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Introduction

Improving the sustainability of agricultural systems requires the optimisation of inputs use, especially

chemical fertilisers and pesticides, which are major contributors to energy consumption and environmental
degradation. Variable Rate Technology (VRT), as a precision agriculture strategy, allows site-specific
management of inputs based on spatial variability in soil fertility, weed distribution, and crop requirements.
Although VRT has shown promise in enhancing resource-use efficiency, its integrated effects on energy
indicators and environmental burdens in wheat production under irrigated conditions remain insufficiently
investigated. This study assessed the impact of VRT on energy performance and environmental emissions in
comparison with conventional uniform application, using a real six-hectare winter wheat field in Karaj, Iran.

Materials and Methods

A comprehensive field-scale simulation of VRT was conducted for nitrogen, phosphorus, potassium
fertilisers, herbicides, and insecticides. Spatial maps of soil fertility and weed distribution were generated using
UAV-based remote sensing and ground sampling. Two scenarios were examined: (1) VRT-based variable
application of chemical inputs and (2) conventional uniform application. Energy inputs and other outputs were
calculated based on standard coefficients and categorised as direct, indirect, renewable, and non-renewable.
Environmental impacts, including Global Warming Potential (GWP) and pollutant emissions to air, water, and
soil, were quantified using the ReCiPe 2016 Midpoint (H) method. All results were compared for the production
of 34,800 kg of wheat.

Results and Discussion

Energy Indicators
The total energy input under VRT (131,631.57 MJ) was lower than that of consumed under conventional
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management (160,318.55 MJ). Direct and indirect energy uses declined by 12.64 MJ and 19.31 MJ, respectively,
in the VRT system. VRT improved all energy indicators i.e., energy ratio increased to 6.82 (21.79% higher than
the conventional method), energy productivity rose to 0.264 kg MJ™, and energy intensity decreased to 3.78 MJ
kg™'. Net energy under VRT reached 765,705.76 MJ, exceeding the conventional value. Major reductions were
attributed to substantial decreases in herbicide use (80.40%) and potassium fertiliser (77%), driven by UAV-
derived weed distribution maps and soil fertility maps.
Environmental Impacts

The GWP of the VRT scenario was 17,691.21 kg CO:-eq, representing approximately a 20% reduction
compared to the 22,202.74 kg CO:-eq emitted under conventional application. Nearly half of the GWP
originated from direct field emissions, followed by nitrogen fertiliser use. Optimisation of nitrogen rates and
reduced field-level emissions were the primary contributors to the decrease. Pollutant emissions to the
atmosphere also declined significantly: CO. by 16.2%, N>O by 21.9%, and NHs by 22.5%. Waterborne
pollutants were reduced, with nitrate declining by 22.4% and phosphorus by 38.9%. Heavy metal emissions to
soil also decreased, with Pb reduced by 22.4% and Zn by 35.0%, while elements with naturally low
accumulation (Fe, B, Mn, Mo) remained unchanged. These improvements align with previous international
findings demonstrating the effectiveness of UAV-assisted VRT in reducing chemical inputs, enhancing energy
efficiency, and minimising environmental pollution across diverse cropping systems.

Conclusion

The results demonstrate that implementing VRT for applaying chemical inputs in wheat production
substantially reduces both energy consumption and environmental impacts. Compared with the conventional
uniform method, VRT improved all energy indicators, decreased total energy inputs, and increased net energy
output. Environmentally, VRT reduced GWP by roughly 20%, lowered key atmospheric pollutants, and
substantially decreased nutrient leaching and heavy metal accumulation in soil. Overall, VRT proves to be a
highly effective strategy for achieving sustainable wheat production through optimised input management,
enhanced energy efficiency, and minimised ecological burdens.
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Fig. 2. Weed infestation levels under variable rate management in the wheat field, and locations of composite soil
sampling points (blue dots)
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Table 2- Energy indicators of wheat cultivation under conventional and variable rate (VRT) input management systems

Index Unit Equation
&5l s )
- Total output energy/Total input ener,
Energy Ratio P v/ P 9y
5l 1
SIS0 kg MJ1 Wheat yield/Total input energy
Energy Productivity
S .l & Py
d.)).) - MJ kgt Total input energy/Wheat yield
Specific Energy
5l 5 03438
37 Al 02932 MJ hat Total output energy — Total input energy

Net Energy Gain
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Insecticide 0

Global warming (kg CO2 eq)
Potassium 34.680623

Herbicide 0

Micronutrient 28.55476

Phosphorus 413.67105

Machinery 172.45545

Global warming (kg CO2 eq)
Potassium 150.79

Micronutrient 28.55
Herbicide 0.00

Insecticide 0.00

Phosphorus 676.92

a

N-VRT (<) g VRT (W) 3,59, 93 b dc 30 bl 3 Slan iale)S a3 li )3 laodles waw =Y JSd
Fig. 3. Contribution of inputs to the Global Warming Potential in field conditions under (a) VRT and (b) N-VRT

scenarios
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Table 3- Emissions to air, water, and soil from wheat production under conventional (N-VRT) and variable rate (VRT)
systems in field conditions

oo 4 L] 2l X S A)) P9 30 (199
Emission to Air Unit VRT (ha?) Non-VRT (hal)
2S1ed op)S kg ha?
4.04E+03 4.82E+03
Carbon dioxide (CO2) gha
e sl kg ha't 2.33E+02 2.96E+02
Nitrogen oxides (NOx)
01 deuSlyise kg ha! 4.31E+00 4.94E+00
Carbon monoxide (CO) gha ' '
okl kg ha't 3.07E+00 3.52E+00
Particulates (b2.5 pm)
oy )Sgy0 ka hal
a 1.95E+00 2.24E+00
Hydro carbons (HC, as NMVOC) g
3,568 sSlien ka hat
L a 6.92E-01 7.94E-01
Sulfur dioxide (SO2) g
ol ka hal
a 8.85E-02 1.01E-01
Methane (CHa) g
LS lgige )39k 60 ka hal
.. i 1.53E+01 1.96E+01
Dinitrogen monoxide (N20) gha
Sligal .
§ kg hat 1.17E+02 1.51E+02
Ammonia (NHs) gha
o kg ha! 5.00E-03 5.73E-03
Benzene
ol s
Emission to Water
<l kg ha't 1.28E+02 1.65E+02
Nitrate
- kg ha! 5.52E+00 9.04E+00
Phosphorus gha
S L
Emission to Soil
o m 28707.50 44979.00
cd (Cadmium) g ' '
o 80539.50 123000.00
Cu (copper) mg
“9
Zn (Zinc) mg 684994.50 1053168.00
o 5264168.50 6782184.00
Pb (lead) mg
71632.90 110935.80
Ni (Nickel) mg
PSS 391023.90 615331.80
Cr (chromium) md ' '
o5 mg 281.20 444.00
Hg (Mercury)
o mg 1500.00 1500.00
Fe (Iron)
% mg 150.00 150.00
B (Boron)
1530.00 1530.00
Mn (Manganese) mg
e

m 1500.00 1500.00
Mo (Molybdenum) ;
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Table 4- Social Cost of Emission under conventional and variable rate input management systems

sl a5 po s gy sl aza g, sleial dyza
asLd asoy] Pgwe oy TX 0% o
A o NOn-VRT “’n f°9~")‘° Poaned C)"
Index ESC Coefficient (hat) VR’T (hat)  Non-VRTESC VRT ESC
($ Unit™) ($ 6hat ($ 6ha™h)
LeSleed op)S
Carbon dioxide 0.01 4.82E+03 4.04E+03 48.2 40.4
(CO2)
Udsre slaas]
(NOx)
S amSlgige
Carbon monoxide 0.19 4.94E+00 4.31E+00 0.9386 0.8189
(CO)
oS |
2595 dpuSlis> 1.82 7.94E-01 6.92E-01 1.44508 1.25944
Sulfur dioxide (SOz2)
ok 0.21 1.01E-01 8.85E-02 0.02121 0.018585
Methane (CHa)
AS g (159560
Dinitrogen monoxide 458 1.96E+01 1.53E+01 89.768 70.074
(N20)
sbils IS slonl auze
slalls - - - 317.97289 252.370925

SCC Total
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Table 5-Energy indicators of wheat cultivation under conventional and variable rate input management systems.

oW P30 99 e TP ey (egwye gy 4 e £ (ph9)) Camd
Index Non-VRT (MJ6ha?!)  VRT (MJ6 ha?) Ratio (VRT vs N-VRT)
S5 o 5.59 6.81 21.79
Energy Ratio
5l 13
37 e 0.21 0.26 21.79
Energy Productivity (kg MJ?)
ol 4.60 3.78 -17.9
Specific Energy (MJ kg™)
bguy| 5 03438l
e 737018.78 765705.76 3.892
Net Energy Gain (MJ hat)
s (55 34021.31 29719.66 -12.6
Direct Energy
pelions 55 126297.24 101911.91 -19.3
Indirect Energy
. e
JORVRIRES JPSTE 31094.96 31016.56 -0.25
Renewable Energy
M . - - -‘
RhBoSpE 65 129223.59 100615.01 -22.1
Non-renewable Energy
54l
$2909 S35 S 160318.55 131631.57 -17.9
Total Energy Input
. - ¢|
N3 N 897337.33 897337.33 -

Total Energy Output
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