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A B S T R A C T

The Water-Energy-Food-Environment (WEFE) nexus is a framework that plays a crucial role in addressing 
concerns related to sustainable agricultural development and food security. Therefore, evaluating and revising 
policies and management approaches from the perspective of achieving WEFE nexus goals can operationalize 
sustainable agricultural development. Despite the highlighted importance of this connection, there is no 
comprehensive framework and method for its implementation considering various environmental criteria along 
with the evaluation of water resource management policies. This study aims to first extract the optimal sus
tainable solution by considering all Water-Energy-Food (WEF) nexus goals combined with environmental ob
jectives such as minimizing the use of fertilizers, pesticides, and CO2 emissions, and maximizing wetland 
conservation scores using the NSGA-II method. Then, it estimates the effects of water resource management 
policies, including policies for reducing available water resources (P1), improving irrigation efficiency (P2), and 
crop pattern modification (P3), using the PMP model and evaluates them by calculating the Distance-to-Optimal 
Solution Index (DOSI). For this purpose, the Jiroft plain in Kerman province, Iran, was selected as the study area. 
The results showed that the optimal sustainable cropping pattern, with a reduction of 3988 ha from the current 
cultivated area, significantly improves environmental criteria such as reducing the use of fertilizers and pesti
cides, CO2 emissions, and increasing the conservation of the Jazmourian wetland. Additionally, it was found that 
the DOSI for the current pattern is − 2.70, and for the patterns with the implementation of policies P1, P2, and 
P3, it is − 2.89, − 3.22, and − 1.19, respectively. Therefore, the policy of modifying the cropping pattern towards 
crops with lower water requirements (P3) can improve the sustainability of the region's agriculture. In contrast, 
policies for reducing available water resources (P1) and improving irrigation efficiency (P2) not only do not 
improve the sustainability compared to the current conditions but also worsen it. Overall, the framework used to 
identify the best water resource management policies by leveraging the comprehensive WEFE nexus approach 
will be a strategy to ensure sustainable agricultural development.

1. Introduction

In recent decades, the growth of the global population and the 
simultaneous occurrence of climate change have intensified the pressure 
on water and energy resources for food production more than ever 

(Purwanto et al., 2021). The predictable 60 % increase in food demand 
by 2050, the 50 % increase in energy demand by 2040, and more than 
half of the world's population facing water stress by 2025 have made it 
inevitable to consider the interconnections between water, energy, and 
food components (Peña-Torres et al., 2024; Mansour et al., 2024). 
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Accordingly, the United Nations' Sustainable Development Goals 
emphasize addressing challenges related to sustainable access to water 
and energy resources and ensuring food security within the framework 
of the Water-Energy-Food (WEF) nexus (Karamian et al., 2023). The 
WEF nexus, as an integrated approach, identifies intersectoral linkages 
while considering feedbacks and synergies and revealing unintended 
consequences between water, energy, and food, thereby facilitating 
coordinated and sustainable resource development (Abdelkader et al., 
2018; Abdelkader and Elshorbagy, 2021; Ansari et al., 2023; Wu et al., 
2023; Mirzaei et al., 2024a).

The irrigated agricultural system, as the main food producer for the 
growing population, is heavily reliant on water and energy resources, 
and the WEF nexus is objectively observed in this sector (Mirzaei et al., 
2022). The use of water and energy for cultivating agricultural crops has 
made water, energy, and food components inseparable elements of 
irrigated agriculture (Li and Zhang, 2023). More than 70 % of global 
water consumption and 30 % of the world's energy consumption are 
related to the production and supply of crops in this sector (World Bank, 
2022). Therefore, evaluating sustainable development policies in this 
sector requires attention to the interconnections and interactions be
tween water, energy, and food elements (Nhamo et al., 2020). Numerous 
studies have addressed the optimal and sustainable allocation of agri
cultural resources based on WEF nexus criteria (El-Gafy, 2017; El-Gafy 
et al., 2017; Sadeghi et al., 2020; Radmehr et al., 2021; Xu et al., 2024). 
For example, Liu et al. (2019) evaluated the relationships between the 
WEF nexus and agricultural sustainability using a mental optimization 
approach. Sadeghi et al. (2020) managed optimal resource allocation in 
the Shazand watershed in Iran by considering the synergy between the 
WEF nexus index and maximizing gross margin using a linear optimi
zation model. Radmehr et al. (2021) extracted Pareto optimal solutions 
using a multi-objective optimization model by considering water and 
energy constraints, maximizing the benefits of water-demanding sectors, 
and reducing pressure on groundwater. Peña-Torres et al. (2024) eval
uated Pareto fronts related to efficient resource allocation and the 
consequences of changing demand scenarios using multi-objective 
optimization under the WEF nexus system in Sinaloa state, Mexico. 
Reviewing the literature in this field reveals that the lack of attention to 
environmental components and elements is a weakness of the WEF 
nexus approach in achieving sustainable agricultural development. 
Research on the nexus methods used in Iranian farms has shown that 
environmental factors are frequently overlooked in these evaluations 
(Haghjoo et al., 2022). Therefore, environmental criteria should be more 
seriously and transparently considered in this nexus, and the in
terconnections of these criteria with other elements should be well 
defined (Mirzaei et al., 2022; Saray et al., 2022; Mirzaei et al., 2023; 
Masaeli et al., 2023; Mirzaei et al., 2024a).

Over time, with the increasing degradation of natural resources and 
the growing vulnerability of natural ecosystems, the Water-Energy- 
Food-Environment (WEFE) nexus has emerged (Saray and Haghighi, 
2023). The ultimate goal of the WEFE nexus is to identify and resolve 
trade-offs between sectors to reduce potential conflicts in environmental 
and practical policies (Sánchez-Zarco and Ponce-Ortega, 2023). There
fore, by pursuing the WEFE nexus, it is possible to achieve optimal 
resource allocation, improve efficiency, and realize sustainable devel
opment of strategic water and energy resources to ensure food security 
(Mirzaei et al., 2023). In this regard, attention to environmental objec
tives such as minimizing the use of chemical inputs (Mirzaei et al., 
2022), reducing various types of pollution such as CO2 emissions (Yue 
and Guo, 2021; Masaeli et al., 2023; Saray and Haghighi, 2023; Feng 
et al., 2024; Alhajeri et al., 2024), and improving water quality (Mirzaei 
et al., 2024b) has been a focus for researchers. For example, Feng et al. 
(2024) used a multi-objective nonlinear optimization method to manage 
sustainable agriculture within the WEFE nexus framework in the Tarim 
River Basin in China. They aimed to minimize CO2 emissions from major 
crops (rice, wheat, corn, and cotton) and improve energy and irrigation 
efficiency. However, the expansion of agriculture has also increased 

pressure on natural ecosystems such as wetlands. The sustainability of 
wetlands is influenced by various factors, such as the availability and 
depletion of water (Duku et al., 2022). The reduction of wetland inflow 
due to the lack of water rights for wetlands, driven by increased agri
cultural water demand, is a clear example of environmental challenges 
in this area (Mirzaei and Zibaei, 2021; Schlemm et al., 2024; Abera et al., 
2024). Nevertheless, the goal of preserving and restoring wetlands has 
not yet been considered in studies related to the WEFE nexus.

A review of the literature indicates that optimization based on the 
WEF nexus within mathematical modeling approaches has increasingly 
garnered researchers' attention. The consideration of various di
mensions and the conflicting objectives of multiple stakeholders, along 
with the provision of optimal solutions to balance multiple goals, has led 
to the rising popularity of multi-objective mathematical programming 
approaches in this field (Yue et al., 2021; Sun et al., 2022; Di Martino 
et al., 2023). However, classical multi-objective optimization methods 
often face challenges such as increased computational complexity with 
the number of objectives and constraints, and the tendency to get stuck 
at the first local optimum. These challenges have prompted researchers 
to prioritize evolutionary methods for solving multi-objective problems. 
The use of population-based approaches, which obtain a set of non- 
dominated optimal solutions by searching a decision space, has signifi
cantly enhanced the accuracy of evolutionary methods. In practice, an 
optimal solution is selected based on the prioritization of the Pareto 
optimal set (Yokoyama and Sato, 2020; Chen et al., 2023). The Genetic 
Algorithm (GA) approach, with its strong search capability, ability to 
provide optimal or near-optimal solutions, consideration of existing 
uncertainties, and the possibility of including multiple objectives and 
variables, is more efficient compared to other evolutionary algorithms 
(Hojjati et al., 2018). However, the application of evolutionary algo
rithms like the GA in sustainable resource management in agriculture 
within the WEFE nexus framework is still not widespread. For instance, 
Karamian et al. (2023) explored the determination of an optimal crop
ping pattern considering the WEF index and environmental impacts 
using a GA multi-objective.

Given the challenges in agricultural sustainability within the WEFE 
nexus framework, it is essential to revise policies and management ap
proaches and implement strategies for conserving water and energy 
resources to improve farmers' livelihoods while considering environ
mental sustainability. Previous studies have evaluated the impact of 
policies such as improving irrigation technologies, changing cropping 
patterns, adjusting water prices, developing specific crop cultivation, 
and applying deficit irrigation on cropping patterns and resource sus
tainability (Attia et al., 2021; Mirzaei and Zibaei, 2021; Kalbali et al., 
2021; Wang et al., 2023; Shah et al., 2023; Zhang et al., 2023; Kazemi- 
nejad et al., 2024). Many researchers believe that the Positive Mathe
matical Programming (PMP) model has a high capability in evaluating 
policies on agricultural production and resource allocation and is a 
suitable alternative to the limitations of normative models (Layani et al., 
2023). However, a review of the literature shows that the performance 
evaluation of these policies within the WEFE nexus objectives has not 
yet been conducted in any study.

The framework of the present study can extend and/or complement 
the WEFE nexus modeling framework from two perspectives: (1) 
incorporating additional environmental criteria compared to previous 
studies, and (2) providing quantitative and practical performance 
evaluation of water resource management policies for achieving sus
tainable agriculture. Therefore, the present study seeks to provide an 
operational approach for evaluating water resource management pol
icies by integrating NSGA-II and PMP methods within the WEFE nexus 
framework. The primary innovation of this research lies in the combined 
application of these methods to assess water resource management 
policies while incorporating broader dimensions of sustainability 
(including environmental criteria) within the WEFE nexus—an 
approach not previously observed in any study. Consequently, the re
sults of this study can be effective in identifying and applying various 
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water resource management policies to achieve sustainable develop
ment goals in the agricultural sector.

2. Study area

In recent years, Iran has faced a water resource crisis in the agri
cultural sector due to population growth, economic development, and 
phenomena such as drought and land-use change (Boazar et al., 2019; 
Mardani Najafabadi et al., 2022a). Additionally, the high use of fertil
izers and pesticides in Iranian agriculture has raised increasing concerns 
about food safety and environmental pollution (Hashemi et al., 2012; 
Iran Food and Drug Administration, 2016; Mardani Najafabadi et al., 
2022b). Therefore, formulating and evaluating appropriate policies to 
achieve sustainable agricultural development in this country is of great 
importance. In this context, the Jiroft plain, with a total agricultural area 
of 44,822 ha located in Kerman province, Iran, has been selected as the 
study area (Fig. 1). Agriculture in Jiroft County has expanded in recent 
years and is considered one of the agricultural hubs in Iran. However, 
the excessive use of water resources is a significant concern. The amount 
of surface and groundwater extraction in this county for agricultural 
purposes (both crops and orchards) is approximately 188.4 and 882.6 
million cubic meters, respectively. This consumption has led to a decline 
in groundwater levels and the Halil River. Therefore, given the 
increasing use of agricultural inputs, especially water, in this county, 
management planning for the optimal and sustainable use of these re
sources is essential (Regional Water Company of Kerman Province, 
2018; Mirzaei and Zibaei, 2021).

3. Data collection

The data on water consumption and resources in this study were 
obtained from reports by the Regional Water Company of Kerman 

Province. Data on agricultural products were sourced from the Agri
cultural Jihad Organization of South Kerman Province. Additionally, 
information on input consumption was collected using a questionnaire. 
The sample size was determined using Cochran (1931) formula for 
infinite populations. The sample size was estimated to be approximately 
120, given a 95 % confidence level and a margin of error about 0.09. We 
employed a multi-stage random sampling approach where: (1) villages 
were first randomly selected from each of Jiroft County's three districts 
(Central, Sarduiyeh, and Jebalbarez) proportionally to each district's 
share of the county's total villages; then (2) farmers within each selected 
village were randomly sampled, with district-level sample sizes 
weighted according to each district's population share. The question
naires were completed through face-to-face interviews with the selected 
farmers, followed by a pilot test involving 30 respondents to ensure the 
readability and clarity of the questionnaires. The content validity of the 
questionnaire was evaluated using the Content Validity Ratio (CVR) 
assessed by five experts, with analysis confirming all items were essen
tial for measuring the research objectives (CVR > 0.75). Prior to each 
interview, participants were informed about data protection measures, 
and both verbal and written consent were obtained at the beginning. All 
methods and materials complied with established guidelines and regu
lations, and the study was approved by a committee at the affiliated 
university. All procedures involving human participants adhered to 
ethical standards set by the institutional research committee, the 1964 
Helsinki Declaration and its subsequent amendments, and equivalent 
ethical standards. For data on the energy equivalents of various inputs 
and CO2 emissions per different crops in the model, studies by Sadeghi 
et al. (2020), Mirzaei et al. (2022), and Mirzaei et al. (2024b) were 
utilized.

Fig. 1. The geographical location of Jiroft County as the study area.
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4. Methodology

Fig. 2 shows the methodology framework of this study consists of 
three main parts. In the first part, the optimal sustainable allocation 
pattern, simultaneously achieving the WEFE nexus goals, was extracted 
using a multi-objective optimization model and the Non-dominated 
Sorting Genetic Algorithm II (NSGA-II). The second part obtained the 
results of allocation patterns due to the implementation of water 
resource management policies, including reducing available water re
sources, improving irrigation efficiency, and modifying the cropping 
pattern using the PMP model. Finally, the WEFE nexus criteria for the 
outputs of water resource management policies were estimated, and 
their distance from the nexus criteria in the optimal sustainable allo
cation pattern was calculated by the Distance to Optimal Solution Index 
(DOSI). Therefore, the policy with the lowest DOSI was selected as the 
appropriate policy for achieving sustainable agricultural development.

4.1. Multi-objective optimization model (optimal solution)

4.1.1. Objective functions
First, a multi-objective optimization model was designed to imple

ment the WEFE nexus goals. These goals include maximizing the WEF 
index (f1), minimizing the use of fertilizers (f2), minimizing the use of 
pesticides (f3), minimizing CO2 emissions (f4), and maximizing the 
score of wetland conservation (f5). It should be noted that Table 1
provides explanations of the symbols related to each set, variable, and 
parameter to facilitate the understanding of the equations used in the 
multi-objective model. 

f1→Max : ObjWEFV =
∑I

i=1

∑J

j=1
WEFIij.Land Vij (1) 

f2→Min : ObjFert V =
∑I

i=1

∑J

j=1
Fertij.Land Vij (2) 

Fig. 2. Methodology framework.
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f3→Min : ObjPest V =
∑I

i=1

∑J

j=1
Pestij.Land Vij (3) 

4→Min : ObjCO2 V =
∑I

i=1

∑J

j=1
CO2ij.Land Vij (4) 

5→Max : ObjWet V =
∑I

i=1

∑J

j=1
Wetij.Land Vij (5) 

The parameter WEFIij (Eq. (6)) is derived from the weighted com
bination of six criteria, including water and energy consumption, 
physical productivity of water and energy, and economic productivity of 
water and energy (El-Gafy et al., 2017; Sadeghi et al., 2020; Mirzaei 
et al., 2022; Saray et al., 2022). The water consumption criterion is 
extracted from the data in the reports available at the Kerman Regional 
Water Company. The details of the energy consumption criterion are 
taken from the studies by Sadeghi et al. (2020) and Mirzaei et al. (2022). 
Additionally, the physical productivity of water and energy is obtained 
through Eq. (7) and Eq. (8), and the economic productivity of water and 
energy is obtained through Eq. (9) and Eq. (10). 

WEFIij =
∑6

cr=1
Wcr.Nrcr,ij (6) 

RProdWat,ij =
CropYieldij

WaterConsij
(7) 

RProdEnergy,ij =
CropYieldij

EnergyConsij
(8) 

RProdEcoWat,ij =
NetBenCurrentij

WaterConsij
(9) 

RProdEcoEnergy,ij =
NetBenCurrentij

EnergyConsij
(10) 

The parameter Wcr represents the weight of importance for each 
criterion (cr), which is considered equally. The parameter Nrcr,ij repre
sents the normalized data of criteria in different regions, which is ob
tained for positive criteria (the more is the better) through Eq. (11), and 
for negative criteria (the less is the better) through Eq. (12) (Juwana 
et al., 2012) 

Nrcr,ij =
Rcr,ij − min

(
Rcr,i

)

max
(
Rcr,i

)
− min

(
Rcr,i

) For max is better (11) 

Nrcr,ij = 1 −
Rcr,ij − min

(
Rcr,i

)

max
(
Rcr,i

)
− min

(
Rcr,i

) For min is better (12) 

Four environmental objectives (fertilizer use, pesticide use, CO2 
emissions, and wetland conservation) highlight the link between the 
environment and the sectors of food, energy, and water. Data on fertil
izer and pesticide use, sorted by crop type, were gathered from farmer 
surveys. CO2 emissions, also categorized by crop, were calculated by 
multiplying the amount of input used by the CO2 emission coefficient for 
each unit of input (Table 2).

To evaluate the wetland conservation indicator, experts assessed 
data based on specific crops, assigning scores from 1 to 9 according to 
each crop's water consumption and the water reserved for the wetland's 
needs. A key consideration was the relationship between irrigation 
water use and wetland conservation. Higher water uses for irrigation 
resulted in lower conservation scores, highlighting potential redun
dancy in criteria. If only water consumption was considered, experts 
might overlook the importance of conserving water for wetlands. 
Therefore, to ensure accurate results and reduce errors, this criterion 
was included in the analysis.

4.1.2. Constraint functions
The two main constraints in the present model include the con

straints related to land resources (Eq. (13)) and water (Eq. (14)). The 
amount of water and land used in each region should not exceed the 
available water and land for cultivating different crops. 
∑J

j=1
Land Vij ≤ LandRHSi∀i (13) 

∑J

j=1

(
NetWatReqij

Effij

)

.LandVij ≤ WaterRHSi∀i (14) 

Apart from water and land, considering the status of agricultural 
inputs in different regions, a constraint is defined to prevent deviation in 
the use of each agricultural input from its available amount for each 
region. 

Table 1 
Explanations of the symbols related to equations.

Symbols Type Description

j ∈ {1, 2,…, J}
Set

Agricultural crops
i ∈ {1, 2,…, I} Agricultural regions
k ∈ {1, 2,…,K} Agricultural inputs

WEFIij

Parameter

WEF index of crop j in region I (value per ha)
RProdWat,ij Water physical productivity of crop j in region i

RProdEnergy,ij Energy physical productivity of crop j in region i
RProdEcoWat,ij Water economic productivity of crop j in region i

RProdEcoEnergy,ij Energy economic productivity of crop j in region i
Fertij Fertilizers consumption of crop j in region I (kg/ha)
Pestij Pesticides consumption of crop j in region I (lit/ha)
CO2ij CO2 emissions of crop j in region I (kg/ha)

Wetij
Score of wetland conservation of crop j in region I 

(score per ha)
CropYeildj Yield of crop j (kg/ha)

WaterConsij Water consumption of crop j in region i (m3/ha)
EnergyConsij Energy consumption of crop j in region i (Mj/ha)

NetBenCurrentij Current gross margin of crop j in region i ($/ha)
NetWaterReqj Net water required for product j (m3/ha)

LandRHSi Agricultural available land of region i (ha)
NetWatReqij Net water requirement of crop j in region i (m3/ha)

Effij Irrigation efficiency of crop j in region i (%)
LandRHSi Agricultural available land in region i (ha)
WaterRHSi Agricultural available Water in region i (m3)
InputTCijk Technical coefficient of input k for crop j in region i
InputRHSik Available amount of input of type k in region i
PriceCropij Crop price j in region i ($/kg)
InputPricejk Input of type k in region i ($ per unit of input)
WaterCost Water cost ($/m3)

NetBenCurrenti Current gross margin in region i ($)
ObjWEFV

Variable

Objective variable of WEF (value)
ObjFert V Objective variable of fertilizers consumption (kg)
ObjPest V Objective variable of pesticides consumption (lit)
ObjCO2 V Objective variable of CO2 emissions (kg)

ObjWet V Objective variable of wetland conservation score 
(score)

Land Vij Land allocated to crop j in region i (ha)

Table 2 
CO2 equivalent to the inputs used in the production of crops.

Inputs Unit CO2 equivalent (kg CO2 

eq)
References

Machinery h 0.071
Dyer and Desjardins, 

2007

Diesel fuel l 2.76 Dyer and Desjardins, 
2007

Nitrogen fertilizer kg 1.3 Lal, 2004
Phosphate 

fertilizer kg 0.2 Lal, 2004

Pesticides l 3.9 Lal, 2004

Electricity kwh 0.608
Dyer and Desjardins, 

2007
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∑J

j=1
InputTCijkLand Vij ≤ InputRHSik∀i, k (15) 

Finally, ensuring the current net profit of the regions is considered as 
a constraint for providing the minimum net profit.  

4.1.3. NSGA-II method
The NSGA method for multi-objective optimization, based on 

evolutionary operators such as selection, crossover, and mutation on the 
population of responses, is highly popular (Srinivas and Deb, 1994). 
Subsequently, modifications were made to the NSGA algorithm, and a 
newer, more powerful version called NSGA-II was developed (Deb et al., 
2002). In the present study, the NSGA-II method was used to solve the 
multi-objective optimization model. This method is widely used in 
multi-objective optimization problems due to its computational 
simplicity, acceptable convergence among solution sets with elitism, 
and high capability in solving constrained problems (Verma et al., 2021; 
Jiang et al., 2021; Sadeghi et al., 2023). Additionally, this method, using 
existing data, has the ability to reflect decisions and behaviors through a 
robust calibration process and, relying on microeconomic theory, pro
vides a more accurate modeling of the desired scenarios within a flexible 
framework (Deng and Zhao, 2024). The steps of the NSGA-II method for 
solving the multi-objective model of the present study are presented in 

Fig. 3 (Sato and Sato, 2022).
In the NSGA-II method, the Pareto dominance principle is used for 

non-dominated sorting of the population. Initially, the non-dominated 
individuals in the initial population are determined as the first rank 
and form the first front (F1). These individuals are then removed from 
the initial population, and the remaining non-dominated individuals 

form the second rank and the second front (F2), and are again separated 
from the initial population. This process is repeated for all individuals in 
the population until each individual is assigned to different fronts based 
on their ranks. Crowding distance ranking in the NSGA-II method is used 
to ensure diversity among the non-dominated fronts. By considering this 
ranking approach, the distribution of non-dominated responses is 
improved, leading to a wider range of trade-offs between objectives. 
Crowding distance acts as a criterion for prioritizing solutions based on 
their dispersion in a front. When comparing two solutions in a front, the 
solution with a higher crowding distance has a higher priority. This 
approach calculates the distance or difference between two adjacent 
individuals (solutions) (f i− 1 and f i+1) for the entire population. There
fore, the crowding distance for individual (solution) i (CDi) is calculated 
as per the Eq. (17). 

CDi =
∑m

i=1

f i+1
k − f i− 1

k

fmax
k − fmin

k
(17) 

Fig. 3. The steps of the NSGA-II method.

∑J

j=1
PriceCropij.CropYieldij.LandVij −

∑K

k=1

∑J

j=1
InputPriceik.InputTCijk.LandVij − WaterCost.

∑J

j=1

(
NetWatReqij

Effij

)

.LandVij ≥NetBenCurrenti∀i (16) 
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In Eq. (17), (f i− 1
k ) and (f i+1

k ) represent the value of the k objective 
function for the two individuals (solutions) adjacent to individual (i) 
(solution (i)), and (fmax

k ) and (fmin
k ) represent the maximum and minimum 

values of the k objective function among all individuals (solutions), 
respectively.

4.2. PMP model (policies effect)

To evaluate water resource management policies in each region, the 
PMP model was utilized with the aim of maximizing gross margin, 
considering a set of constraints related to water resources, land, and 
other inputs.   

Subject to :

∑J

j=1
InputTCijkLand Vij ≤ InputRHSik∀i, k

[
λk

i
]

(19) 

∑J

j=1

(
NetWatReqij

Effij

)

.LandVij ≤ WaterRHSi∀i
[
λW

i
]

(20) 

LandVij ≤ LandBaseij + ε∀i, j
[
ρij
]

(21) 

Eq. (18) represents the objective function for maximizing gross 
margin, Eq. (19) represents the input constraints excluding water input, 
Eq. (20) represents the water input constraint, and Eq. (21) represents 
the model calibration constraint. Therefore, λk

i and λW
i represent the 

shadow values of inputs excluding water and water input in different 
regions (i), respectively, and ρij represents the shadow value (dual 
values) of the production of crops (j) in regions (i). In the second stage of 
the PMP model, the dual values (ρij) obtained from the first stage are 
used to estimate the parameters of the nonlinear objective function. In 
this case, the observed activity levels in the base period are reproduced 
by the nonlinear model without calibration constraints (Howitt, 1995). 
In this study, a quadratic cost function for each region was used to 
calibrate the model, which has the following functional form: 

Cv = d´x+
1
2
x´Qx (22) 

In this cost function, d is a vector (ij×1) of the linear component 
parameters of the cost function, and Q is a positive semi-definite and 
symmetric matrix (ij×ij) of the quadratic component parameters of the 
cost function. x is a decision variable vector (1 × ij) related to the ac
tivity levels (cultivation levels) of each crop in each region. In other 
words, x is a vector of the decision variables LandVij . Howitt (1995)
showed that the marginal cost vector (MC) related to the cost function 
(Eq. (22)), is equal to the sum of the accounting cost vector (c) and the 
differential marginal cost vector (ρ). 

MCi =
∂Cv

i(x)
∂x

= d+Qx = c+ ρ (23) 

In the third stage of the PMP model, the nonlinear cost function 
estimated from the previous stage is incorporated into the objective 
function of the problem, creating a nonlinear programming model 
excluding the calibration constraints but including other system 

constraints. Therefore, the nonlinear objective function at this stage is as 
follows: 

maxZ =

(
∑I

i=1

∑J

j=1
PriceCropij.CropYieldij.LandVij

)

−

(

d.x+
1
2
.x´Qx

)

(24) 

4.3. Policies

The policies of this study were considered based on a literature re
view, the current state of agriculture in the Jiroft plain, and the objec
tives of the Seventh Development Plan. P1 aims to reduce available 
water resources by preventing illegal well drilling and monitoring the 

water consumption of wells in the study area to balance groundwater 
resources. This policy has been implemented as a 20 % reduction in 
access to groundwater resources (Mirzaei et al., 2022). P2 is defined as 
increasing irrigation efficiency through the improvement of water 
transfer channels and the implementation of modern irrigation tech
nologies in the study area. This policy has been implemented as a 20 % 
increase in irrigation efficiency of crops according to the region's con
ditions (Mirzaei and Zibaei, 2021). P3 represents the shift and modifi
cation of cropping patterns from water-intensive crops to low-water-use 
crops. This policy has been defined as a 30 % reduction in the cultivation 
of water-intensive crops, including alfalfa, corn, onions, tomatoes, and 
potatoes, and a 30 % increase in the cultivation of low-water-use crops, 
including barley and wheat (Mirzaei and Zibaei, 2021).

4.4. Calculation of DOSI

The DOSI index serves as a practical metric that measures the dis
tance of various policies from the optimal state using standard Euclidean 
calculations. While methodologically straightforward, this index proves 
to be an effective decision-making tool due to its simplicity and ease of 
interpretation. Based on the PMP model output, the values of water and 
energy consumption, physical water and energy productivity, and eco
nomic water and energy productivity criteria can be obtained. On the 
other hand, the optimal values of these criteria have been obtained using 
the multi-objective optimization model solved by the NSGA-II method. 
Thus, by calculating the total distance between the normalized values of 
the criteria obtained from the PMP model (OutPMP

cr ) and their normalized 
values from solving the multi-objective optimization model (OutNSGA− II

cr ), 
the proposed policies can be effectively evaluated. It should be noted 
that these criteria include the WEFI value, fertilizer consumption, 
pesticide consumption, CO2 emissions, and wetland protection score. 

DOSI =
∑5

cr=1

(
OutPMP

cr − OutNSGA− II
cr

)
(25) 

In conclusion, when ranking policies for sustainable agricultural 
development, those with positive DOSI values are prioritized over those 
with negative values. Among the positive DOSI values, a higher value 
indicates a better rank. Conversely, for negative DOSI values, a smaller 
absolute value signifies a better rank.

5. Results and discussion

In this section, the calculation and analysis of WEFE nexus criteria 

maxZ =
∑I

i=1

(
∑J

j=1
PriceCropij.CropYieldij.LandVij −

∑K

k=1

∑J

j=1
InputPriceik.InputTCijk.LandVij − WaterCost.

∑J

j=1

(
NetWatReqij

Effij

)

.LandVij

)

(18) 
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under the current pattern of the Jiroft plain were first addressed. Then, 
the results of the multi-objective optimal model in the context of the 
WEFE nexus were presented and analyzed. In the third part, the effects 
of water resource management policies on the WEFE nexus criteria were 
evaluated. Finally, the DOSI index for each policy was calculated, and 
the policies were ranked to achieve sustainable agricultural 
development.

5.1. Current pattern and WEFE criteria

Table 3 shows the current cropping pattern, yield levels, and the 
values of the WEF nexus criteria for the Jiroft plain. The largest culti
vated areas are allocated to potato and wheat, with 9700 and 7558 ha, 
respectively. Barley and seed-maize have the smallest cultivated areas, 
with 2469 and 2472 ha, respectively. The highest water consumption is 
for alfalfa and seed-maize, with 33,150 and 14,000 m3/ha, respectively, 
and the lowest is for barley and wheat, with 4956 and 6311 m3/ha, 
respectively. The highest energy consumption is for onions and potato, 
with 66,520 and 63,864 MJ/ha, respectively, and the lowest is for barley 
and forage corn, with 34,127 and 38,546 MJ/ha, respectively. The 
highest physical water and energy productivity is for green-maize and 
tomato. For green-maize being 7.134 kg/m3 and 1.440 kg/MJ, respec
tively, and for tomato being 3.881 kg/m3 and 0.752 kg/MJ, respec
tively. In contrast, alfalfa and seed-maize have the lowest physical water 
productivity, with 0.309 and 0.533 kg/m3, respectively, and barley and 
corn have the lowest physical energy productivity, with 0.088 and 
0.166 kg/MJ, respectively. The results of economic water and energy 
productivity show that the highest economic benefit per unit of water 
and energy consumption is for tomato and onion, with water economic 
productivity of 0.242 and 0.237 $/m3, respectively, and economic en
ergy productivity of 0.047 and 0.033 $/MJ, respectively. Barley and 
alfalfa have the lowest water economic productivity, with 0.018 $/m3 

and 0.023 $/m3, respectively, and barley and seed-maize have the 
lowest energy economic productivity, with 0.003 and 0.013 $/MJ, 
respectively.

The values of the WEF nexus criteria were normalized, and consid
ering equal importance weights for these criteria, the WEF index (WEFI) 
for the current pattern of the Jiroft plain was calculated and reported 
along with other environmental criteria of the WEFE nexus in Table 4. 

The results show that the highest WEF index values are for green-maize 
and tomato, with 0.765 and 0.743, respectively. In contrast, alfalfa and 
seed-maize have the lowest WEF index values, with 0.172 and 0.295, 
respectively. From an environmental perspective, the highest and lowest 
fertilizer consumption is for seed-maize, with 528 kg/ha, and barley, 
with 200 kg/ha, respectively. The highest and lowest pesticide con
sumption is for potato, with 3.9 lit/ha, and barley, with 1.1 lit/ha, 
respectively. The highest and lowest CO2 emissions are from the pro
duction of tomato and barley, with approximately 5165.705 kg and 
2015.277 kg of CO2 equivalent per hectare, respectively. Finally, in 
terms of protecting the Jazmourian wetland downstream of the Jiroft 
plain, barley has the highest score (6.86) and alfalfa has the lowest score 
(1.14).

5.2. Optimal pattern and WEFE criteria

The results obtained from the optimal cropping pattern with a set of 
WEFE nexus objectives, using the NSGA-II method, are presented in 
Table 5. The results show that the total optimal cultivated area is 3988 
ha less than the cultivated area in the current pattern. In the current 
pattern, the largest cultivated areas are allocated to potato and wheat, 
with 9700 and 7558 ha, respectively, and the smallest areas are allo
cated to barley and seed-maize, with 2469 and 2472 ha, respectively. 
However, in the optimal pattern, barley, with an increase of about 
14,879 ha compared to the current pattern, holds the first place in 
cultivated area (equivalent to 17,348 ha). Following that, tomato, with a 
cultivated area of 6908 ha and an increase of 1221 ha compared to the 
current pattern, hold the second place. Except for barley and tomato, the 
cultivated area of other crops in the optimal pattern has decreased 
compared to the current pattern, with the largest decrease related to 
potato and onion. Overall, it can be concluded that barley and tomato 
better meet the WEFE nexus objectives in the Jiroft plain compared to 
other crops. The prioritization of barley in the optimal cropping pattern 
is justified by its ability to meet the environmental objectives of the 
WEFE nexus. The main reason for the increase in tomato cultivation can 
be attributed to the high gross margin and yield of this crop compared to 
other crops, resulting in high physical and economic water and energy 

Table 3 
Area, yield and the values of the WEF nexus criteria in the current pattern.

Area (ha) Yield (kg/ha) WC (m3/ha) EC (Mj/ha) WP (kg/m3) EP (kg/Mj) WEP ($/m3) EEP ($/Mj)

Wheat 7558 4530 6311 44,350 0.718 0.102 0.098 0.014
Barley 2469 3020 4956 34,127 0.609 0.088 0.018 0.003
Alfalfa 2855 10,229 33,150 46,543 0.309 0.220 0.023 0.016
Potato 9700 32,192 9048 63,864 3.558 0.504 0.205 0.029
Onion 5500 33,508 9167 66,520 3.655 0.504 0.237 0.033
Cucumber 5431 16,201 8762 49,867 1.849 0.325 0.159 0.028
Tomato 5687 35,577 9167 47,322 3.881 0.752 0.242 0.047
Seed-maize 2472 7460 14,000 44,830 0.533 0.166 0.041 0.013
Green-maize 3150 55,490 7778 38,546 7.134 1.440 0.107 0.022

WC: Water Consumption, EC: Energy Consumption, WP: Water Productivity, EP = Energy Productivity, WEP: Water Economic Productivity, EEP: Energy Economic 
Productivity.

Table 4 
Coefficients of objective functions.

Crops WEFI Fert Pest (lit/ha) CO2 Wet

Wheat 0.386 355 1.3 2236.245 5.58
Barley 0.341 200 1.1 2015.277 6.86
Alfalfa 0.172 508 3.3 3389.541 1.14
Potato 0.524 443 3.9 4256.432 3.89
Onion 0.551 355 1.4 4039.551 3.76
Cucumber 0.496 453 1.4 3901.865 4.05
Tomato 0.743 506 1.2 5165.705 3.72
Seed-maize 0.295 528 2.4 2991.746 2.45
Green-maize 0.765 503 2.2 2703.489 4.52

Table 5 
Optimal cropping pattern using the NSGA-II method (unit: ha).

Crops Current Optimal Change

Wheat 7558 4279 − 3279
Barley 2469 17,348 14,879
Alfalfa 2855 2718 − 137
Potato 9700 2510 − 7190
Onion 5500 558 − 4942
Cucumber 5431 4634 − 797
Tomato 5687 6908 1221
Seed-maize 2472 0 − 2472
Green-maize 3150 1879 − 1271
Total 44,822 40,834 − 3988
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productivity.
To better understand the comparison between the current pattern 

and the multi-objective optimal pattern with WEFE objectives, the nexus 
criteria outputs in the optimal pattern were calculated and compared 
with the current pattern (Table 6). The results show improvements in 
fertilizer consumption, pesticide consumption, CO2 emissions, and 
wetland protection in the optimal pattern. The only criterion that is less 
favorable in the optimal pattern is WEFI. Fertilizer consumption reduced 
by approximately 18 %, from 426.277 kg/ha to 348.209 kg/ha. Pesti
cide consumption decreased by about 27 %, from 2.115 lit/ha to 1.545 
lit/ha. CO2 emissions lowered by around 15 %, from 3604.018 kg/ha to 
3073.970 kg/ha. Wetland protection score increased by about 26 %, 
from 4.110 to 5.162 per hectare. However, the results for WEFI are 
different from the environmental criteria, with this index decreasing by 
about 9 % per hectare, from 0.500 in the current pattern to 0.454 in the 
optimal pattern.

The analysis of the WEF nexus criteria in detail in Table 7 shows that 
the water and energy consumption criteria in the optimal pattern are 
more favorable compared to the current pattern. Water and energy 
consumption per hectare in the optimal pattern decrease by about 15 % 
and 17 %, respectively, compared to the current pattern. However, the 
physical and economic productivity of water and energy in the optimal 
pattern are less favorable compared to the current pattern, experiencing 
a decrease of between 20 % and 25 %. This finding can be attributed to 
the need to meet environmental objectives in the multi-objective opti
mization pattern, which has resulted in lower production levels and 

gross margin in the plain, and consequently, the physical and economic 
productivity of water and energy have not improved despite the 
reduction in water and energy consumption, and have even decreased.

To better interpret the trade-offs between economic and environ
mental objectives, the degree of fulfillment for each economic and 
environmental objective was calculated in both optimal and current 
patterns, and the results are presented in Fig. 4. The results indicate that 
the fulfillment of environmental objectives—including wetland protec
tion, CO2 emissions, and water, energy, fertilizer, and pesticide con
sumption—in the multi-objective optimal pattern is approximately 15 to 
30 % higher than in the current pattern. However, the gross margin 
objective (economic objective) in the multi-objective optimal pattern is 
about 40 % lower compared to the current pattern. This finding clearly 
demonstrates the conflict between economic objectives and all envi
ronmental objectives. Therefore, achieving environmental sustainability 
without reducing the economic profit of agriculture in the study area 
will not be feasible. Given the reduced fulfillment of economic objective 
in the multi-objective optimal pattern, implementing changes to the 
cropping pattern is highly challenging. This is because farmers would 
certainly not consider adopting such modifications due to the antici
pated decline in economic benefits. Consequently, practical imple
mentation of cropping pattern changes towards the optimal model can 
only be achieved through the application of incentive policies or regu
latory measures. Based on the results, it can be understood that The 
current agricultural practices in the Jiroft plain is unsustainable, and 
environmental issues such as water and energy consumption, fertilizer 
and pesticide use, CO2 emissions, and Jazmourian wetland protection 
have been ignored or given less attention.

5.3. Policies derived patterns and WEFE criteria

Table 8 shows the effects of implementing water resource manage
ment policies on cropping patterns and WEFE nexus criteria. By imple
menting the policy of limiting available water resources, the cropping 
pattern in the region shifts towards reducing the cultivation of all crops. 
The total cultivated area in the region decreases by about 9 %, from 
44,822 ha in the current pattern to 40,953 ha. A notable result is the 
significant reduction in the cultivated area of barley, leading to its 
removal from the cropping pattern. In other words, farmers in the re
gion, by implementing policies to limit well extraction, completely 
eliminate barley cultivation from their cropping pattern due to its low 
gross margin, and the impact of this policy on reducing the cultivation of 
other crops, especially water-intensive crops, is very minimal. Despite 

Table 6 
Comparison of WEFE nexus objectives between the optimal and current patterns.

Definition Unit Current Optimal Change (%) 

WEFI Value per ha 0.500 0.454 -9.306 

Fertilizers consumption kg/ha 426.227 348.209 -18.304 

Pesticides consumption kg/ha 2.115 1.545 -26.931 

CO2 emission kg equivalent/ha 3604.018 3073.970 -14.707 

Wetland conservation Score per ha 4.110 5.162 25.601 

Green indicates improvement, and red indicates deterioration of the criterion compared to the cur
rent pattern.

Table 7 
Comparison of WEF nexus criteria between the optimal and current patterns.

Definition Unit Current Optimal Change (%) 

WC m3/ha 10075.189 8557.879 -15.060 
EC Mj/ha 51534.190 42517.057 -17.497 
WP kg/m3 2.327 1.786 -23.252 
EP kg/Mj 0.455 0.360 -20.985 

WEP $/m3 0.135 0.101 -25.116 
EEP $/Mj 0.026 0.020 -22.904 

Green indicates improvement, and red indicates deterioration of the criterion compared to the cur
rent pattern.

0

0.5

1
CO2 emission

Wetland conservation

Fertilizers consumption

Pesticides consumptionEnergy consumption

Water consumption

Gross margin

Current Optimal

Fig. 4. The trade-offs between economic and environmental objectives in both 
optimal and current patterns.
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the reduction in cultivated area with this policy, the use of fertilizers, 
pesticides, and CO2 emissions per unit area increase by 2.76 %, 1.84 %, 
and 2.92 %, respectively, and the wetland protection score per unit area 
decreases by about 2.63 % compared to the current pattern. Therefore, it 
can be concluded that the policy of limiting well extraction and reducing 
available water resources for farmers does not lead to an improvement 
in the region's environmental criteria. This finding is because farmers, in 
the face of limited available water, despite the reduction in cultivated 
area, will try to focus most of this reduction on low-profit crops, 
resulting in a very slight reduction in the cultivated area of high-profit 
and water-intensive crops, which in turn improves the WEFE criteria.

Implementing the policy of improving water transfer channels and 
expanding modern irrigation technologies leads to an increase in the 
cultivated area of all crops except barley in the cropping pattern. The 
cultivated area of barley decreases from 2469 ha in the current pattern 
to 781 ha. Farmers, in response to this policy, increase the cultivation of 
water-intensive crops such as alfalfa. The cultivation of alfalfa increases 
from 2855 ha in the current pattern to 4060 ha. Changes in the cropping 
pattern with this policy lead to an increase in the use of fertilizers (by 
2.62 %), pesticides (by 3.36 %), and CO2 emissions (by 1.42 %) per unit 
area. This policy also results in a 0.60 % and 4.60 % decrease in the 
WEFE value and wetland protection score, respectively, compared to the 
current pattern in the region. Therefore, overall, with the implementa
tion of this policy, despite the maximum use of available land, all sus
tainability criteria compared to the current pattern in the region will be 
in a worse condition.

Implementing the policy of shifting the cropping pattern from water- 
intensive crops to low-water-consumption crops reduces the cultivated 
area in the region by 10.24 %. This policy increases the cultivation of 
barley, wheat, green-maize, and cucumber, and decreases the cultiva
tion of alfalfa, green-maize, potato, onion, and tomato compared to the 
current pattern. The most significant reduction in cultivated area is 
related to alfalfa, and the most significant increase in cultivated area 
compared to the current pattern is related to barley. The cultivation of 
alfalfa decreases from 2855 ha to 71 ha, and the cultivation of barley 
increases from 2469 ha to 5381 ha. In the pattern derived from the 
implementation of the cropping pattern reform policy, the use of fer
tilizers, pesticides, and CO2 emissions decrease by 6.49 %, 10.12 %, and 
3.86 %, respectively, and the WEFE value and wetland protection score 
increase by 3 % and 12.48 %, respectively, compared to the current 
pattern. Therefore, changes in the cropping pattern due to the imple
mentation of this policy improve all WEFE nexus criteria.

5.4. Evaluating policies based on sustainability criteria

To evaluate the sustainability of the policies, DOSI was calculated for 
each policy, and the results are presented in Fig. 5. The results show that 
the DOSI values for the current pattern and the patterns derived from the 
implementation of water resource management policies are all negative. 
Therefore, the ranking of the policies is based on the smallest to the 
largest absolute value of DOSI. Accordingly, the two policies of reducing 
available water and improving irrigation efficiency, with DOSI values of 
approximately − 2.89 and − 3.22 respectively, not only do not improve 
the sustainability of agricultural production in the Jiroft plain but also 
result in more unsustainable production compared to the current con
ditions (with a DOSI of approximately − 2.70). These findings are 
because, as a result of the policy to improve irrigation efficiency, farmers 
increase the cultivation of water-intensive and high-profit crops such as 
alfalfa and reduce the cultivation of low-water-consumption and low- 
profit crops such as barley, which weakens the environmental criteria 
and, consequently, the sustainability of the region. Additionally, 
reducing the available water forces farmers to reduce the cultivated 
area, which will primarily affect low-profit and low-water-consumption 
crops like barley, and will not significantly change the cultivation of 
high-profit and water-intensive crops. Therefore, these changes in the 
cropping pattern weaken the environmental criteria and, consequently, 

Table 8 
Comparison of the cropping pattern and WEFE nexus objectives between the policies derived patterns 
and current pattern.

Crops Unit Current P1 P2 P3

Wheat

ha

7558 7391 7633 7654

Barley 2469 0 781 5381

Alfalfa 2855 2081 4060 71

Potato 9700 9611 9773 8111

Onion 5500 5460 5531 4741

Cucumber 5431 5370 5475 5570

Tomato 5687 5646 5718 4921

Seed-maize 2472 2300 2668 506

Green-maize 3150 3094 3183 3277

Area ha 44822 40953 (-8.63) 44822 (0) 40232 (-10.24)

WEFI Value per ha 0.500 0.517 (+3.40) 0.497 (-0.60) 0.515 (+3.00)

Fertilizers 

consumption
kg/ha 426.227 437.992 (+2.76) 437.387 (+2.62) 398.548 (-6.49)

Pesticides 

consumption
kg/ha 2.115 2.154 (+1.84) 2.186 (+3.36) 1.901 (-10.12)

CO2 emission
kg 

equivalent/ha
3604.018 3709.385 (+2.92) 3655.191 (+1.42) 3464.990 (-3.86)

Wetland 

conservation
Score per ha 4.110 4.002 (-2.63) 3.921 (-4.60) 4.623 (+12.48)

Green indicates improvement, and red indicates deterioration of the criterion compared to the cur
rent pattern.
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Fig. 5. The DOSI values for the current pattern and the policies 
derived patterns.
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the sustainability of the region. However, the policy of shifting the 
cropping pattern towards crops with lower water requirements, with a 
DOSI of approximately − 1.19, can improve the sustainability of agri
culture in the region compared to the current conditions. Therefore, the 
cropping pattern reform policy is the only policy that can positively 
impact the sustainability of the region and bring it closer to optimal 
sustainable conditions.

The adverse effects of policies related to reducing available water 
resources (P1) and improving irrigation efficiency (P2) on environ
mental sustainability criteria stem from farmers' adaptive behavior to 
economic conditions (e.g., prioritizing high-yield but water-intensive 
crops) and the lack of economic incentives. More precisely, these re
sults highlight the stronger influence of system dynamics (e.g., farmers' 
economic behavior) compared to institutional constraints in the model. 
Thus, it can be inferred that efforts to steer farmers towards reduced 
water use through restrictive policies—such as tightening access to 
water resources or promoting modern irrigation systems without 
adequate economic incentives—fail to enhance environmental sustain
ability. The real-world implementation of crop pattern modification 
from water-intensive to low-water-use crops (Policy P3) faces three 
primary challenges: (1) farmer reluctance to transition from high-profit 
crops (Mirzaei and Zibaei, 2021), (2) potential market saturation from 
expanded barley cultivation (Karamian et al., 2023), and (3) necessary 
institutional support mechanisms for transition incentives (Mirzaei and 
Azarm, 2022; Layani et al., 2023).

5.5. Discussion

The present study's optimal pattern within the WEFE nexus frame
work demonstrated that increasing cultivation of barley crop would lead 
to improved agricultural sustainability. For example, Saray et al. (2022)
and Masaeli et al. (2023) found that increasing barley cultivation ach
ieves the WEF nexus objectives along with the environmental objective 
of reducing CO2 emissions. Mirzaei et al. (2024b) argued that consid
ering environmental objectives, including reducing the use of fertilizers 
and pesticides, reducing CO2 emissions, and increasing water salinity in 
the WEF nexus, the cropping pattern will shift towards more barley 
cultivation. Feng et al. (2024) examined that among wheat, cotton, rice, 
and maize, considering the WEF nexus objectives along with the goal of 
reducing CO2 emissions, wheat cultivation will increase due to lower 
water consumption and pollution compared to other crops like rice. 
Furthermore, increasing tomato cultivation is recommended to achieve 
WEFE nexus objectives in the present study. The study by El-Gafy et al. 
(2017) emphasized the high physical productivity of tomato within the 
WEF nexus. Karamian et al. (2023) found that tomato have the highest 
physical and economic water and energy productivity within the WEF 
nexus. The high physical water and energy productivity of tomatoes was 
also confirmed in the study by Hendy et al. (2024). Naraghi et al. (2024)
recommended increasing tomato cultivation to meet the WEFE nexus 
objectives. Mirzaei et al. (2024b) showed that tomato will be one of the 
main crops in pattern that simultaneously meet the WEFE nexus objec
tives, although with increasing water salinity, their cultivated area in 
the optimal pattern will decrease.

he study also reveals that current agricultural practices in Jiroft 
County are unsustainable. The unsustainability of the agricultural sector 
has also been proven in various case studies in Iran. For example, 
Sadeghi et al. (2020) concluded that the current agricultural pattern in 
the Shazand watershed in Markazi province is unsustainable, and by 
implementing the optimal pattern with WEF nexus objectives, energy 
consumption can be reduced and the physical and economic produc
tivity indices of water and energy can be improved. Mirzaei et al. (2022)
found that by implementing a pattern that meets WEFE nexus objectives, 
sustainable production in the Jiroft plain irrigation network is possible. 
They identified that environmental issues such as water, energy, fertil
izer, and pesticide consumption in the current pattern are not suitable, 
and by implementing WEFE nexus objectives, these criteria can be 

improved, and agricultural production sustainability in the target area 
can be achieved. Karamian et al. (2023) argued that adopting a pattern 
based on WEFE nexus objectives reduces water and energy consumption 
and environmental impacts in the Miandarband plain in western Iran, 
making the agricultural sector in the target area sustainable.

This study advances WEFE nexus research by quantitatively 
demonstrating the economic-environmental trade-offs that emerge 
when integrating environmental criteria (water/energy/chemical input 
reduction, CO₂ mitigation, and wetland conservation) into agricultural 
optimization - dimensions overlooked in previous works such as Saray 
et al. (2022), Mirzaei et al. (2022), Sánchez-Zarco and Ponce-Ortega 
(2023), and Feng et al. (2024). Our findings reveal that environmental 
objectives sharply conflict with economic goals, a trade-off less apparent 
in studies focusing solely on water-energy-food systems like El-Gafy 
et al. (2017), Sadeghi et al. (2020), and Peña-Torres et al. (2024). 
Crucially, due to these severe conflicts, certain policies (e.g., water 
availability reduction and irrigation efficiency improvement) fail to 
achieve sustainability without institutional incentives - a gap also 
identified by Mirzaei and Zibaei (2021), Mirzaei et al. (2023), and 
Schlemm et al. (2024). However, unlike these studies, our work differs 
fundamentally by: 1) employing a comprehensive WEFE framework 
with broader environmental criteria, and 2) developing a quantitative 
metric to measure the distance-to-sustainability.

Comparison of the current study's findings with previous research on 
the impact of water resource management policies on agricultural sus
tainability clearly reveals the research gap addressed in this study. For 
instance, Mirzaei and Zibaei (2021) found that implementing water 
resource management policies such as irrigation efficiency improve
ments led to enhanced environmental sustainability indicators, 
including reduced water consumption and preservation of the Jaz
mourian wetland in Jiroft County. Kalbali et al. (2021) demonstrated 
that water management policies like improved irrigation efficiency 
could mitigate climate change impacts and promote agricultural eco
nomic development. Zhang et al. (2023) showed that on-farm irrigation 
water management techniques like deficit irrigation, when combined 
with improved cropping patterns, appropriate cultural practices, and 
enhanced plant genetic structures, could achieve agricultural sustain
ability through reduced consumption and improved water productivity. 
Kazemi-nejad et al. (2024) concluded that water allocation policies 
could be considered the best approach for agricultural sustainability, 
though the optimal policy choice depends on specific regional condi
tions. A critical observation is that previous studies evaluated policies 
primarily based on water consumption/productivity or socio-economic 
aspects, without incorporating the comprehensive WEFE nexus frame
work that considers all environmental criteria in assessing water man
agement policies. Consequently, the common assertion that water 
resource management policies guarantee sustainable agricultural 
development is not supported by our findings. In fact, these policies may 
even have adverse effects and make regional agriculture less sustainable.

Overall, this study contributes to the WEFE nexus literature by 
demonstrating the feasibility of multi-objective optimization frame
works and policy evaluation in achieving sustainable agricultural 
development. The findings support a balanced approach that harmo
nizes economic and environmental objectives, while providing a repli
cable model for other regions facing similar challenges. Although the 
employed environmental indicators provide practical policy insights, 
they lack biophysical precision. Therefore, future studies should inte
grate: (1) hydrological modeling (e.g., WEAP and SWAT) to quantify and 
quality water and soil parameters, (2) LCA modeling to quantify CO₂ 
emissions and energy consumption, and (3) satellite-based validation (e. 
g., NDVI trends) to correlate scores with observed ecosystem health, as 
demonstrated by Duku et al. (2022).

6. Conclusions

Implementing the WEF nexus along with various environmental 
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considerations in the agricultural sector is a comprehensive approach 
aimed at balancing economic and environmental goals to ensure sus
tainable agriculture and food security. However, the application of 
various environmental dimensions and their combination with WEF 
nexus goals has been tested in various studies and is gradually evolving 
over time. In this study, an attempt was made to implement the most 
comprehensive type of WEFE nexus by considering WEF goals in com
bination with environmental goals, including minimizing the use of 
fertilizers, pesticides, CO2 emissions, and maximizing the wetland pro
tection score in the study area of Jiroft plain. The optimal pattern was 
extracted using the NSGA-II method. The distinction of this study from 
others lies in presenting a practical framework for evaluating water 
resource management policies in terms of achieving the intended nexus 
objective. For this purpose, the difference between the values of WEFE 
nexus criteria in patterns with the implementation of various water 
resource management policies and the values of these criteria in the 
multi-objective optimal pattern was calculated in terms of production 
sustainability in the agricultural sector. This study showed that water 
resource management policies do not necessarily ensure the move to
wards sustainable agricultural development. Among the policies exam
ined, it was found that efforts to expand modern irrigation technologies 
and government expenditure in this area, as well as restrictions on well 
extraction, considering the behavior of farmers in this region, cannot 
bring about sustainable agricultural development. These efforts may 
even have adverse effects on sustainability at the regional level, making 
agriculture in the region more unsustainable compared to the current 
conditions. In contrast, efforts to persuade farmers to reform the crop
ping pattern by replacing crops such as barley and wheat with crops like 
potato, alfalfa, onion, and green-maize can make the region's agriculture 
more sustainable. The findings of this study indicated that policy eval
uation should be comprehensive and consider all economic and envi
ronmental criteria. Hence, the model framework used in this study can 
be implemented in other study areas to evaluate various water resource 
management policies in those regions. However, incorporating more 
precise environmental metrics through hydrological modeling, life cycle 
assessment (LCA), and remote sensing—tailored to regional con
ditions—and integrating them with WEF nexus criteria can enhance the 
reliability of the optimal pattern for achieving agricultural 
sustainability.
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