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Extended Abstract

Introduction

Introduction The increasing pressure of population growth has placed significant constraints on finite land and water resources.
In arid and semi-arid regions like Iran, the combination of recurrent droughts and decades of groundwater over-extraction has
led to a severe water crisis. The Minab plain in Hormozgan province, a critical agricultural hub, exemplifies this challenge. It
has experienced a drastic groundwater level drop of nearly 14 meters, resulting in land subsidence and water quality
deterioration. To address this crisis, the “Groundwater Resources Revival and Balancing Plan” was initiated to enforce strict
limits on water extraction. However, a critical gap exists between this top-down policy and on-farm implementation. The
primary novelty of this study lies in bridging this gap. While numerous studies have applied Linear Programming (LP) for
general crop optimization, this research specifically utilizes the LP model as a practical tool to operationalize the water
balancing policy. It addresses the critical question of how farmers can adapt their cropping patterns to comply with the new
legal water withdrawal limits while simultaneously maximizing their economic returns. This research, therefore, provides a
scientifically-grounded strategy that aligns the goals of environmental sustainability with the economic viability of agriculture
in the Minab plain. Accordingly, the following sections detail the materials and methods employed, present and discuss the
results from the optimization model, and provide concluding remarks and policy recommendations.

Materials and Methods

The optimization problem was formulated as a Linear Programming (LP) model. The objective function was designed to
maximize the total net profit (Z) from all agricultural activities, defined as: Maximize Z = £ (BCi * Xi) where Xi are the
decision variables representing the area (ha) allocated to each crop i, and BCi is the net profit per hectare of that crop. This
maximization is subject to three key constraints: (1) Water Availability: Total annual water consumption (X Vi * Xi) must not
exceed the sum of available surface water and the legally mandated groundwater limit of 57.92 MCM. (2) Land Availability:
The total cultivated area (X Xi) must be less than or equal to the total arable land. (3) Cultivation Bounds: The area for each
crop (Xi) must remain within its observed historical minimum and maximum levels to ensure market stability and reflect
practical farming conditions.This study was conducted in the Minab plain, located in southern Iran, which covers an area of
approximately 652 km?. The region’s water supply is derived from both surface sources, primarily the Esteghlal Dam on the
Minab River, and groundwater extracted from the alluvial aquifer. To develop the optimization model, a comprehensive dataset
was compiled for twenty major crops cultivated in the area, covering grains, vegetables, melons, and forage crops.This data,
sourced from the Jihad-e-Agriculture Organization, the Regional Water Authority, and national statistical databases, included
historical cultivation areas (minimum and maximum bounds), crop yield, production costs, and market prices. Crop water
requirements were calculated using the NetWat software, which considers local climatic conditions and specific plant
characteristics. A Linear Programming (LP) model was formulated to solve the resource allocation problem. The model’s
objective function was designed to maximize the total net profit, calculated as the sum of net returns from all cultivated crops.
The model was subjected to a set of critical constraints: (1) Water resource availability, limiting total water consumption to the
sum of surface water allocation and the permissible groundwater withdrawal of 57.92 million cubic meters (MCM) as stipulated
by the balancing plan; (2) Land availability, ensuring the total cultivated area does not exceed the available arable land; (3)
Crop area limits, restricting the cultivation area for each crop to be within its observed historical minimum and maximum levels
to ensure market stability and crop diversity. To evaluate the impact of water management practices, the model was executed
under two distinct irrigation efficiency scenarios: Scenario 1 with 53% efficiency, representing the current situation, and
Scenario 2 with 65% efficiency, representing an improved condition achievable through modern irrigation technologies.

Results and Discussion

The results of the Linear Programming model provided distinct optimal cropping patterns for the two irrigation efficiency
scenarios. Under Scenario 1 (53% efficiency), the optimal solution allocated a total of 13,949 hectares for cultivation,
generating a maximum net profit of 8.37 trillion Rials. In this scenario, the cultivation areas for most crops were set at their
minimum allowable limits, with the exception of highly profitable crops like leafy vegetables, which were allocated a larger
area. This indicates that under current efficiency levels, water scarcity is the primary limiting factor for agricultural expansion.
In contrast, under Scenario 2 (65% efficiency), the model recommended a significantly larger total cultivation area of 21,382
hectares, resulting in an increased net profit of 10.55 trillion Rials. This represents a 53% increase in cultivated land and a 26%
rise in profit compared to the baseline scenario. The improved water use efficiency allowed for the expansion of high-value
crops such as green beans, peppers, cucumbers, and leafy vegetables to their maximum allowable cultivation limits. A crucial
finding is that both optimal scenarios successfully operated within the mandated groundwater withdrawal limit of 57.92 MCM.
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This is a substantial reduction compared to the average historical consumption of approximately 65.9 MCM between 2011 and
2014. Furthermore, the net profits generated under both optimized scenarios were significantly higher than the profits recorded
in those historical years. This demonstrates that a scientifically planned cropping pattern can simultaneously achieve the dual
goals of reducing groundwater over-extraction and enhancing farmers’ economic returns.

Conclusions

This study successfully demonstrated the effectiveness of Linear Programming as a powerful tool for optimizing cropping
patterns to address the intertwined challenges of water scarcity and economic viability in the Minab plain. The findings
conclusively show that it is possible to increase farmers’ net profits while adhering to strict groundwater withdrawal limits
necessary for aquifer restoration. The research highlights that improving irrigation efficiency is the most critical lever for
unlocking the region’s agricultural potential. A transition from the current 53% efficiency to a more achievable 65% can
substantially increase both the cultivated area and farmer income, creating a strong economic incentive for adopting sustainable
practices. The practical implications of this work are significant; the developed model serves as a robust decision-support tool
for policymakers and water resource managers. It is recommended that local agricultural authorities promote the outputs of this
model and facilitate the adoption of modern irrigation technologies through supportive policies and subsidies. By aligning the
financial interests of farmers with the long-term goal of water resource sustainability, this approach offers a tangible and
effective pathway to reviving the Minab aquifer while ensuring a prosperous agricultural future for the region.
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Figure 1. The location of the study area in Iran and Hormozgan Province
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Table 1. Amount of Water Released from Esteghlal Dam for Agricultural Use in the Minab Plain During the Water Year 2011-

2012 (MCM)
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
6.05 655 524 278 259 234 194 188 1.87 1.87 187 187 3691




Yoh

....................... 9 B (S teliy 1 odliiwl b Ol Cuid CuiS 5951 g 5Lwdiugy

Ol Cuid j3 2950 s by Curidg -Y Jou>
Table 2. Status of Existing Wells in the Minab Plain

Water Use Sector Number of Wells  Average Discharge (L/s) Actual Withdrawal (MCM)
Agriculture 763 9.15 76.87
Domestic 33 23.00 17.98
Industry & Services 19 1.50 0.20
Total 815 95.05
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Table 3. List of Major Crops and Cultivated Areas

Crop Cultivated Area (ha) ~ Yield (ton/ha)
Minimum Maximum Minimum Maximum Average
Irrigated Wheat 75 500 0.75 6.25 35
Irrigated Barley 10 50 05 8 4.05
Canola 50 155 15 3.13 231
Tobacco 179 300 0.55 3 1.77
Alfalfa 6 35 1.2 40 20.6
Green Bean 25 300 0.95 24 12.48
Tomato 2682 4213 13.69 46.6 30.15
Onion 2965 4860 3 455 2425
Eggplant 350 4000 243 60 42.15
Pepper 280 1571 0.84 38 19.42
Watermelon 3500 5900 0.02 44.25 22.13
Cucumber 2000 3334 17 45.33 31.17
Squash 30 100 20 40 30
Leafy Vegetables 10 4500 1.33 24.99 13.16
Grain Corn 50 120 2.08 94 5.74
Forage Corn 50 150 30 240 135
Green Fava Bean 50 3500 3.18 25.28 14.23
Garlic 10 11 5.5 8 6.75
Sorghum 30 200 0.34 88.33 44.33
Cantaloupe >0 100 14 > 1930
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Table 4. Cultivated Areas of Various Crops After Optimization of Cropping Pattern Considering Conditions, Constraints, and
Irrigation Efficiencies
Current Cultivated Area

Crop (ha) Optimal Cultivated Area (ha)
Minimum Maximum 53% Efficiency 65% Efficiency
Irrigated
Wheat 7 500 75 75
Irrigated
Barley 10 >0 10 10
Canola 50 155 s s
Tobacco
179 300 179 179
Alfalfa
6 35
6 6
Green Bean 25 300 ’s 200
Tomato
2682 4213 2682 2682
Onion
2965 4860 2965 2965
Feeplant 350 4000 350 1870
Pepper
280 1571 280 1571
Watermelon
3500 5900 3500 3500
Cucumber
2000 3334 2000 3334
Squash 30 100 20 100
Leafy
Vegetables 10 4500 1557.66 4500
Grain Corn 50 120 s s
Forage Corn 50 150 s s
Green Fava
Bean 50 3500 50 50
Garlic 10 11 0 0
Sorghum 30 200 30 30
Cantaloupe 50 100 50 50

ColS p 5 g B 51 65kl Glonly ciliisee (gLogs yliw gl dung Lo 0 Jou>
Table S. Comparison of Cultivated Areas Under Different Irrigation Efficiency Scenarios
Scenario / Constraint Total Cultivated Area (ha)

53% Efficiency Scenario 13,949.66
65% Efficiency Scenario 21,382.00
Sum of Lower Bounds 12,402.00
Sum of Upper Bounds 33,899.00
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Table 6. Comparison of Optimized Cultivated Areas Under Irrigation Efficiency Scenarios of 53% and 65% with Cultivated
Areas During the Statistical Period 2011-2015

Crop Optimal Area @  Optimal Area @ Area Area Area Area Area
65% 53% 2011 2012 2013 2014 2015
Irrigated Wheat 75 75 200 400 300 500 500
Irrigated Barley 10 10 10 10 50 50 50
Canola 50 50 0 0 0 0 50
Tobacco 179 179 250 250 300 300 300
Alfalfa 6 6 20 20 35 35 35
Green Bean 300 25 200 10 50 200 50
Tomato 2682 2682 3500 4213 4000 3700 2800
Onion 2965 2965 3750 3054 0 3600 2956
Eggplant 1870 350 3650 2929 350 4000 4000
Pepper 1571 280 330 1571 0 350 350
Watermelon 3500 3500 3586 3794 4500 5900 4000
Cucumber 3334 2000 2000 2389 0 0 2800
Squash 100 30 80 70 0 0 0
Leafy Vegetables 4500 1557.66 10 0 4500 0 30
Grain Corn 50 50 50 0 100 100 100
Forage Corn 50 50 50 50 120 0 0
Green Fava Bean 50 50 50 50 3500 50 0
Garlic 10 10 10 0 0 0 11
Sorghum 30 30 30 120 20 120 120
Cantaloupe 50 50 50 0 100 100 100
Total Area (ha) 21382.01 13949.66 17826 18930 17925 19005 18525
Groundwater Use 65.89 65.89 65.89 65.89 65.89
MCM)
Net Profit (10712 10.55 8.367 6.81 7.79 7.05 5.47 7.24
Rials)
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Table 7. Summary and comparison of total area, water consumption, and net profit for optimal scenarios versus historical years
(2011-2016).

6% Efficiency  33%Efficiency )1\ 1) 501213 201314 201415 2015-16

Scenario Scenario
Total Area (ha) 21,382.01 13,949.66 17,826 18,930 17,925 19,005 18,525
Groundwater Consumption
- - 65.89 65.90 65.89 65.89 65.89
(MCM)
Net Profit (10" Rials) 10.55 8.37 6.81 7.79 7.05 5.47 7.24
Difference 111. Groundwater i i 797 708 797 797 796
Consumption (MCM)
Profit Difference from 53%
- - -1.56 -0.58 -1.32 -2.90 -1.13
Scenario (10 Rials)
Profit Difference from 65%
- - -3.74 -2.76 -3.50 -5.08 -3.31
Scenario (10 Rials)
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Figure 2. Comparison of Total Cultivated Areas Under Optimized Model Scenarios with Cultivated Areas During the Statistical
Period of 2011-2015
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Figure 3. Comparison of Net Profit of Crops Under Optimized Model Scenarios with Net Profit of Crops During the Statistical
Period of 2011-2015



S S —

9 b (5325800 5l o3l b Olise Cods CulS (5551 (5 jlwaing

=} =2 =] =)
o N N 0

Groundwater Consumption (MCM)
(=)
o

58
56
54
52
Crop area  Crop area 2011
(65%) (53%)

1FAE 6T sl o skl 098 5o OV gazme Sl ) ot b (Gilediug Jow g sl 30 (Swed ) SROT Cuild 3 Ol o 4w o Jloges & Jo
Figure 4. Comparison of groundwater consumption in the optimal scenarios (65% and 53% efficiency) with historical agricultural
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