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 36 

Abstract 37 

 38 

In this study, an inexact fractional programming method is employed for planning the 39 

regional-scale water-energy-food nexus (WEFN) system. The IFP cannot only deal with 40 

uncertainties expressed as interval parameters, but also handle conflicts among multiple decision 41 

stakeholders. The IFP approach is then applied to planning the WEFN system of Henan Province, 42 

China. An IFP-WEFN model has been established under consideration of various restrictions 43 

related to water and energy availability, as well as food demand. Solutions of the planting areas 44 

for different crops in different periods have been generated. The results suggested that there 45 

would be a significant increase for vegetable cultivation with an increasing rate of 24.4% and 46 

30% respectively for the conservative and advantageous conditions, followed by the fruit 47 

cultivation. In comparison, the planting area of cotton would be decreased with a decreasing rate 48 

of 21.2%, and there would also be an explicit decrease for rice cultivation. These results can help 49 

generate a desired planting scheme in order to achieve a maximized unit benefit with respect to 50 

the water utilization. Comparison between the IFP-WEFN model and the ILP-WEFN model 51 

indicates that, even though a slightly lower benefit is obtained from IFP-WENF model, it can 52 

result in a higher unit benefit than the planting scheme from ILP-WEFN model. Consequently, 53 

the IFP-WEFN model can help decision-makers identify the sustainable agricultural water 54 

resources management schemes with a priority of water utilization efficiency. 55 

 56 

Keywords: inexact fractional programming; uncertainty; water-energy-food nexus system; 57 

decision making; efficiency 58 

 59 

60 



1. Introduction 61 

 62 

Consumptions of water, energy and food are accelerating due to rapid socio-economic 63 

development, booming population, and increasing living standard. Such an issue cannot only be 64 

deemed as a general problem of administration but also come into being a large number of 65 

intricacies among water, energy and food (Liu et al., 2015). On the one hand, food transport, 66 

water treatment, farming, irrigation and water supply require energy to sustain, while water 67 

resources can ensure stabilized energy generation, normal crops growth, processing and food 68 

production; on the other hand, food can also promote the development of virtual water trade and 69 

bioenergy (Liu et al., 2015; Shang et al., 2018). However, the challenge of ensuring water, food 70 

and energy demands is expanding accompanied with the urbanization process (Das et al., 2015; 71 

Yu et al., 2018). The deterioration of each factor may spread to other components and cause 72 

serious consequences. The policy measure and security of water, energy or food may break the 73 

fragile balance among the three resources through critical demand and supply mechanism 74 

(Keskinen et al., 2016; Owen et al., 2018). Therefore, formulating a high-efficiency and optimal 75 

allocation of water, energy and food can both coordinate rapid development of various relevant 76 

departments and guarantee social stability and harmony (Martinez et al., 2018; Wang et al., 77 

2018). 78 

 79 

Previously, many research works were conducted to explore management strategies of 80 

water-energy nexus (WEN), water-food nexus (WFN) and energy-food nexus (EFN). There are 81 

lots of studies based on the WEN and water footprint theory (Perrone et al., 2011; Yu et al., 82 

2019). For example, Tsolas et al. (2018) and Liu et al. (2019) employed a graphical and 83 

systematic program with the purpose of identifying and eliminating surplus from consumption 84 

and productiom of WEN system. Salmoral and Yan (2018) used the theory of virtual water and 85 

embedded energy to explore water and energy allocations in the economic system. However, 86 

those studies can hardly address extensive uncertainties existing in the water-energy-food nexus 87 

(WEFN) system. Recently, some studies have been proposed to reflect various uncertainties in 88 

the WEFN system (Perrone et al., 2011; Georgiou et al., 2018; Tsolas et al., 2018; Liu et al., 2019; 89 

Yu et al., 2019; Zhang et al., 2018; Fan et al., 2021; Huang and Fan, 2021; Lyu and Fan, 2021). 90 

For instance, Hussien et al. (2018) developed a new approach based on risk analysis to address 91 



the uncertainties related to demand-supply counterpoise and seasonal changes in the WEFN 92 

system. Yu et al. (2019) developed an interval possibilistic-stochastic programming (IPSP) 93 

method for planning municipal-scale mixed energy system under multiple uncertainties for the 94 

City of Qingdao in Shandong Province, China.  95 

 96 

In addition to extensive uncertainties, the management of WEFN system is generally associated 97 

to multiple stakeholders which may have contradictory objectives. There have been some studies 98 

to address contradictory objectives in the WEFN system through different approaches. For 99 

instance, Yue et al., (2021) developed an inexact multi-objective optimization approach for 100 

sustainable agricultural energy-water-food nexus (EWFN) management with objectives of social 101 

welfare, hydroelectric generation, grain crop production, positive farmland ecosystem service 102 

value, and negative farmland ecosystem service value. Sánchez-Zarco et al., (2021) developed a 103 

multi-objective mixed integer nonlinear programing model to meet water, energy, and food needs 104 

in an arid region involving security assessment. Also, other multi-objective optimization-based 105 

studies to tackle multiple objectives in the WEFN system can be found in Yue and Guo (2021), 106 

Radmehr et al., (2021), Liu et al., (2022) and so on. In parallel with multi-objective optimization 107 

approaches, bi- or multi-level optimization approaches have been developed to reflect multiple 108 

objectives from different stakeholders in the WEFN system. For example, Yu et al., (2020a) 109 

proposed a multi-level interval fuzzy credibility-constrained programming (MIFCP) method to 110 

deal with uncertainties and handle conflicts and hierarchical relationships among multiple 111 

decision departments in the WEFN system. Jiang et al. (2019) proposed a three-level 112 

optimization-coordination model for optimizing regional irrigation water allocation for 113 

multi-stage pumping-water irrigation system. Also, many other studies can be found in Li et al., 114 

(2019), Yu et al., (2020b), Zuo et al., (2021), and so on. However, both multi-objective and 115 

multi-level optimization approaches may be challenged in dealing with various objectives in the 116 

WEFN system such as assigning different weights to different objectives in the multi-objective 117 

approaches, and pre-defining the hierarchical structure in the multi-level techniques. 118 

Consequently, further studies are still required to explore trade-offs among different objectives in 119 

the WEFN system.  120 

 121 

Therefore, this paper aims to propose an inexact fractional programming (IFP) method through 122 



coordinating interval linear programming (ILP) and fractional programming (FP) into one 123 

framework. IFP integrates the unique contribution of each individual technique, in which the ILP 124 

would be adopted to deal with various uncertainties and the FP would be employed to reflect 125 

conflicting objectives of the studied problem. Moreover, an IFP-WEFN model is developed for 126 

planning the WEFN system of Henan Province, China. The obtained results would be able to 127 

help the local governor generate desirable planting schemes for different crops with a number of 128 

restrictions such as water availability and pollution control, energy availability, and food 129 

demand.  130 

 131 

2. Methodology 132 

2.1 Interval Linear Programming (ILP) 133 

 134 

Interval values are allowed to be incorporated into the optimization process in ILP. All 135 

parameters and decision variables in a linear programming can be intervals (Huang et al., 1992). 136 

Specifically, an ILP model can be defined as follows: 137 

Max f C X  =       (1a) 138 

Subject to: 139 

A X B                                                     (1b) 140 

0X                                                          (1c) 141 

where { }m nA R   , 
1C { } nR   , 

1{ }mB R   , 
1{ }nX R   ; R

 denotes a set of interval 142 

numbers; ( )ij m nA a 

= , 1 2( , ,..., )nC c c c   = , 1 2( , ,..., )T

mB b b b   = and 1 2( , ,..., )T

nX x x x   = . An 143 

interval number ( a
) is defined as (Huang et al., 1992): [ , ] { | }a a a t a a t a − + − += =    . 144 

 145 

An interactive solution algorithm named two-step-method (TSM) was proposed to solve the 146 

problem (Huang et al., 1992, 1995; Fan and Huang, 2012; Fan et al., 2009, 2012). Interval 147 

solutions can be obtained based on the analysis of detailed interrelationships between the 148 

parameters and variables and between the objective function and constraints. The main idea of 149 

TSM is to convert the original ILP model into two LP submodels corresponding to the lower and 150 

upper bounds of the objective-function value, respectively.  151 



 152 

2.2. Factional Programming 153 

A FP model can be an effective tool to deal with ratio optimization problems where the 154 

objective function is the quotient of two functions, e.g. cost/evacuee, and cost/time. The method 155 

can thus be used for tackling two-objective programming problems without the risk of weighting 156 

these objectives. It has been widely used in a number of fields such as resource management, 157 

finance, production, and transportation. A FP model can be expressed as follows (Zhu et al. 158 

2014): 159 

Max ( )
cx

f x
dx





+
=

+
  (2a) 160 

Subject to: 161 

x S  (2b) 162 

[ : , 0]S x Ax b x=    (2c) 163 

where A is an m × n matrix, x and b are column vectors with n and m components respectively, c 164 

and d are row vectors with n components, α and β are constants. If the denominator is constant in 165 

sign for all x on the feasible region, the FP model can be optimized by solving a linear 166 

programming program [Charnes and Cooper 1962]. It is also assumed that dx + β > 0 for all x in 167 

S, the objective function is continuously differentiable, and set S is regular, non-empty and 168 

bounded. 169 

 170 

2.3. Inexact Fractional Programming 171 

 The inexact fractional programming (IFP) is developed in this study to deal with 172 

controversial objective targets as well as uncertainties existing in WEFN systems. It integrates FP, 173 

ILP into a general framework, in which the FP is employed to reflect trade-offs between 174 

controversial/conflicting targets, and ILP is used to deal with uncertainty parameters expressed 175 

as interval numbers. In general, the IFP model can be expressed as: 176 
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Subject to  178 



1

1, 2, ...,
n

ij j i

j

a x b i M  

=

 =  (3b) 179 

 180 

Based on the interactive transform algorithm proposed by Zhu et al. (2014), Model (3) can be 181 

transformed into two conventional fractional programming submodels corresponding to the low 182 

and upper bound of the objective. The first submodel corresponds to the lower bound (i.e. f -) of 183 

the objective, which is formulated as follows (i.e. Submodel (I)): 184 
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 (4a) 185 

Subject to 186 

1 1
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k n
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+  =   (4b) 187 

0, 1,2 ...,jx j k−  =  188 

0, 1, 2, ...,jx j k k n+  = + +  189 

The second submodel corresponds to the upper bound (f +) of the objective function, which is 190 

formulated as (i.e. Submodel (II)): 191 
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1 1
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k n
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1 1 1 1

1, 2, ...,
i i

i i
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0, 1,2 ...,jx j k+  =  (5d) 195 

, 1,2 ...,j joptx x j k+ − =  (5e) 196 

0, 1, 2, ...,jx j k k n−  = + +  (5f) 197 

, 1, 2, ...,j joptx x j k k n− + = + +  (5g) 198 



 199 

In Model (3) and its two submodels (i.e. Submodel (I) numbered as Model (4), Submodel (II) 200 

numbered as Model (5)), the former k (k ≤ n) coefficients for
jc and 

jd   are assumed to be 201 

positive (i.e. 0 j jc c− +  , and 0 j jd d− +  ) for a simplicity purpose, and the latter (n - k) 202 

coefficients for jc and jd  are assumed to be negative. Consequently, to get the lower bound 203 

(i.e. f − ) of the objective function in Model (3), the former k (k ≤ n) variables (i.e. jx , j = 1, 204 

2, …, k) would get there lower bounds (i.e. jx− , j = 1, 2, …, k) correspondingly and the latter 205 

variables would get their upper bounds (i.e., jx+ , j = k + 1, k + 2, …, n) as presented in Equation 206 

(4a) (Zhu et al., 2014). For the constraints of Model (3) presented in Constraint (3b), the 207 

conservative constraints are to be employed for the submodel corresponding to lower bound 208 

(i.e. f − ) of the objective function, and thus ib− is adopted in Submodel (I). In comparison, 209 

relatively looser constraints (i.e. ib+ ) would be used in the submodel corresponding to lower 210 

bound (i.e. f + ) of the objective function as presented in Constraints (5b) and (5c). Detailed proof 211 

for the formulation of the two submodels can be found in relevant literatures (Huang, 1995; Fan 212 

and Huang, 2012). For Submodel (I), the solutions ( 1,2 ..., )joptx j k− = and 213 

( 1, 2, ..., )joptx j k k n+ = + +  are obtained, which would be used to formulate additional constraints 214 

(Equations (14e) and (14g)) in Submodel (II). In addition, ri and ti stands for the numbers of 215 

0ija   or 0sja  respectively associated with decision variables ( 1,2 ..., )jx j k = and 216 

( 1, 2, ..., )jx j k k n = + +  for constraint i or s.  217 

Models (4) and (5) are conventional fraction programming problems, which can be solved 218 

through the method proposed by Charnes and Cooper (1962). Thus, the final solutions for Model 219 

(3) can be obtained as follows: 220 

[ , ]opt optf f f − +=  (6a) 221 

[ , ]jopt jopt joptx x x − +=  (6b) 222 

 223 

The IFP-based approaches have been applied for a number of environmental management 224 

problems such as planning of regional energy systems (Zhu et al., 2014), agricultural water 225 



management (Tan and Zhang, 2018), carbon emission management of urban agglomeration (Cao 226 

et al., 2021), allocation of irrigation water resources (Ren et al., 2019), and crop-biomass 227 

coproduction management (Ji et al., 2020). In this study, the IFP approach will be applied to 228 

support management of a provincial water-energy-food nexus system under consideration of 229 

utilization efficiency of water resources.  230 

 231 

3. Application 232 

3.1 Overview of the study area  233 

 234 

As shown in Figure 1, Henan province is located in the middle-east part of China, which has a 235 

largest population over 100 million. Four water systems, including the Yellow River, Huaihe 236 

river, Haihe river and Yangtze river, flow across the province with about 1500 tributaries in total. 237 

The province has an area of 167 × 103 km2, accounting for 1.73% of the country's total area. 238 

However, the population would account for 7.8% of the country's total population. Henan 239 

province is covered with complex terrains and landforms, but about 55.7% of its area is 240 

characterized as plains and basins. Such a feature provides favorable conditions for agricultural 241 

activities.  242 

 243 

As a major agricultural province, Henan province is an important production area of wheat, 244 

sesame, corn, cotton and soybean in China. In the last few decades, the value of agricultural 245 

production has increased gradually. For instance, the total value of agricultural production it has 246 

ranged from RMB 0.225 × 1012 (2007) to 0.455 × 1012 (2017), which has a percentage 247 

improvement of 102.5％. While it encounters the bottleneck states in recent years, there are 248 

RMB 0.450 × 1012 (2015), 0.446 × 1012 (2016), and 0.455 × 1012 (2017). Data show that the 249 

trend of sustained growth has vanished and tended to be stable in the future. Therefore, as an 250 

vital part of Gross Domestic Product (GDP), it is essential to further increase the output value of 251 

agriculture through adjusting crop planting structure under the consideration of various 252 

production factors. At present, the main problems of agricultural development in Henan province 253 

can be divided into the following aspects.  254 

 255 

a) The amount of water resources for irrigation is numerous, while its utilization efficiency is 256 



low and leads to serious waste. For instance, the total utilization water amount for agriculture is 257 

10.9 × 109 m3 in 2017, which accounts for 46.8% of the total water consumption. And the 258 

average amount of water applied in Henan province is 2389 m3/hm2, which is higher than the 259 

level of developed countries and the national average. The main reasons for this state are 260 

extensive use of water, imperfect irrigation facilities and lake of unified management. 261 

 262 

b) The total energy production decreases with years and the electricity consumption in rural areas 263 

has an opposite tendency, which means agricultural electricity distribution needs to be reduced. 264 

Specifically, data shows that the total energy production has a decrease ratio of 42.1％ from 265 

2010 to 2017. However, electricity consumption in rural areas has increased from 26.9 × 109 266 

kWh to 32.9 × 109 kWh, which has a ratio improvement of 22.3％.  267 

 268 

c) The planting structure of crops is unreasonable and need to plan scientifically. According to 269 

the statistical bulletin of 2018, the planting areas of wheat, oil-bearing crops and peanut are 5.74 270 

× 103, 1.46 × 103, and 1.20 × 103 hm2. Compared with the planting areas in 2017, the increase 271 

proportion are 0.4％, 4.6％, and 4.4％, respectively. Conversely, the planting area of corn, cotton 272 

and vegetables have decrease proportions of 2.1％, 10.0％, and 0.9％. Data shows that the 273 

planting structure of crops would be adjusted under the market regulation, while many factors 274 

(e.g., environmental pollution and energy shortage) have been ignored. 275 

 276 

d) There have been amounts of consumption for production conditions, which has resulted in 277 

serious pollution from non-point sources. As a typical non-point source pollution, many 278 

researches have been conducted on the pollution of farmland. Nowadays, pollution sources are 279 

mainly divided into three categories (i.e., chemical fertilizer, pesticide, and plastic film), and the 280 

consumption of them have a trend of improvement for increasing the agricultural output in the 281 

last few years. For instance, the consumption of chemical fertilizer, pesticides, and plastic film 282 

were 5.70 × 109, 0.118 × 109, and 0.13 × 109 kg in 2007, while 7.07 × 109, 0.121 × 109, and 0.16 283 

× 109 kg in 2017. The use of three production elements would not only lead to a large emission 284 

of nitrogen and phosphorus, but also its residues would pollute the water, soil and air which 285 

could break the ecological balance. Although the consumption of them have been decreasing in 286 



recent years, its unit consumption still far exceeds the international standard. According to the 287 

13th five-year plan, we will accelerate the transformation of the pattern of agricultural 288 

development and implement the “village cleaning project”, which need to strengthen the 289 

treatment and repair of major soil pollution, strengthen the prevention and control of non-point 290 

source pollution in agriculture, accelerate the comprehensive improvement of rural environment, 291 

and ensure the overall stability of soil environmental quality in the province (FPHPEEP, 2017). 292 

Therefore, in the overall planning of agricultural development, it is essential to consider 293 

agricultural pollution (i.e., the consumption of three production conditions) in order to realize the 294 

coordination between planting agriculture and ecological agriculture as well as promote the 295 

sustainable development of agriculture. 296 

 297 

--------------------------- 298 

Place Figure 1 here 299 

--------------------------- 300 

 301 

3.2 IFP-WEFN modeling formulation 302 

 303 

Government departments have formulated relevant documents for controlling pollutant discharge 304 

standards in order to mitigate and control environmental pollution caused by agricultural 305 

productions. However, for a real-world WEFN system, there are multiple components and 306 

multiple uncertainties in association with different decision makers’ preferences. There are many 307 

uncertain technical and economic parameters in the production and processing of agriculture. 308 

Besides, the management of WEFN system not only considers the profit of the entire WEFN 309 

system but also balances the contradiction among agricultural, water and energy resources 310 

managers according to different decision-making priorities. Based on the IFP method, an 311 

IFP-WEFN model, as presented in Figure 2 is established for planning the WEFN system of 312 

Henan province, China.  313 

 314 

In the IFP-WEFN model, agriculture activities (i.e. crop cultivation, crop processing, food 315 

generation, food transportation) and available resources control (i.e. fertilizer utilization, 316 

pesticide utilization, energy consumption for farming, water consumption for irrigation) are 317 



considered to achieve a maximized system benefit. In detail, nine crops would be considered in 318 

the IFP-WEFN model, including rice, wheat, corn, beans, tubers, oil-bearing, cotton, vegetables 319 

and fruits. Also, a planning horizon of 6 years is considered in the developed model, covering 320 

2022-2027. Consequently, the objective of the IFP-WEFN model is to maximize the unit benefit, 321 

which is defined as the agriculture profit per water consumption ($/m3). The agriculture profits 322 

include revenue of crops, and the cost used for the consumption of various resources (e.g., water, 323 

fertilizer, electricity, and seed). In addition, the labor cost has not been taken into account. 324 

1 2 3 4 5 6 7

8

Max 
f f f f f f f

f
f

 − − − − − −
=   (7a) 325 

(1) Revenues of agricultural products 326 

6 9

1 , , ,

1 1

t v t v t v

t v

f SA UW UP  

= =

=    (7b) 327 

(2) Costs for irrigation water 328 

6 9

2 , ,

1 1

t v t v t

t v

f SA AWQ UIP   

= =

=     (7c)  329 

(3) Costs for fertilizers 330 

6 9
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1 1

t v t v t

t v

f SA UCF UFP   

= =

=     (7d) 331 

(4) Costs for pesticides 332 

6 9
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1 1

t v t v t

t v

f SA UCP UPP   

= =

=      (7e) 333 

(5) Costs for agricultural films 334 

6 9

5 , ,

1 1

t v t v t

t v

f SA UCAF UPAF   

= =

=      (7f) 335 

(6) Costs for electricity consumption  336 

6 9

6 ,

1 1

t v t t

t v

f SA UCE UPE  

= =

=    (7g) 337 

(7) Costs for seeds 338 

6 9

7 , ,

1 1

t v t v

t v

f SA UPS 

= =

=   (7h) 339 

(8) Requirement of water quantity 340 



6 9

8 , ,

1 1

t v t v

t v

f SA AWQ 

= =

=    (7i) 341 

  342 

Based on the current situation and future development strategy, the IFP-WEFN model would 343 

consider multifaceted and comprehensive constraints (e.g., limited utilization amount of 344 

land and electricity), which could be clearly seen as follows. The constraints can help plan the 345 

agricultural development of Henan province, alleviate the contradictions among the development 346 

of socio-economic, environmental protection and other aspects, which will ultimately realize the 347 

sustainable development. The constraints are: 348 

 349 

(1) The excessive exploitation of land for agriculture may lead to negative effects (e.g., 350 

ecological environment deterioration and soil erosion), which means cultivated area should be 351 

restricted. Constraint 8a limited the minimum and maximum planting area of crops, so as to 352 

avoid large fluctuations of the market price of agricultural products. Meanwhile, the total 353 

planting area of crops should not exceed the available arable land in planning periods, as shown 354 

in constraint 8b. 355 

, , , ,  ,min max

t v t v t vSA SA SA v t                  (8a) 356 

9

,

1

,  t v t

v

SA TSA t 

=

                 (8b) 357 

 358 

(2) As the major sources of agricultural pollution, the utilization amounts of chemical fertilizers, 359 

pesticides and plastic films are restricted in constraints 9a, 9b and 9c, respectively.  360 

9

, ,

1

,  t v t v t

v

SA UCF TCF t  

=

                 (9a) 361 

9

, ,

1

,  t v t v t

v

SA UCP TCP t  

=

                 (9b) 362 

9

, ,

1

,  t v t v t

v

SA UCAF TCAF t  

=

                (9c) 363 

 364 

(3) Constraint 10 indicates that the total consumption of water should not exceed the available 365 

amount for agriculture in study area. Furthermore, this constraint can optimize the water use 366 

structure of crops under a certain amount of water resources, coordinate the contradictions 367 



among water-using departments, and obtain higher economic benefits. 368 

9

, ,

1

,  t v t v t

v

SA AWQ TWC t  

=

                (10) 369 

 370 

 371 

(4) constraint 11a limits the electricity consumption of agricultural machinery and constraint 11b 372 

limits the amount of fossil energy available for power generation, which will help alleviate the 373 

contradiction between future energy supply and demand in study area. 374 

9

,

1

,  t v t t

v

SA UCE TAE t  

=

               (11a) 375 

9

,

1

,  t v t

v

CFF AFF t 

=

                (11b) 376 

 377 

(5) As a large province of population, the total amount of crops yield as well as purchased should 378 

guarantee the food security and meet the changing demand structure caused by the improvement 379 

of living standards during the planning period, as shown in constraint 12.  380 

, , , , ,  ,t v t v t v t vSA UW PW FD v t    +               (12) 381 

 382 

(6) In order to accord with the reality and guarantee the correctness of results, constraint 13 383 

ensures that the decision variables (i.e., planting area of crops) are non-negative. 384 

, 0,  ,t vSA v t                   (13) 385 

--------------------------- 386 

Place Figure 2 here 387 

--------------------------- 388 

 389 

3.3 Data collection 390 

 391 

In this study, the data were mainly extracted from "Statistical Yearbook of Henan Province", 392 

"Water Resources Bulletin of Henan Province", "government report", "pertinent literature". The 393 

cultivated area of crops in Henan Province from years of 2009-2016 were shown in Table 1 394 

(SBHPNESD, 2017). Table 2 shows the data on the right-hand side of constraints (i.e. 395 

consumption of chemical fertilizer, electricity, pesticide, and plastic film) from 2006-2016. These 396 



data and other economic data were mainly referred to the statistical yearbooks and the 13th 397 

Five-year Plans (SBHPNESD, 2017; FPHPEEP, 2017; HBQTS, 2014; HPWRB, 2017; FEDPHP, 398 

2017; Yu et al., 2020a,b; Zuo et al., 2021). The crop-related parameters having interval values 399 

were depicted in Table 3, which are collected from relevant literatures (Li et al., 2019; Zeng et al., 400 

2019; Yu et al., 2020a,b; Zuo et al., 2021).  401 

 402 

A planning horizon consisting of six years (i.e., t = 1, 2, …, 6) from 2022 – 2027 would be 403 

considered in this study. The further data such covering the planning horizon, including the 404 

availabilities of water resources (i.e., tTWC ), energies (i.e., tTAE and tAFF  ), chemical 405 

fertilizers (i.e.,
tTCF  ), pesticides (i.e., 

tTCP ) and plastic films (i.e., 
tTCAF  ), are estimated 406 

through regression methods based on these historical data presented in Table 2. Interval solutions 407 

would be obtained through the developed IFP-WEFN model, in which the lower bounds would 408 

correspond to conservative/demanding conditions (i.e., the lower bound of objective function) 409 

whilst the upper bounds would correspond to the advantageous conditions (i.e., the upper bound 410 

of objective function).  411 

 412 

------------------------------ 413 

Place Tables 1-3 here 414 

------------------------------ 415 

 416 

4. Result Analysis 417 

 418 

Based on the constraints (e.g., environmental protection and limited resource utilization) and the 419 

objective of maximum unit benefit, the planting areas of different crops during the planning 420 

periods could be obtained by solving the IFP model, as shown in Figure 3 and Table 4. Figure 3 421 

clearly shows crops’ planting areas and the corresponding variation trends during the planning 422 

periods, which would further help the decision makers to formulate and implement scientific 423 

planning schemes. It can be seen that the planting areas for different crops would vary in 424 

different planning periods due to the socioeconomic and environmental restrictions. In detail, the 425 

planting areas for rice, corn, beans, tubers show a slightly decreasing trend, while in comparison, 426 

there would be slightly more planting areas for wheat, oil-bearing crops. For instance, the 427 



planting area for rice would be [5248, 5563] km2 in period 1 and [4916, 5211] km2 in period 6. 428 

This means that the planting area for rice would decrease from 5248 km2 to 4916 km2 under the 429 

demanding conditions (i.e., corresponding to the lower bound of the objective function), and 430 

from 5563 km2 to 5211 km2 under advantageous conditions (i.e., corresponding to the upper 431 

bound of the objective function), which showed a decreasing rate of 6.8% for both conditions. In 432 

comparison, cultivation area for wheat would respectively be [43405, 46010] and [43524, 46136] 433 

km2 in periods 1 and 6, exhibiting an increasing rate of 0.3% for both demanding and 434 

advantageous conditions. In addition, it can be found from Figure 3 and Table 4 there would be 435 

noticeable increases in the planting areas for vegetables and fruits, while apparent decreasing for 436 

the planting area of cotton. The planting area for vegetables would be [14013, 14854] and [18522, 437 

21194] km2 in periods 1 and 6, leading to increasing rate of 24.4% and 30% for its lower and 438 

upper bounds. The cultivation areas for fruit and cotton also respectively present an increasing 439 

rate of 9.6% and a decreasing rate of 21.2%. These may be due to the fact that more vegetables 440 

and fruits are demanded towards to the healthy life in future. Moreover, as the uncertainty 441 

presented in various parameters, the obtained planting areas for the crops also fluctuate within 442 

certain ranges. These results can help decision makers make tradeoff between advantageous and 443 

conservative conditions.  444 

 445 

 446 

--------------------------- 447 

Place Figure 3 and Table 4 here 448 

--------------------------- 449 

 450 

In study area, the contradiction between water-using departments is increasingly prominent due 451 

to the acceleration of industrialization, wasteful use of irrigation water, and improvement of 452 

living standards. Specifically, the water utilization would increase during the whole planning 453 

horizon, in which the water demand would be [1.01, 1.03] × 1011 m3 in period 1 and [1.06, 1.09] 454 

× 1011 m3 in period 6, showing increasing rates of 4.3% and 6.2% for its lower and upper bounds. 455 

Figure 4 presents the water demands for all crops in different time periods. We can notice that the 456 

significant increase for water demand occurs in period 3. This may be attributed to the noticeable 457 

increase in the planting area for vegetables, as shown in Figure 3(h).  458 



 459 

--------------------------- 460 

Place Figure 4 here 461 

--------------------------- 462 

 463 

Figure 5 depicts the detailed proportion for water demand by different crops in different planning 464 

periods. It can be seen that the wheat would utilize most irrigation water with a proportion more 465 

than 40%, followed by the vegetables being allocated around 18% in period 1 but more than 22% 466 

after period 2. Moreover, the irrigation consumption amounts for rice, corn and oil-bearing crops 467 

have similar proportions around 10%. For the water allocation proportions for specific crops in 468 

different planning periods, it is noticed that all water allocation proportions except vegetables 469 

and fruits, would show a slightly decreasing trend even though the cultivation areas for wheat 470 

and oil-bearing crops would increase during the planning horizon. For instance, the water 471 

allocation proportion for wheat would be 43.2% in period 1 and [40.3%, 41.1%] in period 6. This 472 

would mainly be attributed to the significant increase for water consumption for vegetables, in 473 

which its water allocation proportion increases from 18.7% in period 1 to [23.5%, 24.9%] in 474 

period 6. In terms of the proportion for water demand from fruits, it would slightly increase due 475 

to the increasing cultivation area in periods 1 and 2, but would decrease due to the competitive 476 

demand from vegetables. Moreover, even though there are visible uncertainties in the planting 477 

areas for different crops in different periods, these uncertainties would not significantly influence 478 

the water allocation proportions, leading to limited fluctuation ranges for the proportion values.  479 

 480 

--------------------------- 481 

Place Figure 5 here 482 

--------------------------- 483 

 484 

In addition to water resources to support crop growing, energies such as electricity or fossil 485 

energy are required in agricultural activities such as machinery and irrigation. Figure 6 presents 486 

the energy utilizations for different crop cultivation in different time periods in which the purple 487 

and red bars respectively represent the energy allocation proportions under the demanding (i.e., 488 

lower bound of the objective function) and advantageous (i.e., the upper bound of the objective 489 



function) conditions. It is noticed that cultivation of wheat would be the prioritized energy user 490 

which would consume more than 35% energies allocated to all agricultural activities. This is 491 

similar with the utilization of water resources. However, even through less than 10% water 492 

resources would be distributed to corn cultivation, this kind of crop would utilize more than 20% 493 

of energies just followed the energy consumption of wheat cultivation. This is because that the 494 

energy utilization is directly associated with the cultivation areas for different crops and corn 495 

would have the second largest planting area as presented in Table 4. Due to this fact, the energy 496 

usage pattern is different from the water utilization which is affected by both water availabilities 497 

as well as the unit water consumption for different crops.  498 

 499 

--------------------------- 500 

Place Figure 6 here 501 

--------------------------- 502 

 503 

 504 

5. Discussion 505 

 506 

The objective of the IFP-WEFN model is to achieve a maximized unit benefit for the agriculture 507 

department with respect to the water consumption, which is different from traditional WEFN 508 

model aiming to maximize the total benefit of the agricultural department. Table 5 presents the 509 

planting crop areas for different crops in different time periods generated from an ILP-WEFN 510 

model. The planting scheme from ILP-WEFN model would be different from that generated by 511 

the IFP-WEFN model. For instance, the planting areas for vegetables from the ILP-WEFN 512 

model would be [16518, 17394] and [15453, 18551] km2 in periods 1 and 2, while in comparison 513 

the planting areas from IFP-WEFN model would respectively be [14013, 14854] and [14089, 514 

14934] km2 in periods 1 and 2. This suggests that maximizing the total system benefit would not 515 

necessarily lead to a maximum unit benefit.  516 

--------------------------- 517 

Place Table 5 here 518 

---------------------------- 519 



Figure 7 shows the total benefit of the agricultural department obtained from the IFP-WEFN and 520 

ILP-WEFN models. The results show that the total benefit from IFP-WEFN model would 521 

slightly lower than that from ILP-WEFN model. In detail, the total benefit obtained from 522 

IFP-WEFN model would range within [2.32, 2.84] × 1012 RMB, while the total benefit from 523 

ILP-WEFN model fluctuates within [2.35, 2.85] × 1012 RMB. This is due to the difference in the 524 

objective for those two models. Figure 8 presents the unit benefits obtained from the IFP-WEFN 525 

and ILP-WEFN models. Conversely with the total benefit, the unit benefit from IFP-WEFN 526 

model would higher than that from ILP-WEFN model. The unit benefit of IFP-WEFN model 527 

would range within [37.1, 44.1] RMB/m3, while the unit benefit from ILP-WEFN model would 528 

change within [36.5, 43.4] RMB/m3 due to the uncertainties in model parameters. These results 529 

indicate that the planting scheme from IFP-WEFN model would be more appropriate with a 530 

priority of water utilization efficiency, while the scheme from ILP-WEFN model would be 531 

adopted for a purpose of maximizing the system benefit.  532 

-------------------------------- 533 

Place Figures 7 and 8 here 534 

------------------------------- 535 

 536 

In this study, the contradictory objectives between system benefits and water consumption were 537 

reflected through a fractional objective. Compared with traditional ILP-WEFN model, the 538 

proposed IFP-WEFN model would give priority to the unit system benefit with respect to water 539 

utilization rather than the total system benefit. Therefore, higher unit benefits would be generated 540 

by the IFP-WEFN model (i.e., [37.1, 44.1] RMB/m3) which can enhance the utilization 541 

efficiency of water resources. This is particularly meaningful for Henan Province which is one of 542 

the most water scarce regions in China. Moreover, the introduction of fractional programming 543 

into the IFP-WEFN model can also have merits in tackling contradictory objectives than other 544 

relevant approaches such as bi-level or multi-level programming methods in: i) avoiding priority 545 

pre-specification among those two objectives and ii) relative simple solution procedures (Xu et 546 

al., 2022). 547 

 548 

 549 

6. Conclusions 550 



 551 

In this study, an inexact fractional programming (IFP) method has been adopted to provide 552 

management strategies for the complex water-energy-food nexus (WEFN) system. An 553 

IFP-WEFN model has been formulated for planning the WEFN system of Henan Province. 554 

Solutions of the planting areas for different crops under different periods have been generated in 555 

order to achieve a maximized unit benefit with respect to the water utilization.  556 

 557 

The solutions obtained from the IFP-WEFN model is subject to maximizing the utilization 558 

efficiency of water resources, which would tend to approach sustainable water resources 559 

management. The results indicated that, among the nine crops, the planting areas for rice, corn, 560 

beans, tubers, and cotton would decrease, while the other four crops, namely wheat, oil-bearing 561 

crops, vegetables, and fruits, would have more planting areas. More specifically, the planting 562 

area for vegetables would significantly increase, leading to a noticeable decrease in the planting 563 

area for cotton. Moreover, the water demand for most crops would decrease over the planning 564 

horizon, due to the remarkable increase for the water demand from the vegetables. Compared 565 

with the IFP-WEFN model, the ILP-WEFN model merely consider the total system benefit and 566 

thus leads to a different planting scheme for the Henan province. The results suggest that the unit 567 

benefit from IFP-WEFN model would higher than that from ILP-WEFN model, even through the 568 

total benefit from ILP-WEFN model is slightly lower.  569 

 570 

The obtained results for the IFP-WEFN model can support further planting schemes in Henan 571 

province. From a perspective of sustainable water resources management, the Henan province is 572 

recommended to reduce the cultivation area for rice and corn but at the same time increase wheat 573 

planting to satisfy the local demand of cereals. In addition, due to the realization of the healthy 574 

life, more fruits and vegetables will be needed which lead to increasing trends for the cultivation 575 

areas of these two crops especially after 2023. Correspondingly, some crops would be less 576 

planted due to the limited availability of arable lands, in which the plant area of cotton would be 577 

decreased most significantly.  578 

 579 

The IFP-WEFN model could deal with contradictions among various objectives under 580 

uncertainty. However, in real-world WEFN management problems, the flow of natural surface 581 



water may be affected by a variety of factors from climate, topographic, and other aspects, 582 

showing various uncertainties in different formats such as fuzzy sets and random variables. 583 

Therefore, further studies are required to deal with multiple uncertainties in the WEFN system.  584 

Besides, only one water resource (i.e. surface water) were considered in this study. Consequently, 585 

further studies are required to include other water resources such as groundwater, diverted water, 586 

and reclaimed water, as well as to reveal the effect of consumption change of water for 587 

agriculture to other consumption. Such a challenge can be addressed through integrating factorial 588 

analysis method into the IFP-WEFN model. 589 
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Appendix A. Nomenclatures for parameters and variables 598 

 599 

    The interval value with lower and upper bounds 

t    Planning period, t = 1 is 2022, 2 is 2023, 3 is 2024, 4 is 2025, 5 is 2026, 6 is 2027 

v    Variety of crops, v = 1 is rice, 2 is wheat, 3 is corn, 4 is beans, 5 is tuber, 6 is   

  oil-bearing crops, 7 is cotton, 8 is vegetables, 9 is fruits 

    Actual utilization coefficient of agricultural film
 

    Effective utilization proportion of irrigation water  

    Effective utilization coefficient of chemical fertilizer  

    Effective utilization coefficient of spraying pesticide  

tAFF 
  Available fossil fuels in period t (kWh) 

,t vAWQ
  Agricultural water requirement quota to crop v in period t (m3/km2) 

,t vUCAF 
  unit consumption of agricultural film (kg/km2) 

,t vUCF    Unit consumption of chemical fertilizers to crop v in period t (kg/km2) 

,t vUCP   Unit consumption of pesticides to crop v in period t (kg/km2) 

tUPE
  Unit price of electricity for agricultural machinery in period t (RMB ¥/kWh) 

,t vCFF 
  Consumption of fossil fuels to crop v in period t (kWh) 

tUFP
  Unit price of chemical fertilizer in period t (RMB ¥/kg) 

tUPP
  Unit price of pesticides (RMB ¥/kg) 

,t vFD
  Food demand of crop v in period t (kg) 

tITW 
  The total water consumption for agricultural irrigation in period t (m3) 

tTWC
  The maximum allowable total agricultural irrigation water consumption (m3) 

,t vUW 
 Output of crop v in period t (kg/km2) 

,t vUP
  Unit price of crop v in period t (RMB ¥/kg) 

tUCE
  Unit electricity consumption of agricultural machinery in period t (kWh/km2) 

tTAE
  Total available electricity for agricultural machinery in period t (kWh) 

,t vPW 
  Purchased amount of crop v in period t (kg) 

tUPAF 
  Unit price of agricultural films in period t (RMB ¥/km2) 

,t vSA
  Sown areas of crop v in period t (km2) 

min

t,vSA 
  The minimum sown areas of crop v in period t (km2) 

max

t,vSA 
 The maximum sown areas of crop v in period t (km2) 

,t v
UPS 

  Unit price of seeds to crop v in period t (RMB ¥/km2) 

tTCF 
  Total limited consumption of chemical fertilizers in period t (kg) 

tTCP
  Total limited consumption of pesticides in period t (kg) 

tTEM 
  The total energy consumption for agricultural machinery in period t (kWh) 



tTCAF 
  Total limited consumption of agricultural films in period t (kg) 

tTSA
  Total available sown areas in period t (km2) 

tUIP
  Irrigation water price in period t (RMB ¥/m3) 



Appendix B. Abbreviation 

 

FP        Fractional programming 

GDP  Gross domestic product 

ILP   Interval parameter programming 

IFP        Inexact fractional programming 

WEFN  Water-energy-food nexus 
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Table 1. Planting area of crops (103 km2) (Yu et al., 2020; Zuo et al., 2021) 

Crops 2009 2010 2011 2012 2013 2014 2015 2016 

Rice 6.11 6.28 6.38 6.48 6.41 6.50 6.56 6.55 

Wheat 52.63 52.80 53.23 53.40 53.67 54.07 54.25 54.66 

Corn 28.95 29.46 30.25 31.00 32.03 32.84 33.44 33.17 

Beans 5.30 5.13 5.06 5.20 5.04 4.54 4.14 4.16 

Tubers 3.15 3.06 2.99 3.12 3.02 3.48 3.54 3.49 

Oil-bearing 15.41 15.64 15.79 15.74 15.90 15.98 16.01 16.25 

Cotton 5.37 4.67 3.97 2.57 1.87 1.53 1.20 1.00 

Vegetables 16.92 17.04 17.20 17.30 17.46 17.26 17.52 17.72 

Fruits 3.33 3.42 3.29 3.31 3.36 3.26 3.25 3.51 
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Table 2. Consumption of agricultural production conditions (Yu et al., 2020; Zuo et al., 2021) 

 
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Consumption of chemical 

fertilizer by 100％ effective 

component (109 kg) 

5.40 5.70 6.02 6.29 6.55 6.74 6.84 6.96 7.06 7.16 7.15 

Electricity consumption in 

rural areas (109 kWh) 
18.88 22.34 23.74 25.78 26.94 28.18 29.00 30.54 31.32 32.10 31.72 

Consumption of pesticides 

(106 kg) 
111.6 118 119.1 121.4 124.9 128.7 128.3 130.1 129.9 128.7 127.1 

Plastic film use for 

agriculture (106 kg) 
118.4 126.6 130.7 141.4 147.0 151.6 155.2 167.8 163.5 162.0 163.1 
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Table 3. Crop-related parameters (Yu et al., 2020; Zuo et al., 2021) 

Parameters Rice Wheat Corn Beans Tubers Oil-bearing Cotton Vegetables Fruits 

Cost of crops  

(RMB ¥/kg) 
[3.82, 3.98] [3.68, 3.83] [2.63, 2.73] [9.80,10.20] [2.45, 2.55] [9.80, 10.20] [5.88, 6.12] [0.98, 1.02] [1.47, 1.53] 

Cost of seeds  

(103 RMB ¥/km2) 
[48.76, 49.75] [92.35, 94.22] [73.88, 75.37] [1.48, 1.51] [66.49,67.84] [258.6, 263.8] [44.33, 45.22] [29.55, 30.15] [110.8, 113.1] 

Pesticide demand of 

crops (103 kg/km2) 
[1.45, 1.54] [1.45, 1.54] [1.45, 1.54] [0.362, 0.384] [0.145, 0.154] [0.145, 0.154] [7.24, 7.69] [1.45, 1.54] [1.49, 1.56] 

Fertilizer demand of 

crops (103 kg/km2) 
[73.13, 76.12] [73.13, 76.12] [73.13, 76.12] [36.57, 38.06] [36.57, 38.06] [36.57, 38.06] [73.13, 76.12] [146.3, 152.2] [146.3, 152.2] 

Water demand of 

crops (103 m3/km2) 
[360.1, 375.1] [172.8, 180.0] [64.8, 67.5] [115.2, 120.0] [144.0, 150.0] [86.4, 90.0] [72.0, 75.0] [230.4, 240.0] [124.8, 130.0] 
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Table 4. The planting schemes for different crops from the IFP-WEFN model (unit: km2)  

 t =1 t=2 t=3 t=4 t=5 t=6 

Rice [5248, 5563] [5088, 5393] [5046, 5348] [4998, 5298] [4953, 5250] [4916, 5211] 

Wheat [43405, 46010] [43438, 46045] [43457, 46064] [43478, 46086] [43498, 46108] [43525, 46136] 

Com [26751, 28356] [26491, 28081] [26332, 27912] [26182, 27752] [25985, 27544] [25844, 27395] 

Beans [3309, 3508] [3299, 3497] [3262, 3458] [3230, 3424] [3203, 3395] [3168, 3358] 

Tubers [2835, 3005] [2810, 2978] [2756, 2921] [2734, 2898] [2718, 2882] [2672, 2832] 

Oil-bearing Crops [19210, 20362] [19253, 20408] [19321, 20480] [19354, 20515] [19379, 20542] [19405, 20570] 

Cotton [960, 1018] [918, 973] [891, 945] [865, 917] [834, 884] [792, 840] 

Vegetables [14013, 14854] [14089, 14934] [17937, 20567] [18062, 20702] [18298, 20958] [18528, 21204] 

Fruits [3905, 4140] [4200, 4452] [4232, 4486] [4292, 4550] [4318, 4577] [4320, 4579] 
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Table 5. The planting schemes for different crops from the ILP-WEFN model (unit: km2) 

 t =1 t=2 t=3 t=4 t=5 t=6 

Rice [7822, 7822] [7632, 7632] [5046, 5348] [4998, 5298] [4953, 5250] [4916, 5211] 

Wheat [43405, 46010] [45475, 47429] [43457, 46064] [43478, 46086] [43498, 46108] [43525, 46136] 

Com [26751, 32160] [26491, 28081] [26332, 27192] [26182, 27752] [25985, 27544] [25844, 27395] 

Beans [3309, 3508] [3299, 3497] [3262, 3458] [3230, 3424] [3203, 3395] [3168, 3358] 

Tubers [2835, 3005] [2810, 2978] [2756, 2921] [2734, 2898] [2718, 2882] [2672, 2832] 

Oil-bearing Crops [19210, 20362] [19253, 20408] [19321, 20480] [19354, 20515] [19379, 20542] [19405, 20570] 

Cotton [960, 1018] [918, 973] [891, 945] [865, 917] [834, 884] [792, 840] 

Vegetables [16518, 17394] [15453, 18551] [17937, 20567] [18062, 20702] [18298, 20958] [18528, 21204] 

Fruits [3905, 4140] [4200, 4452] [4232, 4486] [4292, 4550] [4318, 4577] [4320, 4579] 
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Figure 1. The study area 
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Figure 2. The framework of IFP-WEFN model
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Figure 3. Planting area of different crops (km2) 3 
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Figure 4. The total water requirements in different planning periods7 
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Figure 5. Allocation proportion of water resources to different crops 9 
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Figure 6. Allocation proportion of energy to different crops 11 
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Figure 7 The total benefits obtained from the IFP-WEFN model and ILP-WEFN model 14 
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Figure 8 The unit benefits with respect to water consumption obtained from the IFP-WEFN 19 

model and ILP-WEFN model 20 


