utilization 379 

coefficient of agricultural irrigation water, which determined to be 0.68 according to the KTPSRB; 380 

𝑊𝑠𝑢𝑚 is the total agriculture irrigation amount in the basin (108m3). 381 

③ Constraints of food security: 382 𝑥𝑐𝑖(𝑎𝑐𝑖𝑊𝑐𝑖2 + 𝑏𝑐𝑖𝑊𝑐𝑖 + 𝑑𝑐𝑖) ≥ 𝑡𝑐𝐿𝑐𝑖                      (19) 383 

where 𝑡𝑐 is the year-end resident population in region c (person), and 𝐿𝑐𝑖  is the minimum per capita 384 

demand of crop i in region c (kg/ (person·year)). 385 

④ Constraints of water consumption per unit area of crops: 386 0 ≤ 𝑊𝑐𝑖 ≤-b/2a                              (20) 387 
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⑤Non-negative constraint of variable: 388 

  𝑥𝑐𝑖 ≥ 0                                (21) 389 𝑊𝑐𝑖 ≥ 0                                (22) 390 

(3) Model solution 391 

①Normalization processing: The objective function of multi-objective programming has the 392 

problem of non-uniform dimensions, so it is necessary to treat each objective function as dimensionless 393 

to eliminate the influence of dimensions on evaluation results. Firstly, the maximum value fqM and 394 

minimum value fqm of each single-objective function under constraint conditions are obtained and then 395 

normalized. When the objective function is maximized and minimized, it is converted by formulas (23) 396 

and (24), respectively. 397 

uq = fq−(fqm)fqM−fqm                                (23)  398 

uq = (fpM)−fpfqM−fqm                                (24)  399 

where uq is the normalized objective value of the qth objective, fqm is the minimum value for the qth 400 

objective, and fqM is the maximum value for the qth objective. 401 

⑤ The auxiliary function is constructed, and the multi-objective function is transformed into a 402 

single-objective function by the linear weighting method (Su et al., 2014): 403 F(q) = ∑ wquq𝑞𝑞=1                             (25) 404 

where F(q) is an auxiliary function and wq is the weight coefficient of the qth objective. 405 

⑥ Determination of weight coefficient of each objective function: 406 

The fuzzy binary comparison method (Chen 1994) is used to determine the importance of 407 

different objective functions; one or more sets of weight coefficients are given to the objective 408 

functions, and the sum of the weight coefficients is 1 when solving the multi-objective planting 409 

structure optimization problem. In this study, the weights of the three objective functions of the 410 
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economic benefit objective, the green water utilization ratio objective and the ecological benefit 411 

objective were 0.3, 0.3 and 0.4, respectively. 412 

⑦ Solving tool 413 

The General Algebraic Modeling System (GAMS) (Zhong and Ye 2004) is a tool to deal with 414 

linear, nonlinear and mixed integer optimization problems. It can use concise and popular computer 415 

language to express large and complex models and solve them, mainly including objective function and 416 

constraint conditions. With the passage of time, the GAMS has developed from being able to solve 417 

linear programming problems to being able to solve both linear programming problems and nonlinear 418 

programming problems, and it is generally recognized as an effective tool for solving large and 419 

complex mathematical programming models. Therefore, this study used a GAMS solver to solve the 420 

nonlinear multi-objective programming model with the aim of maximizing economic benefit, the green 421 

water utilization rate and ecological benefit, and obtaining the optimized planting structure and water 422 

consumption of crops in their growth periods in the four counties (districts) of the SRB in 2017. 423 

3. Results and analysis 424 

3.1 Optimization results of planting structure 425 

3.1.1 Optimization results of total planting structure in the basin 426 

According to Fig 3, the total sown area of the optimized crops decreased by 0.99 × 104 ha 427 

compared with that before optimization. After analysis, it was found that the per capita arable land area 428 

before optimization was about 0.17 ha, and it was about 0.16 ha after optimization, which met the basic 429 

requirements of KTPSRB. 430 
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 431 

Fig 3. Comparison of planting structure before and after optimization in the SRB. 432 

By comparing the sown area proportion of each crop, it was found that the sown area proportion 433 

of wheat, tubers, vegetables and cotton increased by 3.77%, 34.81%, 0.40% and 0.59%, respectively. 434 

Of these, the sown area of tubers increased the most, by 8.81 × 104 ha. The sown area proportion of 435 

corn, oil-bearing crops and fruits decreased by 29.88%, 7.99% and 5.29%, respectively. Of these, the 436 

sown area of corn decreased the most, by 8.03 × 104 ha. 437 

3.1.2 Optimization results of planting structure in each county and district 438 

Compared with the situation before optimization, it can be seen from Fig 4 that the total sown area 439 

of crops after optimization all showed a decreasing trend in Yongchang, Liangzhou and Minqin, while 440 

Gulang remained unchanged. 441 
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 442 

Fig 4. Comparison of planting structure before and after optimization in each county and district 443 

In Yongchang, compared with before optimization, the sown area proportion of wheat, corn and 444 

oil-bearing crops decreased by 24.51%, 26.83% and 6.31%, respectively. Of these, the sown area of 445 

corn decreased the most, by 1.48 × 104 ha. The sown area proportion of tubers, vegetables and fruits 446 

increased by 29.97%, 22.30% and 5.37% respectively. Of these, the sown area of tubers increased the 447 

most, by 1.49 × 104 ha. 448 

In Liangzhou, compared with the situation before optimization, the sown area proportion of corn, 449 

oil-bearing crops and fruits decreased by 45.73%, 2.79% and 10.71% respectively. Of these, the sown 450 

area of corn decreased the most, by 5.04 × 104 ha. The sown area proportion of wheat, tubers and 451 

vegetables increased by 20.18%, 37.49% and 1.56% respectively. Of these, the sown area of tubers 452 

increased the most, by 3.93 × 104 ha. 453 

In Gulang, compared with the situation before optimization, the sown area proportion of corn, 454 

oil-bearing crops, vegetables and fruits decreased by 17.01%, 12.54%, 13.81% and 1.19% respectively. 455 

Of these, the sown area of corn decreased the most, by 0.87 × 104 ha. The sown area proportion of 456 
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wheat and tubers increased by 4.17% and 40.38%, respectively. Of these, the sown area of tubers 457 

increased the most, by 2.17 × 104 ha. 458 

In Minqin, compared with the situation before optimization, the sown area proportion of wheat, 459 

corn, oil-bearing crops, vegetables and fruits decreased by 2.15%, 11.72%, 16.45%, 10.64% and 9.24% 460 

respectively. Of these, the sown area of oil-bearing crops decreased the most, by 0.84 × 104 ha. The 461 

sown area proportion of tubers and cotton increased by 27.68% and 22.53% respectively. Of these, the 462 

sown area of tubers increased the most, by 1.31 × 104 ha. 463 

In summary, the planting structures of the four counties (districts) have the following similarities 464 

and differences: the common feature is that the sown area of corn and oil-bearing crops should be 465 

greatly decreased, and the sown area of tubers should be increased. The difference is that the sown 466 

areas of wheat need to be decreased in Yongchang and Minqin, while they need to be increased in 467 

Liangzhou and Gulang. The sown area of vegetables and fruits increased in Yongchang and decreased 468 

in the other three counties (districts). 469 

3.2 Optimization benefit analysis 470 

3.2.1 Benefit analysis of optimization of total planting structure in basin 471 

The comparison of the optimization results of the multi-objective model with those of each 472 

single-objective model is shown in Table 5. The results show that each single-objective model can 473 

obtain the optimal value of the objective under a certain index, but other important factors cannot be 474 

considered at the same time. However, the multi-objective model can coordinate three different single 475 

objectives and obtain a reasonable planting structure. With regard to the overall benefit of the basin, 476 

compared with the situation before optimization, the crop green water utilization rate increased by 477 

15.51%, the economic benefit increased by 84.38 hundred million yuan, and a total water consumption 478 
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of 4.78×108 m3 was saved. 479 

Table 5. List of overall economic benefits, green water utilization rate and ecological benefits of the 480 

basin before and after optimization. 481 

 
Before 

optimization 

After optimization 

Single 
economic 
objective 

Single green 
water objective 

Single 
water-saving 

objective 

Multi-objective 

Economic benefits 
(hundred million 

yuan) 
107.71 286.11 81.47 50.42 192.09 

Green water 
utilization rate (%) 

22.49 30.77 39.14 19.28 38.00 

Ecological benefits 
(108 m3) 

14.04 12.03 8.18 4.74 9.26 

Note: The smaller the total water consumption during the growth period of crops, the better the 482 

ecological benefits. 483 

3.2.2 Benefit analysis of optimization of total planting structure in each county and district 484 

It can be seen from Table 6 that the benefits after optimization vary greatly among counties 485 

(districts). Compared with the situation before optimization, in Yongchang, the crop green water 486 

utilization rate increased by 1.91%, the economic benefit increased by 54.10 hundred million yuan, and 487 

a total water consumption of 0.99 × 108 m3 was saved. In Liangzhou, the crop green water utilization 488 

rate increased by 2.11%, the economic benefit increased by 9.18 hundred million yuan, and the total 489 

water consumption saved was 1.95 × 108 m3. In Gulang, the crop green water utilization rate increased 490 

by 10.74%, the economic benefit increased by 16.5 hundred million yuan, and the total water 491 

consumption saved was 0.27 × 108 m3. In Minqin, the crop green water utilization rate increased by 492 

0.57%, the economic benefit increased by 4.6 hundred million yuan, and the total water consumption 493 

saved was 1.5 × 108 m3. Of these, the saved agricultural water consumption was the most in Liangzhou, 494 
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and the economic benefits increased the most in Yongchang. 495 

Table 6. List of overall economic benefits, green water utilization rate and ecological benefits of the 496 

basin before and after optimization in four counties (districts). 497 

  Before 
optimization 

After 
optimization 

Economic benefits (hundred 
million yuan) 

Yongchang 23.06 77.16 

Liangzhou 27.71 36.89 

Gulang 23.90 40.40 

Minqin 33.04 37.64 

Green water utilization rate (%) 

Yongchang 17.98 19.89 

Liangzhou 9.54 11.65 

Gulang 38.68 49.42 

Minqin 7.93 8.68 

Ecological benefits (108m3) 

Yongchang 2.88 1.89 

Liangzhou 5.42 3.47 

Gulang 2.63 2.36 

Minqin 3.11 1.54 

Note: The smaller the total water consumption during the growth period of crops, the better the 498 

ecological benefits. 499 

4 Discussions 500 

4.1 PSA is the key to water-saving 501 

After analyzing the results of the multi-objective optimization in counties (districts), it is found 502 

that there are three factors that affect the total water-saving: total sown area compression (factor 1), 503 

crop irrigation water compression (factor 2) and PSA (factor 3). These three factors have different 504 

influences on the total water-saving. Therefore, this study quantified the rate of contribution of these 505 

three factors to the total water-saving using the control variable method (Wang, 2002) to determine the 506 

main factors affecting the water-saving. The specific process is as follows: 507 

(i) Contribution rate of factor 1: Under the condition that the irrigation water and planting 508 

structure of crops are unchanged, only the water-saving amount (SW1) with the change of the total 509 
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sown area is considered, and then the contribution rate of factor 1 to the total water-saving is calculated 510 

(Con1). 511 

(ii) Contribution rate of factor 2: Under the condition that the irrigation water and planting 512 

structure of crops are unchanged, only the water-saving amount (SW2) with the change of the crop 513 

irrigation water is considered, and then the contribution rate of factor 2 to the total water-saving is 514 

calculated (Con2). 515 

(iii) Contribution rate of factor 3: Under the condition that the irrigation water and the total sown 516 

area of crops are unchanged, only the water-saving amount (SW3) with the change of the planting 517 

structure is considered, and then the contribution rate of factor 3 to the total water-saving is calculated 518 

(Con3). 519 

Con1 = 𝑆𝑊0−𝑆𝑊1𝑆𝑊0 × 100%                       （26） 520 

Con2 = 𝑆𝑊0−𝑆𝑊2𝑆𝑊0 × 100%                       （27） 521 

Con3 = 𝑆𝑊0−𝑆𝑊3𝑆𝑊0 × 100%                       （28） 522 

where SW0 represents the actual total water-saving amount; SW1 represents the water-saving amount 523 

against the background of the change of total sown area; SW2 represents the water-saving amount 524 

against the background of the crop irrigation water change; SW3 represents the water-saving amount 525 

against the background of the change of planting structure; Con1 represents the contribution rate 526 

against the change of total sown area; Con2 represents the contribution rate of the crop irrigation water 527 

change; Con3 represents the contribution rate of the change of planting structure. 528 

The results are shown in Table 7. The total sown area in Gulang did not change before and after 529 

optimization, so only the contribution rates of factors 2 and 3 to the water-saving amount of the 530 

planting industry in Gulang were explored. 531 
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Table7. Contribution rate of three factors to total water-saving amount after optimization in each 532 

county and district (%). 533 

 Yongchang Liangzhou Gulang Minqin 

Factor 1 6.84 8.14 - 4.57 

Factor 2 19.25 16.47 32.49 11.28 

Factor 3 73.91 75.39 67.51 84.15 

It can be seen from Table 5 that, in the four counties (districts), the contribution of PSA to the total 534 

water-saving amount was the largest, the contribution of irrigation water compression was second, and 535 

the contribution of the total sown area compression was the smallest. This characteristic was most 536 

obvious in Minqin, followed by Liangzhou, Yongchang and Gulang. Therefore, PSA is the key to 537 

saving water. 538 

4.2 Scientific management of irrigation water 539 

The total water consumption, blue water consumption and green water consumption of the same 540 

crop were quite different in different counties (districts). The overall trend was that blue water 541 

consumption was greater than green water consumption, which mainly depended on agricultural 542 

irrigation. In addition, the green water consumption of the same crop was different in different counties 543 

(districts), which was due to the different effective utilization of rainfall by the same crop in different 544 

counties (districts). The optimized irrigation water consumption of crops is shown in Table 8. 545 

Table8. List of total water consumption per unit area, green water consumption and irrigation 546 

water consumption of main crops in four counties (districts) after optimization of water-saving 547 

objective (m3/ha). 548 

  Yongchang  Liangzhou Gulang Minqin 

Wheat 

W 5253 4751 6338 4837 

WG 675 447 1638 273 

WB 4578 4304 4701 4565 

Cron 
W 4623 4279 5423 4247 

WG 1248 792 2242 615 
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WB 3375 3487 3181 3632 

Tubers 

W 2176 2053 3806 2627 

WG 1190 762 2089 608 

WB 987 1291 1717 2019 

Oil-bearing crops 

W 4410 3392 4416 1428 

WG 1137 711 2103 547 

WB 3273 2681 2313 881 

Vegetables 

W 5222 5019 5889 4593 

WG 955 567 1911 440 

WB 4267 4453 3977 4153 

Fruits 

W 2047 2445 2940 2764 

WG 1202 747 1814 615 

WB 845 1699 1126 2149 

Cotton 

W - - - 2487 

WG - - - 970 

WB - - - 1517 

Note: W represents the total water consumption during the crop growth period; WG represents 549 

the green water consumption during the crop growth period; WB represents the blue water 550 

consumption during the crop growth period, that is, irrigation water consumption. 551 

Since the implementation of the KTPSRB in 2007, the irrigation water quota of various crops has 552 

been further reduced, but there is still a large space for water-saving. Comparing the irrigation quota of 553 

different crops (Table 2) with the optimized irrigation quota (Table 8) and analyzing the water-saving 554 

potential of PSA, it is possible to see that the larger the difference in the irrigation quota before and 555 

after crop optimization, the larger the space for water-saving. 556 
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 557 

Fig 5. Irrigation water-saving of main crops after optimization in four counties (districts) in the middle 558 

and lower reaches of the SRB. 559 

It can be seen from Fig. 5 that different crops after optimization had a larger space for 560 

water-saving. Fruits, tubers and corn were the crops with a large water-saving space in Yongchang, and 561 

the maximum water-saving amounts were 42.55 × 102 m3/ha, 35.13 × 102 m3/ha and 32.25 × 102 m3/ha, 562 

respectively. Fruits, corn and tubers were the crops with a large water-saving space in Liangzhou, and 563 

the maximum water-saving amounts were 34.01 × 102 m3/ha, 32.18 × 102 m3/ha and 29.84 × 102 m3/ha, 564 

respectively. Fruits, corn and tubers were the crops with a large water-saving space in Gulang, and the 565 

maximum water-saving amounts were 42.74 × 102 m3/ha, 25.56 × 102 m3/ha and 24.83 × 102 m3/ha, 566 

respectively. Oil-bearing crops, fruits, cotton and vegetables were the crops with a large water-saving 567 

space in Minqin, and the maximum water-saving amounts were 43.69 × 102 m3/ha, 35.52 × 102 m3/ha, 568 

29.83 × 102 m3/ha and 27.47 × 102 m3/ha, respectively. Therefore, in terms of the size of the 569 

water-saving space, oil-bearing crops and vegetables are more suitable for planting in the lower reaches, 570 

while corn and tubers are more suitable for planting in the middle reaches. 571 

4.3 Limitation 572 

   The determination of water production function of different crops is one of the important links in 573 
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the construction of multi-objective planting structure optimization model, and its accuracy has certain 574 

influence on the simulation results. However, due to the limitation of the current field experiment 575 

conditions, the water production functions of different crops of the study area are obtained by referring 576 

to the existing research results, combining with the historical maximum crop yield and the 577 

corresponding water consumption per unit area when reaching the maximum yield in each county 578 

(district) from 1980 to 2017, and there are certain errors. Therefore, in the follow-up study, field 579 

experiment monitoring should be strengthened to obtain a higher precision crop water production 580 

function and make the simulation results of the multi-objective programming model more accurate. 581 

5. Conclusion 582 

PSA is the key to saving agricultural water in the inland river basin of arid areas. On the basis of 583 

determining the water production function of different crops, this paper established a multi-objective 584 

optimization model of the planting structure with the maximization of economic benefits, the green 585 

water utilization rate and ecological benefits to optimize and adjust the planting structure in SRB. The 586 

conclusions are as follows: 587 

After PSA, the sown area of wheat, tubers, vegetables and cotton increased, with the sown area of 588 

tubers increased the most, by 8.81 × 104 ha. The sown area of corn, oil-bearing crops and fruits 589 

decreased, and the sown area of corn decreased the most, by 8.03 × 104 h. There were great differences 590 

in the adjustment results of planting structures among counties (districts). The common feature is that 591 

the sown area of corn and oil-bearing crops should be greatly decreased, and the sown area of tubers 592 

should be increased. The sown areas of wheat need to be decreased in Yongchang and Minqin, while 593 

they need to be increased in Liangzhou and Gulang. The sown area of vegetables and fruits increased in 594 

Yongchang and decreased in the other three counties (districts). 595 
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The comprehensive effect of the optimization and adjustment of planting structures is obvious. 596 

After the optimization and adjustment of planting structures in the SRB, the crop green water 597 

utilization rate increased by 15.51%, the economic benefit increased by 84.38 hundred million yuan, 598 

and the total water consumption saved was 4.78 × 108 m3. Of these, the saved agricultural water 599 

consumption was the most in Liangzhou, by 1.95× 108 m3, and the economic benefits increased the 600 

most in Yongchang, by 54.10 hundred million yuan. The total sown area compression, crop irrigation 601 

water compression and PSA are the three major factors affecting water-saving. Of these, PSA is the key 602 

to saving water, with an average contribution rate of 75.24%, and PSA in Minqin had the largest 603 

contribution rate of 84.15%. Therefore, PSA is the key to the construction of a water-saving society in 604 

inland river basins of arid areas. 605 

From the perspective of maximizing irrigation water-saving, tubers are more suitable for planting 606 

in Yongchang in the middle reaches, corn is more suitable for planting in Liangzhou and Gulang and 607 

oil-bearing crops and vegetables are more suitable for planting in Minqin. Therefore, when adjusting 608 

the planting structure within counties (districts), it is necessary to comprehensively consider the spatial 609 

allocation of different crops in the upper, middle and lower reaches of the basin and realize the 610 

maximization of water-saving without reducing economic benefits. 611 

PSA is a very complicated process, especially in arid inland river basins in which water resources 612 

are very scarce and the economy is underdeveloped. In this process, the optimization and adjustment of 613 

planting structures taking into account "ecological benefits, economic benefits and food security" is 614 

foundational; the key is to strengthen the scientific and technological support of agricultural technology 615 

and constantly innovate the management system of agricultural water-saving projects, thus 616 

guaranteeing the establishment of an agricultural water-saving mechanism with government regulation, 617 
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market guidance and public participation. 618 
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