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Introduction

The agricultural sector’s strong dependence on water and energy resources for ensuring food security for the
growing global population amplifies the necessity of enhancing water and energy efficiency in agricultural
products, while simultaneously maintaining the health of society and the environment. Sustainable provision of
water and energy is one of the main challenges to development in all countries. Since the agricultural sector is one
of the largest consumers of water and energy, any disruption in their supply can significantly impact agricultural
production levels. Increasing efficiency and optimizing energy consumption management are key strategies for
mitigating the environmental effects caused by food production processes. This approach not only creates
economic benefits but also plays a crucial role in achieving the long-term sustainability of production systems
through the conservation of fossil resources and reduction of air pollution. Consequently, extensive research has
been focused on energy management. On the other hand, unsustainable use of agricultural inputs such as chemical
fertilizers, pesticides, and fossil fuels leads to serious consequences, including global warming, biodiversity loss,
and degradation of soil and air quality. Therefore, sustainable management of these inputs is essential and
inevitable for maintaining environmental balance and achieving sustainable development. Thus, the challenges of
food security and the need for sustainability of energy resources in modern agriculture have heightened the
importance of assessing energy consumption efficiency. Energy footprint analysis serves as an effective tool for
identifying high-consumption areas and providing managerial and technological solutions to improve energy
efficiency in agricultural production.

Materials and Methods

This research was conducted with the aim of examining the personal characteristics of farmers, analyzing
energy consumption, and assessing energy indicators in the cultivation of three major crops: rice, forage corn, and
potatoes, in the districts of Dorud, Kuhdasht, and Azna, respectively, in Lorestan Province. Data were collected
through questionnaires and face-to-face interviews with farmers and analyzed using statistical methods. The input
energy indicators included chemical fertilizers, fuel, irrigation water, seeds, and human labor. The main sections
of the questionnaires included: (1) general information about the farmer and the farm, such as age, education, work
experience, and land area; (I1) information regarding the amount of input consumption, including human labor,
machinery, chemical inputs, fuel, irrigation water, and seeds; and (l11) information regarding crop yield. The
statistical population consisted of one thousand active farmers involved in rice production (in Dorud), forage corn
(in Kuhdasht), and potatoes (in Azna). To determine the sample size, the Cochran formula was used with a
confidence level of 95% and a margin of error of 7%. To calculate the energy equivalent of inputs and outputs, all
production inputs and outputs were converted to energy equivalents in terms of megajoules per hectare (MJ/ha).
In this research, indicators such as Energy Ratio, Net Energy Yield, Energy Efficiency, and Water Use Efficiency
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were employed.

Results and Discussion

The findings indicated that the majority of farmers were in the age range of 40-50 years, with primary or high
school education, and had a minimum of five years of farming experience. Their predominant crop was forage
corn. The findings indicated that the highest input energy consumption was observed for potatoes, with 123048
MJ ha™ 1, of which fuel energy accounted for 58.17%. It was followed by rice with 121117.09 MJ ha™ t (fuel
energy share: 50%), and forage maize with 98644 MJ ha™ %, where 60.85% of the total energy input was derived
from fuel consumption. After fossil fuels, agricultural machinery, with an average share of 30%, and chemical
fertilizers, with an average of 10%, ranked nex. The energy share of irrigation water in rice was 11236.39 MJ ha™ *
(9.28%), which was significantly higher compared to the other two crops.

Conclusion

Overall, the results revealed that potato had the highest total input energy (123048 MJ ha™ 1) and output energy
(151200 MJ ha™ 1), while forage maize had the lowest input energy (98644 MJ ha™ ).

Keywords: Energy consumption, Energy productivity, Irrigation water, Lorestan province, Nitrogen fertilizer
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Table 4- Energy consumption in the cultivation of studied crops

& ladgle &5 0w
S guano 03l Rice Fodder corn Potato
&5 Sy ol Span ol Span olie
Energy &5 &5l vy 5! s 3 &5 5l ey
cons.umption Energy Percentage Energy Percentage Energy Percentage
input consumption of total consumption of total consumption of total
(MJ/ha) (MJ/ha) (MJ/ha)
Ll o
. d)_ T 11236.39 9.28 2027.86 2.06 2550.00 2.07
Irrigation water
;>941» 60543.31 50.00 60017.08 60.85 71584.09 58.17
ue
Y il
u***’ 40033.95 33.05 25204.50 25.55 32678.80 26.56
Machinery
OFs s 35
Nitrogen 7252.14 5.96 9372.59 9.48 7810.00 6.35
fertilizes
Py
23S )6 s pmSale
S S ike) 1496.16 1.24 1506.27 1.53 1745.80 1.42
(oxf 5o
Insecticides
N3 3L 551 14.91 0.02 26.46 0.03 19.97 0.02
Labor energy
» 540.23 0.45 489.50 0.50 6660.00 541
Seed
S35 S5A S
(e S sl) 121117.10 100.00 98644.25 100.00 123048.66 100.00
Total energy
input
w9 &3 IS
(s S 1) 55000.00 - 406250.00 - 151200.00 -
Total energy
output
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Table 5- Energy consumption of the studied products, broken down by agricultural operation

. pb - . — TS 3 RT3 b
ldas U 37 3 R 5 2 LTS . o yiS i)
. Jypao sl cd 855 i e S
i el o * Seed gre OIF s 9 eoisE,B
Agricultural 4 Machinery Fuel Energy Irrigation Nitrogen J A
Operation Crop Energy Energy Water Fertilizes Labor (o s
Name Energy Insecticides
@x 1881.00 9468.00 - 2239.20 - 3.92 -
Rice
SinpSt N 627.00 3156.00 - - - 7.84 -
Tillage Corn
(i 752.40 3787.20 - - - 5.80 -
Potato
R@i"é’é 250.80 789.00 540.23 3262.48 7252.14 2.94 -
— = 125.40 631.20 489.50 674.35 9372.59 5.88 -
Planting Corn
CARASH 175.50 82060  6660.00  1203.78 7810.00 3.92 -
Potato
@r 37620.00  48865.91 - 5733.69 - 2.52 -
; Rice
ol shey -3
Water = 24076.00  54809.68 - 1352.00 - 5.88 -
; Corn
Pumping o
e 31350.00  65335.89 - 1345.00 - 4.72 -
Potato
@x 94.05 158.00 ; 1.02 - 1.96 1496.16
Rice
e = 156.70 473.40 - 1.53 - 2.94 1506.27
Pesticide Corn
R 250.50 631.20 - 1.22 - 3.53 1745.80
Potato
Er 188.10 1262.40 ; ; ; 357 ;
Rice
— <0 219.40 946.80 - ; - 3.92 ;
Harvesting Corn
R 150.40 1009.20 ; . - 2.00 -
Potato
adllao 3590 Y guase )3 (559) Comnd =1 Jou>
Table 6- Energy ratio of the studied crops
Jgazo (MJ/ha) 63959 $55! (MJI/hA) gy8 558! (855! S
Crop Energy input Energy output Energy ratio
@x 121117.0929 55000 0.45
Rice
61@91; CJ)S
98644.254 406250 4.11

Forage corn

i 123048.66 151200 1.22
Potato
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Table 7- Net energy efficiency in the studied crops

Jopase  (MIha) 39,9 5591 (MIIha) (agys g5 (MI/ha) 5,91 LAl 035L
Crop Energy input Energy output Net energy yield (MJ/ha)
G_;f‘ 121117.0929 55000 -66117.0929
Rice
lbsle <0 98644.254 406250 307605.746
Forage corn
(i 123048.66 151200 28151.34
Potato
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Table 8- Energy productivity of the studied crops

Jpame S99 S35 Jgate 3,8es S318,590 4
Cro (MJ/ha) (kg/ha) (MJ.kg)
P Energy input Crop yield Energy efficiency (MJ.kg)
é_j” 121117.0929 3500 0.02
Rice
SMdole )3
98644.254 30000 0.30
Forage corn
@I 123048.66 42000 0.34

Potato
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Table 9- Water-energy productivity efficiency in the studied crops

Jpame  (MI/ha) g bl of Joleo 55551 (kg/ha) Jomamo 3 ySdas

(kg-MJ) Of & o 1,18

Crop Energy water irrigation Crop yield Water consumption efficiency (kg.MJ)
e 11236.39 3500 0.31
Rice
el <2 1924.63 30000 155
Forage corn
St 2550 42000 16.4
Potato
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Introduction

The common bean is an important legume cultivated by farmers in various regions using low-input practices.
It originated in South and Central America and is now cultivated in all tropical and temperate regions worldwide.
Asia accounts for 43% of global bean production, while the Americas (North, Central, and South America) account
for 29%, and Africa for 26%. Bean seeds, containing approximately 22% protein, are a valuable alternative to
animal protein sources. Iran is an arid and semi-arid country that faces the problem of resource shortages,
especially water. Undoubtedly, modifying consumption patterns as well as optimizing the use of agricultural inputs
will lead to increased food security.

Materials and Methods

The experiments were conducted at the research farm of the Campus of Agricultural and Natural Resources
(34°,19" N, 47°, 50" E and altitude 1320 m) of Razi University in the Kermanshah region, located in western Iran,
over three years from 2021 to 2023. In terms of climatic divisions, this region is located in the temperate
mountainous regions with a Mediterranean climate. The experiments were conducted in a split plot in a randomized
complete block design with three replications. The treatments included irrigation water amount as the main factor
(providing 100% of the water requirement, equivalent to 7300 m® ha? (IR100%), providing 80% of the water
requirement, equivalent to 5840 m3 ha* (IR80%), and providing 60% of the water requirement, equivalent to 4380
m? ha* (IR60%) for 2021. Because the amount of water required by the plant is determined according to climatic
factors, the amounts of irrigation water in each treatment were determined as 6800, 5440, and 4080 m? ha'* for
2022 and 7200, 5760, and 4320 m? ha* for 2023, respectively. Three common red bean cultivars, including Ofogh,
Yaghoot, and Derakhshan, were also considered as secondary factors. The soil water status, leaf area index (LAI),

light absorption, total dry weight (TDW), light use efficiency (LUE), and grain yield (GY) were measured.

Results and Discussion

The soil volumetric water content fluctuated as a function of the amount of water entering the soil (irrigation)
and the amount of water leaving the soil (evaporation from the soil surface and transpiration by the plant). Soil
volumetric water content varied in different irrigation treatments. Regardless of the red bean cultivars, the highest
and lowest soil water content were observed in the IR100% and IR60% treatments during 2021-2023, respectively.
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The volumetric soil water content also varied for the studied red bean cultivars during the experimental period.
Regardless of irrigation treatments, the highest and lowest soil water content were observed for the Ofogh and
Derakhshan cultivars, respectively. The Ofogh cultivar had a shorter growth period than the other cultivars, so it
required less irrigation water. It seems that the Ofogh cultivar absorbed water from the soil more quickly in the
early stages of growth, which led to a sharp decrease in soil moisture content. But at the end of the growing season,
as the air gradually cooled, soil moisture content increased again due to a decrease in water absorption by the
Ofogh cultivar. The Yaghoot cultivar required more irrigation water than the Ofogh cultivar due to its unlimited
growth, and in the middle of its growth period, due to the greater development of leaves in the canopy, it absorbed
more water from the soil, which led to a more severe decrease in soil moisture. The changes in soil water content
for the Derakhshan cultivar were almost similar to the Yaghoot cultivar. Due to the longer growth period of
Derakhshan cultivar compared to other cultivars, more irrigation water was absorbed by this cultivar, which led to
a sharp decrease in soil volumetric water content at the end of the growth period. The results showed that soil
moisture content varied significantly among irrigation treatments and cultivars. Severe water deficit stress reduced
LAI, TDW, and GY. The highest LUE in the vegetative and reproductive stages for the Yaghoot cultivar compared
to other cultivars were 1.36 and 0.54 g MJ, respectively. In 2022, the evaluated traits were higher than in 2021
and 2023, due to the lower average temperature (27°C) during the growing season. Regardless of year, the highest
grain yield (192.5 g m?) belonged to Ofogh cultivar under optimum irrigation conditions, and the lowest grain
yield (80.9 g m) belonged to Derakhshan cultivar in severe water stress conditions.

Conclusion

The results of this study showed a positive effect of irrigation on the light absorption and LUE of common
bean cultivars. Severe water stress reduced the ability of the crop to maintain leaf area during the growth period.
Finally, the reduction in light absorption, LUE, and the length of the bean growth period due to drought stress led
to lower TDW and GY.

Keywords: Grain yield, Leaf area index, Soil volumetric moisture, Water deficit stress
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Figure 1- Temperature changes in Kermanshah during the growth period in 1400 to 1402
(Kermanshah Meteorological Organization. www.kermanshahmet.ir)
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Table 1- Monthly cumulative precipitation (mm) in the Kermanshah region during experiment years
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Table 2- Physicochemical properties of the soil at the exprimental site in 0-30 cm
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Figure 2- The effect of different irrigation treatments on the soil water content of red bean cultivars. A: Ofogh,
B: Yaghoot, C: Derakhshan
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Figure 4- The effect of different irrigation treatments on the solar radiation absorption of red bean cultivars. A: Irrigation

60%, B: Irrigation 80%, C: Irrigation 1007,
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Table 3- Variance analysis of red bean grain yield under the influence of irrigation and different cultivars during 1400—
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5 o @33l 4y Ol yo (Sl
Sources of variation Degree of freedom Mean squares
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Year (Y)
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Y x|
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Interaction slicing of cultivars in every level of irrigation
sl $jl 4y Slaypo (31 Slo
Irrigation Degree of freedom Mean squares
60% 2 1234**
80% 2 1341%**
100% 2 1167**
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", * and ** show non-significant difference, significant difference at the 5 and 1% probability levels, respectively.
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Table 4- Effects of interaction of irrigation and cultivar on red bean grain yield
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Introduction

Water scarcity, as one of the main challenges in the agricultural sector, especially in arid and semi-arid regions,
has doubled the necessity of optimizing water use in the production of strategic crops such as sugar beet.
Determining an optimal irrigation pattern that can simultaneously meet performance, technical, and economic
objectives requires a comprehensive and multi-dimensional approach. Traditional evaluation methods, which often
focus on one or a limited number of indicators, are unable to provide a complete picture of the trade-offs between
different criteria. In this regard, Multi-Criteria Decision-Making (MCDM) methods, with their capability to
simultaneously and compromisingly evaluate quantitative and qualitative indicators, are considered effective tools
for prioritizing management options. This research aimed to evaluate the effects of different levels of management
allowable depletion (MAD) on functional, technical, and economic indicators in a sugar beet irrigation system.
Given water resource limitations and the need to optimize agricultural water use, determining the appropriate
MAD level can significantly enhance crop productivity and profitability. The study employed the VIKOR
(VlseKriterijumska Optimizacija | Kompromisno Resenje) multi-criteria decision-making method to select the
best irrigation treatment. This investigation was conducted within the context of increasing global water scarcity
and the critical need for sustainable agricultural practices. Efficient irrigation management is paramount for
ensuring food security and the economic viability of farming operations. By systematically analyzing the trade-
offs between water conservation, crop yield, and economic returns under varying soil moisture regimes, this study
provides a comprehensive framework for informed decision-making. The application of the VIKOR method is
particularly suited to this problem, as it facilitates the identification of a balanced compromise solution that
reconciles potentially conflicting objectives inherent in agricultural water management, thereby offering a robust
scientific basis for optimizing sugar beet irrigation strategies in water-limited environments.

Materials and Methods

Integrated Methodology Section (Final Version): This experiment employed a randomized complete block
design (RCBD) to systematically evaluate the impact of irrigation treatments. The study was conducted at the
experimental field of the Soil and Water Research Institute in Karaj, Iran. Three distinct levels of management
allowable depletion (MAD), specifically 40%, 60%, and 80%, were applied as the main treatments, each replicated
four times to ensure statistical reliability and account for field variability. A comprehensive dataset was collected,
encompassing key agronomic and economic indicators: crop evapotranspiration (ETc), root yield, water
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productivity (WP), energy productivity, and relevant economic metrics. For the statistical analysis of the data
derived from the randomized complete block design, analysis of variance (ANOVA) was utilized. This analysis
was conducted to examine the statistical significance of observed differences among the various irrigation
treatments for each measured trait. In cases where the treatment effect was significant, Duncan's multiple range
test at the 5% probability level was used to separate the means. To assess the reliability of the results and investigate
the sensitivity of the final ranking to potential variations in criterion weights or data fluctuations, a sensitivity
analysis based on Monte Carlo simulation was also performed. In this analysis, by introducing controlled random
variations to the input parameters of the VIKOR model, the stability and robustness of the final ranking of the
options were evaluated. The VIKOR multi-criteria decision-making method was subsequently applied to this
integrated dataset. This method was chosen for its proven efficacy in handling complex decisions involving
conflicting and non-commensurable criteria, allowing for the identification of a compromise ranking that best
satisfies all evaluation parameters under the given experimental conditions. The integration of results from the
analysis of variance, mean comparison tests, and Monte Carlo sensitivity analysis with the output of the VIKOR
method provided a robust and multidimensional analytical framework for deriving valid and applicable
conclusions.

Results and Discussion

The results demonstrated that the MAD=60% (T2) treatment optimally balanced root yield, WP, energy
productivity, and benefit-cost ratio, emerging as the superior option. In the first year, this treatment achieved a
VIKOR index (Q=0.2971), a root yield of 36.35 t/ha, and a WP of 5.07 kg/m3. In the second year, it recorded a
VIKOR index (Q=0.1463), a root yield of 45.4 t/ha, and a WP of 5.8 kg/m3, confirming its superiority. To ensure
the reliability of the results, a Monte Carlo sensitivity analysis was performed. This analysis confirmed the stability
of the MAD=60% treatment, with probabilities of 85.94% (first year) and 100% (second year). These findings
indicate that MAD=60% performs consistently under varying conditions.

Conclusion

The study concludes that MAD=60% is the optimal irrigation strategy for sugar beet cultivation under normal
water resource conditions, excelling in functional, technical, and economic performance. These findings can guide
farmers and policymakers in improving water management and crop efficiency.
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Table 1- Soil physical and chemical properties
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soil ~ Soil  (K) (P)  (N) sbeds D 0 (PWP)  (FC)slyy 625
depth teXture (opm) (ppm) (%) CaCOx(%) (OC) (BC)  wwoe) (wiwoe) Bulkdensity
(cm) (%) (dS mh (gcm?)
0-30  Loam 230 7.2 006 12 055 7.7 0.72 95 19.2 152
3060 Loam 220 6.8 0.5 16 041 7.8 0.58 8.5 18.8 1.58
Sl O (obowsd (o S50 -T Joso
Table 2- Irrigation water chemical properties
Gosl o Gis ey SNl O WIS Gl S prie S pre
(;“:') w2 (S.AI.Q)-%.M (EC) SO CI HCOsy Mg Ca* Na*
(dS m) (meq L)
75 0.35 0.56 06 07 33 02 39 05
=) clles

Alide glacuyiae o LB sda 3, A Gl
sk
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3- Permanent Wilting Point
4- Readily Available Water
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1- Total Available Water
2- Field Capacity
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Table 3- Input and output energy coefficients
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sl T1 10383 41350 654.13 159776.40 244.27
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First T3 5968 26680 375.98 103091.50 274.25
\ T1 11094 47680 698.92 184235.50 263.58
£s T2 9539 45400 600.96 175425.60 291.91
Second T3 6188 34350 389.84 132728.40 340.67
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Table 4- Multi-criteria decision-making (MCDM) decision matrix
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Table 5- Analysis of variance for quantitative and qualitative traits of sugar beet (first year)
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Root water productivity Evapotranspiration Root yield

GoSimd by Skos

(Sources of variation) (Degrees of freedom)

MS
(Block) s, 3 0.04 26.10 1.68
(Treatment) ,los 2 0.36" 133886/80 ™ 222.63™
(Error) s 6 0.06 99.42 2.37
CV% 4.95 1.45 4.43
Slaype (31:5ke :MS

deoyd g 5 S5 s 53 (51 xe g (5 )b e pae LByme i 5y KKK NS

MS: Mean Squares
ns, **, and * indicate non-significant, significant at 1%, and significant at 5% levels, respectively
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Table 6- Comparison of mean quantitative and qualitative traits of sugar beet based on Duncan’s
test at the 5% level (first year)

s oy &l (5590 542 § R oS Ay y 3o
I Root water productivity Evapotranspiration Root yield
Treatment (kg m) (mm) (ton ha't)
T1 4.86b 851.40 a 41.35a
T2 5.07 ab 716.60 b 36.35Db
T3 5.45a 489.40 c 26.68 C
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Table 7- Analysis of variance for quantitative and qualitative traits of sugar beet (second year)

S o &3l51 4y adyy & (5590 50 X yuad ady ) 3 Ses
(Sources of variation) (Degrees of freedom) Root water productivity E’\\//laspotranspiration Root yield
(Block) <L 0.11 39.15 2.30
(Treatment) ;Lo 2.41™ 169018.42 ™ 203.20™
(Error) las 0.08 74.40 2.52
CV % 4.68 1.18 3.73
Slaye 1Ske :MS
Lo gy 5 Se g 33 e 5 G pas Bpee 4 T NS

MS: Mean Squares
ns, **, and * indicate non-significant, significant at 1%, and significant at 5% levels, respectively
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Table 8- Comparison of mean quantitative and qualitative traits of sugar beet based on
Duncan's test at the 5% level (second year)

s adyy <l 559042 E%— il Ay 3,5as
I Root water productivity Evapotranspiration Root yield
Treatment (kg m?) (mm) (ton har?)
T1 5.24c 909.70 a 47.68 a
T2 5.80b 782.20 b 4540 a
T3 6.78 a 507.40 ¢ 34.35a
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