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Abstract: This study investigates the input—output energy-flow patterns and CO, emissions from the
wheat-rice crop rotation system. In this regard, an arid region of Punjab, Pakistan was selected as
the study area, comprising 4150 km?. Farmers were interviewed to collect data and information on
input/output sources during the 2020 work season. The total energy from these sources was calcu-
lated using appropriate energy equivalents. Three energy indices, including energy use efficiency
(17¢), energy productivity (17,), and net energy (o), were defined and calculated to investigate overall
energy efficiency. Moreover, the data envelopment analysis (DEA) technique was used to optimize
the input energy in wheat and rice production. Finally, CO, emissions was calculated using emissions
equivalents from peer-reviewed published literature. Results showed that the average total energy
consumption in rice production was twice the energy consumed in wheat production. However, the
values of 7, 17, and p were higher in wheat production and calculated as 5.68, 202.3 kg/G]J, and
100.12 GJ /ha, respectively. The DEA showed the highest reduction potential in machinery energy for
both crops, calculated as —42.97% in rice production and —17.48% in wheat production. The highest
CO, emissions were found in rice production and calculated as 1762.5 kg-CO, /ha. Our conclusion
indicates that energy consumption and CO, emissions from wheat-rice cropping systems can be
minimized using optimized energy inputs.

Keywords: cereal production; crop rotation; energy analysis; DEA; CO, emissions

1. Introduction

Wheat (Triticum aestivum) and rice (Oryza sativa) are the main cereal crops grown
worldwide, constituting 54% of the total cereal production [1]. The mean annual global
wheat and rice production are recorded as 646.9 and 654.8 million metric tonnes, respec-
tively [2]. These grains are the staple food of 85% of the world population [3,4]. Pakistan is
an agricultural country, having a share of 3.32% and 1.3% in the world’s wheat and rice
production, respectively [2]. The demand for these grains is increasing tremendously, due
to increasing growth in the world’s population. Forecasts showed an increase in world
wheat demand up to 60% of the current production—by 2050 [5]. Moreover, arable land
is decreasing, due to housing societies and other domestic/commercial purposes. This
necessitates efficient energy use in agricultural production to enhance yields and sustain
food security. Moreover, food storage and processing is also an important element of food
security [6-8]. In this regard, energy-efficient and environment-friendly storage systems
can play an important role in avoiding off-season food shortages [9-11].

Agriculture is an energy conversion process, in which solar energy is converted into
food and fiber through photosynthesis [12]. It becomes more energy-intensive due to the
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use of fossil fuels, fertilizers, machinery, and electricity to enhance overall production [13].
Agricultural energy flow is classified as direct energy input and indirect energy input.
Direct energy input includes energy consumed on the farm during various operations e.g.,
labor, fuel, machinery, water, and electricity. Indirect energy input is the energy consumed
during the production process of different input sources e.g., fertilizers, machinery, seeds,
and biocides [14]. These energy inputs can also be divided into renewable and non-
renewable energy inputs. Renewable energy includes the energy input from machinery
and labor while non-renewable energy constitutes all other input sources [15]. The amount
and type of energy input in agricultural production mainly depend on the socioeconomic
characteristics of the farm and farmers [16-18]. These characteristics include farmer’s
experience and education, farm size, source of irrigation, local climate, soil and crop type,
and farmer’s landholdings [15,19,20]. However, the intensive use of energy in agricultural
production creates health and environmental concerns [13]. For example, the combustion
of fossil fuels emits a large amount of carbon dioxide (CO;) and other greenhouse gasses
(GHGs) into the atmosphere. Similarly, the production processes of fertilizers, machinery,
electricity, and chemicals emit a huge amount of GHGs. Higher concentrations of these
gasses in the atmosphere creates an alarming situation for the atmospheric chemistry of
the globe [21]. For instance, the concentration of CO, in the atmosphere has reached
419.05 ppm and is increasing further rapidly [22]. It leads to global warming and climate
change, the most challenging issues of the current century [23], to which end the United
Nations Framework Convention on Climate Change has aimed to limit global warming up
to 2 °C in the current century. In this regard, the present decarbonization rate, of 1.6 percent
per year, has to be increased to 6.4 percent per year, otherwise global temperatures may
increase by four degrees Celsius by the end of this century [24]. Furthermore, though
Pakistan is ranked seventh among countries vulnerable to climate change, per capita
emissions of the country are among the lowest in the world [25]. This said, the majority
GHGs emissions in Pakistan come from the energy and agriculture sectors, accounting
for 46% and 41% of total emissions, respectively [26]. Therefore, efficient, and optimized
energy use in agricultural production is necessary in agricultural countries like Pakistan if
emissions are to be reduced further.

Several studies have been conducted worldwide on energy-use patterns and CO,
emissions from agricultural production. These studies include energy consumption analy-
sis in wheat [27,28], maize [29], rice [30,31], and soybean [32] production in India; energy
and economic analyses in the production of wheat [33-35], rice [13], sugar beet [36], and
fruits [37-39] in Iran; energy modeling and CO, emissions assessment for wheat produc-
tion in New Zealand [18,40-42]; comparative input-output energy analysis in agricultural
production in Indonesia and Thailand [43,44]; the assessment of CO; emissions and energy
flow in cotton [17,45], fruits [20,46,47], and vegetables [48] in Turkey; the effects of different
fertilizer management practices on CO, emissions from different crop production systems;
energy and water footprint assessment in grain crops in Australia [16,49,50]; energy budget
evaluation in wheat production in China [51]. Finally, in Pakistan, Ashraf et. al. [15] and
Khan et. al. [52] investigated energy consumption patterns in wheat and rice production,
respectively. However, no such study was found for the wheat-rice crop rotation system in
an arid region of Punjab, Pakistan.

The main objective of this study was to investigate and compare input-output energy
flow and CO; emissions in wheat-rice crop rotation systems in an arid region of Punjab,
Pakistan. This study provides insights into energy-use optimization in wheat and rice
production, using the data envelopment analysis (DEA) technique. Moreover, the study
reveals the relationship between grain yield and energy input, using mathematical models
developed from the data and information collected from farmers in the study area. The
relationship between total input energy and CO, emission is also developed to analyze
the impact of energy consumption on carbon dioxide emissions. This study contributes
solutions to optimizing energy use for wheat and rice production.
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2. Research Methodology

This study was conducted in Kabirwala (30°24’ N, 71°52 E), a Tehsil of Khanewal
District, Punjab, Pakistan. The map of the study area is shown in Figure 1. Kabirwala is
situated at the bank of the river Chenab and has fertile lands for agricultural cultivations.
The study area is comprised was 4150 km? of which more than 80% was cultivatable land.
Most of the population in the study area is engaged with the agriculture sector, indicating
the economic importance of agriculture in this area. Wheat-rice is the prominent crop
rotation in Tehsil. According to the Pakistan Bureau of Statistics [53], the Khanewal district
has a significant share (3.9%) of Pakistan’s total wheat production, while 1.6% of total rice
production was in Punjab. The mean annual minimum and maximum temperatures in the
study area are 11 °C and 46 °C, respectively. The study area lies in an arid region with a
mean annual rainfall of 177.4 mm. Most of the rainfall (41.5%) in the study area occurs in the
monsoon season i.e., July and August. However, canal water and groundwater (pumped by
tube-wells) are used for irrigation to meet crop’s water requirements throughout the year.
In this regard, data on irrigation water and other energetic aspects i.e., seeds, labor, fuel,
fertilizer, machinery, chemicals, and electricity were collected from farmers through face-
to-face interviews and questionnaires during the 2020 work season. A total of 23 farmers
were selected and visited randomly from the study area to collect data and information.
The sample size was calculated using the Cochran formula given in Equation (1) [54].
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where N is the required sample size, 1 is the number of landholdings, 4 is a constant taken
as 1.96 for 95% reliability, E? is the variance, and e is the margin of error.
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Figure 1. Map of the study area and distribution of the studied farmers inside the study area.
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Preliminary data evaluation revealed that there were variations in energy inputs/
outputs among the studied farmers. These variations were mainly due to differences in the
socioeconomic characteristics of a specific farm and/or farmer. It is evident that variations
in these properties of the farms/farmers affect the management practices and eventual crop
yield [42]. The socioeconomic structures of the farms and farmers are given in Table 1. The
table depicts minimum, maximum, and mean values of seven socioeconomic characteristics
of the farm/farmers i.e., farmers’ education, farmers’ experience, farm size, number of
farm laborers, number of tractors, source of irrigation, and canal-to-tube-well irrigation
ratio. We reported that a farmer’s education and farm size are directly related to their
energy consumption; farmers’ education and farm size vary positively with energy use [42].
In this regard, the average farmer’s education and farm size were found to be 8 years of
schooling and 8.78 ha, respectively. Similarly, the number of a farm’s laborers and tractors
also increases with its size. The highest number of farm laborers and tractors observed
were seven and two, respectively, corresponding to the largest farm at 31.03 ha. Moreover,
the farmers’ mean experience was 18.35 years, indicating the higher technical knowledge
of farmers in the study area. The farmers’ greater experience also suggests that the studied
farmers have been intergenerationally involved in agriculture. Additionally, sources of
irrigation are also an important factor in the overall energy consumption of agricultural
production [15]. Therefore, the consumption of canal water is ideal for irrigation, as it
eliminates pumping energy and hence decreases overall energy usage. However, the main
source of irrigation in the study area was tube-well water, due to the limited availability of
canal water throughout the year. The canal-to-tube-well irrigation ratio was observed as
31:61. These socioeconomic factors were considered in the present study.

Table 1. Socioeconomic properties of the farms and farmers in the study area.

Property Min Max Mean
Farmer’s education (yrs.) 2 14 8.00
Farmer’s experience (yrs.) 6 30 18.35

Farm size (ha) 2.07 31.03 8.78

Farm labor (No.) 1 7 2.30

No. of tractors 0 2 0.87
Source of irrigation C+T
Canal to tube-well ratio 31:61

C and T stand for canal and tube-well, respectively.

The present study evaluates input-output energy patterns for wheat-rice crop rotation
systems from sowing until harvesting. The system boundaries for this study are shown
in Figure 2. The figure depicts this study’s evaluation of the energy flow inside a farm
and does not consider transporting outputs from the farm gate to the end consumer.
Quantitative data on input sources were used to calculate total energy consumption, using
energy equivalents. Energy equivalents from different studies were reviewed technically
and the most appropriate equivalents were used in the present study; those used in this
study are given in Table 2. However, energy consumption from farm equipment was
calculated using Equation (2) [55]. Furthermore, energy efficiency in wheat-rice cropping
patterns was investigated based on three indices, energy-use efficiency, energy productivity,
and net energy (Equations (3)—(5)). The term energy efficiency is used to denote the
overall performance of energy inputs to generate energy outputs. This performance was
investigated based on the above-mentioned energy indices.
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where E, is the energy equivalent for farm implement/tractor (MJ/hr), B is a constant
(M]/kg), W refers to the weight of a tractor /implement (kg), and L refers to the economic
life span of a tractor/implement (hr). The appropriate values for B, W, and L were taken
from the literature [55-57]. 17, is energy productivity (kg/GJ), G, is the weight of grains
(kg/ha), E; is the total input energy (GJ/ha), 77, is energy-use efficiency, E, is the total
output energy (GJ/ha), and p is net energy (GJ/ha).
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Figure 2. System boundaries and energy flow pattern for input-output energy analyses in a wheat—

rice crop rotation system.

Table 2. Energy equivalents used to calculate total input-output energy in wheat and rice production.

Inputs/Outputs Equivalent (M]/Unit) Reference
Inputs
wheat seed (kg) 20.1 [51]
rice seed (kg) 14.7 [13]
diesel (1) 56.31 [28]
labor (h) 1.96 [28]
nitrogen (kg) 60.6 [28]
phosphorous (kg) 11.1 [28]
potassium (kg) 6.7 [28]
water (m?) 1.02 [28]
tractor operation (h) 138 [55]
disc harrow operation (h) 149 [55]
plough operation (h) 180 [55]
combine harxz}ester operation 116 [55]
rotavator operation (h) 148 [55]
chemicals (ml) 0.102 [28]
fungicides (kg) 216 [20]
herbicides (kg) 238 [20]
insecticides (kg) 101.2 [20]
electricity (kWh) 11.93 [51]
Outputs
wheat grains (kg) 15.7 [28]
wheat straw (kg) 12.5 [28]

rice grains (kg) 17 [55]
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Data envelopment analysis (DEA) was also conducted to calculate the technical ef-
ficiencies of the farmers in the study area. Technical efficiency is the performance of an
individual farmer based on the ratio of weighted outputs to weighted inputs. Data envel-
opment analysis (DEA) is an analytical technique that compares different decision-making
units (DMUs) against their relative performances in a specific operation [58]. DMUs are
the specific units that must be compared in DEA e.g., farmers, in the present study. The
technical efficiencies of the DMUs were calculated by an input-oriented CCR (Charnes—
Cooper-Rhodes) model [59]. In this regard, three inputs i.e., diesel, seed, and fertilizer
energies were taken as inputs, and grains (kg/ha) as output, in the studied CCR model.
The input-oriented CCR model works on the principle of achieving a constant output
while minimizing inputs. Technically efficient and inefficient DMUs were critically studied
to investigate potential improvements in inefficient DMUs (farmers). Frontier Analyst
4 was used to conduct DEA in this study. However, the mathematical interpretation of
the technical efficiency of DEA is given in Equation (6) [60]. Furthermore, the grain yield
(kg/ha) was also estimated by the multiple regression technique (Equation (7) and (8)).
These equations were developed using grain yields as a response, while energy inputs
from fertilizer, seed, and diesel as continuous predictors.

_ Yiq Uilia
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Applying linear programming to solve Equation (6):
n
Maximize TE = ) , u;yi,

i=1

n m
Subject to Z UiYiag — ) 0jXja <0
' =1

=1 j=
m
Dvajxjazl,uiZO,ijO,a:LZ,?;, ...... , b
=1
Gy = 306.5583(F) + 1180.8498(5) — 142.3587(1)) —362.6101 7)
G, = 293.8132(F) + 4172.6152(5) + 47.31394(W) — 356.6136 (8)

where TE, is the technical efficiency of ath DMU, y; refers to quantity of nth output, u; and
v; refer to the weights of nth output and mth input, respectively. i and j denote the number
of outputs (i=1,2,3,... ,n)and inputs (j =1,2, 3, ... , m), respectively. Xj is the quantity
of mth input, and a refers to the number of DMUs (¢ =1, 2, 3, ..., b). G, and G, are the
grains yield (kg) of wheat and rice crops, respectively. F represents energy from fertilizers
(GJ), S is the energy input from seed (GJ), W and D are the energy inputs (GJ) from water
and diesel, respectively. The study uses the Origin software developed by the OriginLab
Corporation for the regression analyses and for the development of the graphs.

In addition to the energy analyses, the carbon footprint from wheat and rice production
in the study area was also assessed, by investigating carbon dioxide (CO;) emissions. In
this regard, energy units were converted into kg-CO, units using the emission equivalents
given in Table 3 while considering the guidelines given by [61]. These emissions were
further converted to kg-CO, /ha units using Equation (9). Other GHGs emissions, like
N,O and CHy, were not considered in this study due to their minor contribution to the
total emissions from agricultural production [36]. The CO, emissions from the production
processes of fertilizers, electricity, machinery, chemicals, and fuel were considered to
calculate the total carbon footprint. Organic fertilizers were not considered due to their
limited or absent use in wheat and rice cultivations in the study area. In the case of
emissions from electricity generation, only 64% of the total electrical energy input was
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converted to emissions equivalence. In Pakistan, total electricity generation is generated by
hydropower plants (36%) and thermal power plants (64%).
CE
CEw =% ©)
where CEj, refers to CO; emissions in kg-CO,/ha, CE is CO, emissions in kg-CO,/M]
and E; is the total input energy (M]/ha).

Table 3. Input energy and associated equivalent CO, emissions used in this study to evaluate carbon
footprint while considering the guidelines given by [61].

Input Energy Equivalent (kg CO»/MJ)

nitrogen 0.05
phosphorous 0.06
potassium 0.06
biocides 0.06

diesel 0.0687

electricity 0.0192
machinery 0.10

3. Results and Discussion

Data and information on energy sources were collected from the farmers and are given
in Table 4. The table depicts the averages of consumption of different energy sources in
wheat and rice production. The average labor consumption in rice production was observed
as 242.698 h/ha, which was four times higher than that used in wheat production. This was
due to the higher energy consumption in transplanting rice plants and the higher water
requirement of this crop. Similarly, the usage of diesel, electricity, water, and machinery
in rice production was much higher than their usage in wheat production. However,
other inputs, i.e., fertilizers and chemicals, were used in a similar pattern to produce
both crops. These inputs were converted into energy units (GJ /ha) and are exhibited
in Figures 3 and 4. The energy input from different sources in wheat and rice production
are shown in Figures 3 and 4, respectively. It is evident from the figure (Figure 3) that
there are variations among the studied farmers in diesel and electrical energy inputs. The
main reason for these discrepancies was the type of alternative source of irrigation. For
example, some farmers used tractor-operated tube-wells for irrigation water pumping,
which increased diesel energy input, while others used electricity-operated tube-wells,
which increased electrical energy input. However, no major variations were found in
the use of other energy inputs, hence, this study mainly focuses on the average energy
consumption. The energy classifications for wheat and rice production are shown in
Figures 5 and 6. The average total energy input in wheat production was calculated as
21.36 GJ /ha which was further divided into direct and indirect energy inputs (Figure 5).
The indirect energy input was calculated as 11.96 GJ /ha and dominated the direct energy
use following the previous study [15]. The total energy was also classified as renewable and
non-renewable energy inputs. The average renewable energy was found to be 1.14 GJ /ha
which was lesser than non-renewable energy input i.e., 20.21 GJ/ha. Soltani et. al. [34] also
reported a similar trend of energy consumption in their study on energy analysis in wheat
production. However, fertilizer was the top input energy source in wheat production and
accounts for 39% of the total energy consumption. Similarly, diesel was the second-highest
energy source, accounting for 22.6% of total energy consumption, while energy from
chemical energy was found to be the lowest (0.42% of total energy) among all the energy
sources. These results are in accordance with the results of previous studies [27,41]. Singh
et. al. [27] conducted a study on energy-use patterns in wheat cultivation in Punjab, India.
The present study in Punjab, Pakistan, showed similar results due to comparable climatic
and socioeconomic conditions. However, Giindogmus and Bayramoglu [62] reported diesel
as the highest energy input source in their study on organic farming. The contradiction in
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Farmer sites

these results is due to the minimum use of fertilizers in organic farming as reported in their
study. On the other hand, Yuan et. al. [51] found electricity to be the highest energy input
source in their study on energy flow assessment in wheat production. This is due to the
use of an electricity-operated water-pumping system in their study, while tractor-operated
tube-wells were mostly used for irrigation in the present study. Finally, fertilizer was found
to be the main source of energy in wheat production and thus an important input source in

controlling total energy consumption.

Table 4. Description of average use of output and input energy sources for wheat and rice production

in the study area.

Production Factors Units/ha Wheat Rice
inputs
seed kg 125.053 23.0824
diesel L 85.5408 252.154
labor h 59.4992 242.698
fertilizer kg
N - 126.525 127.134
P205 - 59.7945 62.2378
K20 - 3.67804 9.06375
water m3 3197.99 13137.7
machinery h
tractor - 19.1878 72.1281
plough - 3.58482 4.37146
rotary hoe - 2.50457 1.89331
combine harvester - 0.97132 1.66165
chemicals mL 867.493 375.844
chemicals kg 0 4.87158
electricity kWh 100.568 354.091
outputs
grain kg 4325.38 4441.24
straw kg 4287.55

Input energy (GJ/ha)

30

W Seed B Diesel OLabour MFertilizer ® Water O Machinery M Chemicals B Electricity

Figure 3. Energy input (GJ /ha) from various sources in wheat cultivation. The labels F1-F23 represent different farmers in

the study area.
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F23*
F21*
F19
F17
F15
F13
F11
F9
F7
F5
F3
F1

Farmer sites

Input energy (GJ/ha)

B Sced @Diesel OLabour MFertilizer @ Water OMachinery M Chemicals & Electricity

Figure 4. Energy consumption (GJ/ha) from different input sources in rice production. The labels F1-F23 represent different
farmers in the study area. * These farmers did not cultivate rice crop in the studied year.

Fertilizer: 8.33

Indirect Energy
Input: 11.96
Total E Non-Renewable
otal Energy E Input:
Input: 21.36 itV 251211
Water: 3.26
Direct Energy Seed: 2.5§>
Input: 9.4
Electricity: 1.2,
Renewable Chemicals: _
Energy Input: 0.09
& lp 14 Machinerys
' 1.02

Labour: 0.12=

Figure 5. Classification of the average energy consumption (GJ/ha) in wheat production based on direct/indirect and
renewable/non-renewable energy use.
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Water

13.4
Non-Renewable
Energy Input

41.19
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Electricity
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057

Renewable Seed

Energy Input 0.34
2R 2'2 Machine;

2.72

Labour
-

0.48

Indirect Energy
Input
12.08

Figure 6. Classification of the average energy consumption (GJ/ha) in rice production based on direct/indirect and

renewable/non-renewable energy use.

Similarly, the energy consumption pattern in rice production is shown in Figure 6.
The average total energy input was calculated as 44.37 GJ /ha, which is much higher than
energy consumed in wheat production. Contrary to wheat production, direct energy
consumption dominated over indirect energy use in rice production and constitutes 72.8%
of total energy input. This is due to the higher water requirement of rice crops that increased
the direct energy input in the form of water, diesel, and electricity. Besides, the average
non-renewable energy was calculated as 41.19 GJ /ha and constitutes 92.8% of the total
energy input. It is evident from the figure that diesel was the highest energy input source
in rice production and constitute 32% of the total energy input. Diesel was mainly used
by tractors in pumping irrigation water from tube-wells to meet the higher crop water
requirement in rice production. The second highest energy source was water, contributing
30.2% to total energy consumption, and seed contributed only 0.77% to the total energy
input and was found to be the lowest energy input source. Komleh et. al. [13] also found
similar results in their study on the evaluation of energy consumption in rice production.
However, Khan et. al. [52] found fertilizer to be the highest energy input source in their
study on energy consumption analyses in rice production in Pakistan. The main reason
for this contradiction in results is the difference in climatic conditions of the study areas.
Their study was conducted in a comparatively humid region with lesser water-pumping
requirements, while the present study was conducted in an arid region. Higher water-
pumping for irrigation increases the use of machinery and thus diesel consumption in
the present scenario. Ultimately, diesel and water were the main sources of energy in rice
production and total energy input can be controlled by optimizing these input energies.

Operational energy is the energy from input sources consumed in management opera-
tions i.e., sowing, tillage, irrigation, harvesting and threshing, and spraying and fertilizing.
The operational energy distribution in wheat and rice cultivation is shown in Figure 7.
The average operational energy in rice production was calculated as 20.07 GJ/ha which
is 2.7 times higher than that of wheat production. This was due to the higher energy
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Fuel 25

input in irrigating rice production. The average irrigation energy input in rice production
was found to be 16.14 GJ /ha and was the highest among all the management operations.
Similarly, irrigation was also the highest energy-consuming operation in wheat production,
however, the magnitude of irrigation energy in wheat production was almost five times
lower than that of rice production, due to the higher water requirement of rice crops over
wheat. Tillage was the second-highest energy-consuming operation in both crops. The
average tillage energy in wheat production was 2.34 GJ /ha (31.8% of the total operational
energy) while the average tillage energy in rice production was found to be 2.6 GJ/ha,
which is 13% of the total operational energy. Due to the similarity in the cultivation process,
there were no significant differences in the magnitude of tillage energies in both crops. On
the other hand, sowing was the lowest energy-consuming operation in wheat cultivation,
while energy input in spraying and fertilizing was the lowest in rice production. The
average sowing energy in wheat production was 0.00129 GJ/ha, constituting 0.02% of total
operational energy, while the average spraying and fertilizing energy in rice production
was 0.02 GJ/ha. These results are in accordance with the previous literature [13,15,41].
Ashraf et. al. [15] conducted a study on energy evaluation of wheat crops in the same
province and found similar trends in energy consumption between management operations.
Similarly, Safa et. al. [41] and Komleh et. al. [13] also found similar results in their studies
on wheat and rice production, respectively. Finally, irrigation is the crucial operation in
terms of energy consumption in wheat and rice production, and more attention is needed
to optimize the energy use in this operation.
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Figure 7. Distribution of energy consumption from different sources in different management operations in (a) wheat

production and (b) rice production.

The overall energy efficiency in the studied crops was determined using three energy
indices i.e., energy use efficiency (7,), energy productivity (17,), and net energy (o). The
average values of these indices are exhibited in Table 5. The values of 7., Ny, and p for the
wheat crop were calculated as 5.68, 202.3 kg/G]J, and 100.12 kg/ha, respectively. In rice
production, these values were found to be 1.71, 100.71 kg /GJ, and 31.13 GJ /ha, respectively.
These results show the higher overall energy efficiency of the wheat crops compared to rice.
There are two main reasons for the higher energy efficiency of wheat crops i.e., higher input
energy in rice production and energy from rice-crop residue is not considered in this study;,
which ultimately decreases the total energy output from rice crops. However, total rice-
grain yields per hectare is higher than wheat-grain yields and recorded as 4441.24 kg/ha.
Finally, the wheat crop was found to be more energy-efficient and the rice crop was
more productive in terms of grain yields. Furthermore, a multiple regression model was
developed to predict grain yield for both crops. The comparison between actual and
predicted grain yields for wheat and rice crops is shown in Figures 8 and 9, respectively. It
is evident that the developed model can predict wheat yield with a coefficient of regression
(R?) value of 0.7733, while the R? value for rice yield was 0.7299. These equations might be
helpful for the farmers in the study area to predict the response of a specific energy input

towards total grain yield before the actual application of that input in the field.
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Table 5. Description of average energy consumption, energy outputs, and energy indices in wheat

and rice production in the study area.

Parameter Unit Crop
Wheat Rice
input energy GJ/ha 21.36 44.37
output energy GJ/ha 121.5 75.5
grain yield kg/ha 4325.38 4441.24
energy use efficiency - 5.68 1.71
energy productivity kg/GJ 202.3 100.72
net energy GJ/ha 100.12 31.13
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Figure 8. Comparison between actual and predicted grain yields of the studied farms based on the developed multiple

regression model for wheat production.
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Figure 9. Comparison between actual and predicted grain yields of the studied farms based on the developed multiple

regression model for rice production.
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Data envelopment analysis (DEA) was also conducted to optimize the energy inputs.
Four major energy sources (i.e., diesel, water, fertilizer, and machinery) were considered
as controlled inputs while grain yield was taken as output in a CCR-based DEA function.
Table 6 exhibits the energy optimization pattern for wheat and rice crops in the study
area. The highest reduction potential was observed for machinery energy in both crops
i.e.,, wheat and rice, calculated as —17.48% and —42.97%, respectively. It shows that lower
machining operations e.g., minimum/zero tillage can also maintain the same level of
output while reducing the total input energy. Moreover, it can enhance the overall energy
efficiency /productivity in the wheat-rice crop rotation system. The minimum reduction
potential was found in water energy (—2.76%) for wheat crop while diesel energy (—17.25%)
in rice production. The lower reduction potential in water energy shows the importance of
water for wheat crop in an arid region. Similarly, the reduction potential in water energy
for rice crop was also among the lowest and calculated as —17.65%. These results are
in accordance with the previous literature [15,38]. Ashraf et al. [15] conducted DEA in
wheat production in similar climatic conditions and found that water energy had the least
reduction potential. However, they did not consider machinery energy in their study
hence no information was found related to reduction potential in machining operations.
Mousavi-Avval et. al. [38] also found similar results in their studies on apple production in
Iran. Finally, optimizing the energy use in agricultural production can increase energy use
efficiency, energy productivity, and net energy. This would help in reducing energy input
while maintaining output, i.e., grain yields, in the current scenario.

Table 6. Energy-use optimization and average technical efficiencies of the studied farmers, calculated
by a CCR-based DEA optimization function.

Wheat Rice

Energy Input Units
Actual Targeted Percentage Actual Targeted Percentage

fertilizer GJ/ha 8.01 7.36 —7.75 8.08 6.46 —18.68
diesel GJ/ha 4.40 3.78 —-11.92 11.43 9.20 —17.25
water GJ/ha 3.01 2.76 —8.06 10.97 8.68 —17.65

machinery GJ/ha 0.96 0.76 —17.48 1.86 0.72 —42.97

technical % 93.7 82.7

efficiency

Carbon dioxide (CO,) emissions are a byproduct of the production processes of energy
sources i.e., machinery, fertilizer, electricity, and chemicals, while on-farm combustion of
diesel also emits a large amount of the gas. Figure 10 shows the average total and source-
wise CO, emissions in kg-CO; /ha units. The average total emissions in wheat and rice
production were calculated as 900.9 kg-CO, /ha and 1762.5 kg-CO; / ha, respectively. Diesel
was the highest emissions source in rice production, constituting 55.34% of total CO,
emissions. On the other hand, fertilizer was found to be the highest CO, emissions source
in wheat production, at 49.7% of total emissions. The higher emissions from diesel, in
rice production, were due to the higher use of diesel in pumping irrigation water from
tractor-operated tube-wells. The lowest emissions calculation belonged to chemical sources,
for both crops. The average CO, emissions from chemicals in rice and wheat production
was recorded as 33.2 kg-CO, /ha and 5.3 kg-CO, /ha, respectively. These results are in
accordance with the results of previous literature [15,34]. Ashraf et. al. [15] and Soltani
et. al. [34] found similar results in their studies on wheat production in Pakistan and Iran,
respectively. Their findings also revealed that CO, emissions increase with total input
energy. In this regard, a relationship was developed between total input energy and CO,
as shown in Figure 11. The figure shows that CO, emissions increase linearly with total
energy input in wheat and rice cultivations. Therefore, emissions from rice production
are higher than that from wheat production. To reduce these emissions, there is a need to
reduce the total input energy. In this regard, the above-discussed DEA approach can play
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an important role in reducing the total input energy and, eventually, CO, emissions, while
maintaining grain yields.
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Figure 10. Average carbon dioxide (CO,) emissions from wheat and rice production in the study area. The vertical axis is

the logarithmic scale of carbon emissions in the kg-CO, /ha unit.
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Figure 11. Relationship between total input energy (GJ/ha) and carbon emissions (kg-CO; /ha) in wheat and rice production.
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markers belong to the secondary vertical axis representing the rice crop.

4. Conclusions

In this study, the input-output energy relationship and CO, emissions in a wheat—
rice crop rotation system were investigated technically. The data envelopment analysis
(DEA) technique was applied to optimize total energy consumption. Based on the key
findings of the study, it was concluded that socioeconomic characteristics greatly affect
total energy input in agricultural production. For example, an irrigation source could be a
key factor influencing total input energy. In this regard, canal-water irrigation was found
to be less energy-expensive than tractor-operated and electrical turbine-operated tube-
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wells. Furthermore, the average total energy consumption in rice production was higher
than that of wheat production. It was mainly due to the greater number of irrigations in
rice production to meet the higher crop water requirement. It resulted in lowering the
energy efficiency/productivity in rice production than that of wheat. However, the data
envelopment analysis (DEA) was found to be an efficient approach in reducing the total
energy input while maintaining grain yield. This technique is also helpful in reducing total
CO, emissions by optimized use of energy sources.

Finally, the optimized use of energy sources could increase the overall energy efficiency
in the rice-wheat crop-rotation system. In this regard, minimum tillage and high-efficiency
irrigation systems could be the best alternatives to conventional management practices. The
results of this study showed that irrigation was the highest energy-consuming operation.
Therefore, it is important to control energy consumption in this operation to enhance
overall energy efficiency.
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