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Abstract: The energy consumption pattern and greenhouse gas (GHG) emission of any rice production
system is important to know the sustainability of varied cultivation and establishment technique.
This study was conducted to determine the energy use pattern, GHG emission and efficiency of rice
farms in puddled transplanted (PTR, rainfed) and direct-seeded rice (DSR, irrigated) production
systems in Karnataka, India. The energy indices and GHG emission of different input and outputin a
rice production system were assessed by using energy and carbon equivalence. The efficiency of PTR
and DSR farms were identified using data envelopment analysis (DEA) and energy optimization was
ascertained. The key finding was excessive use of non-renewable energy inputs was observed for
the PTR (92.4%) compare to DSR (60.3%) methods. The higher energy use efficiency (7.3), energy
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productivity (0.3 kg MJ~!) and energy profitability (6.3) were mainly attributed to the large decrease
in energy inputs under DSR. The DEA showed efficiency for 26 PTR farms in comparison for 87
DSR farms. The mean technical efficiency value highlighted the scope for saving energy by 6% and
2% in PTR and DSR, respectively and showed an economic reduction of $405.5/ha with PTR versus
$163.3/ha with the DSR method if these inefficient farms perform efficiently. The GHG emissions
revealed that the total emissions for PTR versus DSR production caused by on-farm emissions were
86% and 65%, respectively. The DSR method also had a higher carbon efficiency ratio and carbon
sustainability index (10.1 and 9.1, respectively). Thus, adoption of DSR method is imperative for
reduction of energy consumption and GHG emissions to achieve the carbon sustainability.

Keywords: energy efficiency; carbon sustainability; greenhouse gas; rice; technical efficiency

1. Introduction

The demand for food production in developing countries has increased tremendously concurrent
with technological advancement using non-renewable energy resources such as fossil fuel, machinery,
fertilizers and pesticides [1]. This increased production has put constant pressure on natural resources,
which in turn has jeopardized the agricultural sustainability. To achieve sustainability in agricultural
production, improving the efficiency of energy (input) use is one of the prerequisites because it reduces
production costs and environmental pollution [2]. Rice is the staple crop of Karnataka, India, and the
rice farmers have adopted extensive use of non-renewable inputs and generally cultivate nutrient-
and irrigation-responsive high-yield varieties. High rainfall in the hilly region of Karnataka only
supports the cultivation of rice during Kharif (the monsoon season), and the continuous anaerobic
waterlogged condition creates favorable situations for greenhouse gas (GHG) emissions from rice
fields [3]. The GHG emission is mainly influenced by the type of inputs used for production, such as
fertilizers, pesticides, organic manure, fossil fuels, machinery and irrigation methods [4]. The rice
cultivation in hilly region of Karnataka is characterized by either direct-seeded rice (DSR, irrigated) or
puddled transplanted rice (PTR, rainfall), whereas the approach to paddy cultivation is typically a
PTR-based system with heavier use of agricultural inputs than in the hilly region.

In general, the cultivation of rice is energy-intensive with respect to use of fertilizers, fossil fuel
for machinery and pesticides [5] and thus has led to a negative effect on the environment through
the emission of GHGs. These gases are released into the atmosphere and then absorb and re-emit
infra-red radiation, and they are the main cause for global warming [6]. Agricultural practices are one
of the potential sources of GHG emissions, with ~18% of carbon dioxide (CO,) emissions from this
sector in India [7] and a rate of ~14% net global emissions [7,8]. India’s contribution to global GHG
emissions rose by an alarming 4.7% in 2016, when India became the third largest GHG emitter after the
United States and China [9]. Most GHG emissions from Indian agricultural sector are occurring at the
input manufacturing stage, followed by usage, farm mechanization and irrigation practices [10,11].
Recently, global awareness is increasing about environmental safety and the need for cleaner agricultural
systems [12]. Therefore, together with energy efficiency, agricultural practices affecting the surrounding
environment should be carefully considered [13]. Several studies have reported about the energy
consumption and GHG emission under different agricultural crop systems [14-16]. For example,
a potato production system produced 993 kg CO,-equivalent (eq.)/ha of GHGs and consumed 47 GJ/ha
of energy from different inputs [17]. Soni et al. [4] reported that transplanted rice produced the
highest GHGs (1112 kg CO; eq./ha) compared with other crops. Firouzi et al. [18] studied the input
consumption in sole groundnut and groundnut-bean intercropping systems and found that the total
GHG emissions were 636.14 and 657.36 kg CO, eq./ha, respectively. However, very little is known
about energy inputs responsible for GHG emissions from the rice ecosystem in this region to develop
mitigation strategies.
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The analysis of energy flow in the paddy agroecosystem under different cultivation methods
is useful for policymakers, administrators and researchers in understanding the functions of these
systems and the imperative for energy efficiency and production planning. The inappropriate energy
usage in the rice production system can be reduced by analyzing the farm-level energy consumption
pattern. This practice will provide a definite advantage for making energy guidelines and working
to reduce environmental burden. An understanding of GHG emission from critical agricultural
inputs expressed in kilograms of carbon equivalent (kg CO, eq./ha) for different field operations,
nutrients and chemical use, and irrigation practices and for post-harvesting is essential to identifying
carbon-efficient cultivation methods for seedbed preparation, soil fertility management, pest control
and other farm operations [19]. Furthermore, the efficiency of different methods and technologies are
generally analyzed using data envelopment analysis (DEA). This analysis is a nonparametric statistical
tool that helps to compare the production efficiency of different farmers for various set of inputs and
outputs [20]. Because of these multiple advantages, DEA has been used in agriculture to determine
the technical efficiency (TE) of tea [21], orange [22], areca nut [23] and rice [24] production systems.
However, the information on energy consumption and the effect on GHG emission from varied rice
production systems is meagre. In this context, these authors hypothesized that variation in the method
of cultivation and efficient use of external non-renewable inputs will lead to lower GHG emissions and
improve energy efficiency. Therefore, this study was conducted with the following goals: (1) assess the
energy consumption pattern and energy use efficiency (EUE) of PTR and DSR crops; (2) identify the
efficiency of cultivation methods using the DEA approach; and (3) determine the impact of different
cultivation methods on estimated average GHG emissions.

2. Materials and Methods

2.1. Experimental Location and Survey Details

The survey was conducted in Siruguppa Taluka in the Bellary district and Gonikoppal Taluka in
the Kodagu District of Karnataka, India. The soil of Siruguppa Taluka (situated at 15.6” N latitude
and 76.8' E longitude, Figure 1) was black with the following characteristics: pH 8.04, electrical
conductivity 0.47 ds/m, medium organic carbon content (0.41%), low nitrogen content (189 kg/ha),
medium phosphorus content (58.5 kg/ha) and potassium 287.5 kg/ha. Maximum and minimum
temperatures recorded in Siruguppa Taluka were 34.5 °C and 22.3 °C, respectively, with an average
rainfall of 285 mm, compared with 25.6 °C and 16.3 °C, respectively, with mean rainfall of 5820.9 mm
in Gonikoppal Taluka. The input and output data were collected from the 200 rice farmers of PTR
and DSR system through a questionnaire administered in 2019. The basic data were provided as
supplementary material (Tables S1 and S2). The questionnaire was designed based on the type of
the inputs most of the farmers are using and on method of cultivation (PTR/DSR). These two system
represent most of the rice cultivation methodology in South East Asia. The survey was conducted
through face-to-face interview during 2018-19. The farmer’s data were validated through agricultural
department officers and extension workers, those are actively monitoring all the farming activities of
these regions. Moreover, the data were collected throughout the season by making frequent field visits.
The farmers those who are having minimum one hectare of land with 10 years of farming experience
were selected for the survey. The system boundary of rice production is depicted in Figure 2.

2.2. Energy Analysis

The different input and output data were converted to be energy equivalent by following standard
procedures [25] (Table 1). The key inputs used for rice production were as follows: labor, machinery,
diesel, farmyard manure (FYM), fertilizers, seeds and pesticides, whereas grain and straw yield
were considered as outputs. The following equation was used for computation of different energy
indices [26-29].
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Figure 1. Map of the study area. Gonikoppal represents direct-seeded rice and Siruguppa represents

puddled transplanted rice.
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Energy Output (MJ/ha)

Nutrient energy ratio = Nutrient Energy Input (MJ/ha) @
Energy use efficiency = E;j;fgy?ﬁ;tt(%%:;) 2
Energy productivity = Economic output (kg/ha) (©)]
Energy Input (MJ /ha)
Human Energy profitability = Eic;rézr:]izcnzl:;};u(tlv([l](/gﬁ;a) 4)
Net Energy = Energy input (MJ/ha) — Energy output (MJ/ha) ()
Direct energy = Labor + Fuel (6)
Indirect energy = Seed + Fertilizers + Pesticides + Machineries + irrigation (7)
Renewable energy = Labor + FYM 8)
Non-renewable energy = Fuel + Seed + Fertilizers + Pesticides 4+ Machineries )

Table 1. Energy equivalents of different energy inputs in puddled transplanted and direct-seeded rice
production systems.

Inputs (Unit) Energy Equivalent (MJ U~1)
Labor (h) 1.96
Machinery (h) 62.7
Diesel (L) 56.31
Farmyard Manure (kg) 0.3
Leaf Manure (kg) 2.02
Nitrogen (kg) 66.1
Phosphorus (kg) 124
Potassium (kg) 11.1
Zinc sulfate 209
Herbicides (kg) 102
Fungicides (kg) 97
Pesticides (kg) 184.63
Irrigation water (m3) 1.02
Seeds (kg) 3.6
Rice grain 14.7
Rice straw 12.5

2.3. Data Envelopment Analysis Approach

Two DEA models were used to analyze the efficiency of different decision-making units (DMUs):
the Charnes, Cooper and Rhodes (CCR) and Banker, Charnes and Cooper (BCC) models. The CCR
model is based on constant returns to scale, whereas while BCC model is based on variable returns
to scale. The CCR and BCC models were used to calculate TE and pure technical efficiency (PTE),
respectively. Scale efficiency computes the variation of efficiency scores between the CCR and BCC
models and is calculated as the ratio of TE to PTE. For this study, DMUs are defined as set of farmers
using similar inputs in rice production system. The TE and PTE are calculated using standard
formulae [30-32]. In general, the TE is always lower than PTE [33], and the value of TE and PTE varies
between 0 and 1, in which a value of 1 indicates the DMU is the highly efficient. The values <1 implies
that the DMU is inefficient.
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2.4. Carbon Indicators

In this study, the GHG emissions from different inputs were determined by multiplying their
corresponding coefficients and expressing the result in terms of CO,-equivalent per hectare (CO; eq./ha)
as given by Lal [19] and West and Marland [34] (Table 2). The GHG emissions were computed on
hectare basis. The indices such as carbon input, carbon output, carbon sustainability index, and carbon
efficiency ratio were estimated using following equations as mentioned by Chaudhary et al. [35]:

12

Carbon Input = (Sum of total GHG emission in CO; eq.) X i (10)
Carbon output = Total biomass x 0.4 (11)
. . C output x C input
Carbon sustainability index = - (12)
C input

. . C output
Carbon efficiency ratio =———— (13)

Cinput
timated GHG emissions kg CO; eq. kg grain ——— P4 (14)

estimated average emissions kg CO; eq. kg™ grain ==—-" Jield

Table 2. Carbon coefficients of different inputs used in a rice production system.

GHG Coefficients

(kg CO; eq. unit1) References

Particulars

Diesel 0.94 Tabatabaie et al. [36]
Machinery (MJ]) 0.071 Dyer and Desjardins [37]
Nitrogen 13
Phosphorus 0.2
Potassium 0.15
FYM 0.007
Zinc sulfate 4.18 Lal [19]
Herbicide 6.3
Insecticide 51
Fungicide 3.9
Transplanted (kg CHy ha™1) 162

i . [38
Direct sown (kg CHy ha™1) 18 Bhatia et al. [38]

3. Results and Discussion

3.1. Energy Balance

The estimated energy inputs and outputs for PTR and DSR systems are depicted in Table 3. In the
PTR system, use of human labor was quite high because of the manual approach to transplanting
rise compared with the DSR system. The PTR rice cultivation used a higher amount of diesel for the
preparation of land and puddling than the DSR method. Mechanization was a significant share of
input in PTR, and more tillage operations were needed in this transplanted method of cultivation,
which contributed to higher share of input in PTR versus DSR method. For PTR farmers, FYM (on an
average 4326.4 kg/ha) application had only a 4% share in the total energy, whereas in the DSR system
the FYM (11%) and leaf manure (15%) application together contributed to 26% of total energy (Figure 3).
The consumption of chemical fertilizers was found to be higher under the PTR system. The use of
nitrogen fertilizers under PTR, which is higher than national average of 144.4 kg/ha, contributed to
about 31% of the total input energy. The chemical fertilizers altogether accounted for 36% and 38% of
energy input under the PTR and DSR systems, respectively. The consumption of nitrogen, phosphorus
and potassium in PTR was 398%, 224% and 126% higher than DSR, respectively, indicating very
high use of chemical fertilizers in PTR conditions. The use of herbicides, pesticides, and fungicides
were found to be higher with PTR, whereas they were negligible amount under the DSR system.
This finding shows that the incidence of pests and diseases were comparatively higher under PTR
conditions than the DSR system because farmers were intensively using agrochemicals to manage pest
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and disease outbreak under the PTR system. The higher amount of irrigation as water energy in PTR
was a result of the water used for puddling and for maintaining submerged conditions compared
with the DSR method. The share of irrigation water energy to the total energy was about 39% in PTR
cultivation. However, the DSR crop was grown under rainfed condition, so no external irrigation was
supplemented. For comparison in the literature, Alipour [39] also reported higher irrigation energy in
rice production, and another study on the rice production system in India revealed that irrigation and
fertilizers have a higher share of energy input [35]. In addition, in another study, the amount of energy
inputs consumed in different rice-based cropping systems were reported to be 44-54% for chemical
fertilizers and 11-14% of for in India [40].

Seeds FYM Labor
3% % 7
" "“Machinary
g 2%
Irrigation .
\ Diesel
\ -
39% \ 8%
\
Fungicides
1% N
Insecticides N N
1% 31%
Herbicides K
2% 9%
° 4%
(a)
Fungicide _Insecticides Herbicide Labour
0, 0 4% 0 )
0% % <] 8% Machinery
6%
Leaf manure
15%
_Diesel
T 1%
FYM

6% 28%

(b)

Figure 3. Energy share (%) of different agricultural inputs in (a) puddled transplanted and (b)
direct-seeded rice.

The energy input and output estimated for PTR were 35,605 and 155,776 MJ/ha and for DSR were
7823 and 53,227 MJ/ha, respectively (Table 3). The contribution of direct energy and indirect energy
towards total energy input were 13% and 87%, respectively, in the PTR system compared with 44% and
66%, respectively in the DSR system (Table 4). Likewise, the consumption of non-renewable energy
was higher with the PTR (92.4%) versus DSR system (60.3%). Among non-renewable energy sources,
the fertilizers were the maximum share, followed by diesel and machinery in both systems; however,
the use of irrigation water contributed more to PTR conditions. In the DSR system, the consumption of
renewable energy was found to be higher compared with the PTR system. For context in the literature,
Bockari-Gevao et al. [41] reported an energy input of 12400 MJ/ha in rice crops with major contributions
from chemical fertilizers (7700 MJ/ha). Agha-Alikhani et al. [42], also reported higher percent share of
energy from non-renewable resources (43%) in rice crops. A study in India revealed that irrigation and
fertilizers have the higher percent share of energy in rice production system [35]. Paramesh et al. [43]
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highlighted the higher consumption of nitrogen (25-33%), diesel fuel (6.8-18.2%) and irrigation water
(8.6-23.7%) under PTR conditions in the Indo-Gangetic Plain.

Table 3. Energy consumption pattern of puddled transplanted rice and direct-seeded rice systems
per hectare.

Puddled Transplanted Rice Direct-Seeded Rice

Inputs (Unit)

Quantity per Unit Total Energy Quantity per Unit Total Energy
Area (ha) Equivalent (MJ ha-1) Area (ha) Equivalent (MJ ha-1)
Input
Labor (man days) 7182 +10.2 1407.6 +20.1 315 +20.8 617 +40.7
Machinery (hr) 11.6 £0.2 7243+ 152 7.89 +0.8 494.4 + 489
Diesel (L) 56.2+1.0 2690.4 + 46.6 18.4 + 0.6 882.2 +139.5
FYM (kg) 4326.4+330.9 1297.9 + 99 28137 + 327.3 844.1 +98.3
Leaf manure (kg) - - 561.6 + 162.9 1134.3 +£328.2
Nitrogen (kg) 183.1+1.6 11,097.9 + 96.9 36.8 +4.1 2228.8 +245.2
Phosphorus (kg) 1342425 1489.7 + 28.1 414 +48 459.1 +53.3
Potassium (kg) 7880 5276 +0 349 +4.0 233.7 £27.1
Zinc sulfate (kg) - - 39+1.0 82+214
Herbicides (kg/L) 3+0.1 758.6 + 24.2 11+04 284.6 + 103.5
Fungicides (kg/L) 1.8+02 1726 + 19 02+0.0 14.6 + 43
Pesticides (kg/L) 27+01 4916 +9.2 02+0.1 42 +13.5
Irrigation water (m?) 13,753+301.2 14,028.1+307.7 - -
Seeds (kg) 625+ 0 918.8 £ 0 345+20 506.5 +29.5
Total energy input (MJ/ha) - 35,605 + - 7823 +
Output
Rice grain (kg) 5569 + 77.2 81,871 +1134.4 1947.8 £95.5 28,632 + 1405.9
Rice straw (kg) 5912 + 80.7 73,905 + 1008.5 1967.6 +143.2 24,594.6 +1797.3
Total energy output (MJ/ha) - 1557.76+ - 53,227 +
Table 4. Energy indices in rice production system.
Items Units PTR DSR
Energy efficiency - 44 7.3
Energy productivity kg MJ! 0.2 0.3
Energy profitability - 3.4 6.3
Net energy MJ ha™! 120,171 45,403
Specific energy MJ kg! 6.4 4.1
Human energy profitability 111.0 98.7
Nutrient energy ratio 10.8 13.0
Direct energy @ MJ ha™! 4098 (13%) 3478 (44%)
Indirect energy b MJ ha™! 31,507 (87%) 3839 (56%)
Renewable energy © MJ ha™! 2706 (7.6%) 3102 (39.7%)
Non-renewable energy & MJ ha™! 32,899 (92.4%) 4721.3 (60.3%)

2 Includes electricity, diesel fuel and human labor. b Includes biocide, chemical fertilizer, irrigation water, farmyard
manure, organic fertilizers and machinery. € Includes human labor and farmyard manure, irrigation water and
organic fertilizers. 9 Includes electricity, machinery, diesel fuel, chemical fertilizer and biocide.

The different energy indices studied in two rice production system are presented in Table 4.
The average EUE recorded was 4.4 and 7.3 in the PTR and DSR systems, respectively. This finding
indicates a higher amount of input energy is required to produce a unit of output energy under the
PTR system and further highlights the efficient use of inputs under the DSR system. In the literature,
Bockari-Gevao et al. [41] reported an EUE of 8.86 in Malaysia for rice cultivation. In Iran, the irrigated
maize cultivation recorded an EUE of 1.86 [44]. Pahlavan et al. [45] reported lower EUE of 0.01 in
greenhouse tomato production because of the higher energy input under greenhouse conditions.
Paramesh et al. [23] wrote that lower EUE in areca nut gardens was attributed to higher energy
consumption, especially from labor, machinery and diesel fuel. Similarly, the higher energy input in
the PTR system, especially in terms of fertilizers and irrigation water, led to lower EUE compared with
the DSR system.

The energy productivity and energy profitability were found to be higher in DSR than PTR
systems, which shows that there is room for improving energy productivity of rice crops in both
cultivation methods. The lower energy productivity in PTR was largely owing to more use of diesel
fuel, machinery and fertilizers [45-47]. The lower energy productivity (0.27 and 0.33 kg MJ!) was
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also observed under PTR conditions in China. Likewise, the energy profitability was also found
higher in DSR (6.3) than PTR (3.4) systems. The higher EUE, EP and EFP were primarily attributed
to the large decrease in energy inputs (i.e., energy inputs from fertilizer, irrigation water and human
labor) but were also attributed to a reduction in energy output under DSR conditions. However, the
higher mean net energy in PTR system (120171 MJ ha™!) is attributed to higher output energy, and it
increases with an increase in energy output. These results indicated that energy being saved in both
systems; the positive net energy in DSR was mainly due to use of renewable energy sources such as
application of FYM. In Gilan Province of Iran, net energy from paddy production recorded was only
36928 MJ/ha [48]. The nutrient energy ratio was found higher in DSR conditions (13.0), indicating
more output per unit of nutrient with DSR than PTR. Although the energy output was higher in PTR,
it consumed a sizeable amount of nutrients to achieve this production, which implies indiscriminate
use of fertilizers in the region. The human energy profitability was lower (98.7) for DSR because of the
lower crop yield and more use of labor for weed control because weeds are more of a problem under
the DSR system. Paramesh et al. [43] reported human energy profitability of 162.9 and 125.4 for wheat
and PTR, respectively.

3.2. Identification of Efficient and Inefficient Rice Farmers

The average technical, pure and scale efficiency of PTR and DSR farms is presented in Table 5.
The analyzed data indicated that, of 100 farmers tested in PTR farms, 26 farms were found efficient with
a score of 1, and the remaining 74 farms had a score <1, which thus were found relatively inefficient in
using different energy inputs. The mean value of TE for PTR was 0.94 with a standard deviation of 0.05
(Table 5). The mean value of scale efficiency for inefficient PTR farms was 0.87. This finding implies
that there is further room for improving the farm cultivation practices increasing the crop yield and
energy conservation. However, under the DSR system, only 13 farms were inefficient and remaining
87 farms were found efficient in utilizing available resources. The average SE of DSR was found to
be 0.99, which indicated efficient management of inputs by DSR farms to achieve the targeted yield.
Furthermore, the mean TE value highlighted the possible range for saving energy by 6% and 2% in the
PTR and DSR methods, respectively, if these inefficient farms were to perform more efficiently.

The energy values that convert an inefficient farm to being an efficient farm for reducing the present
level of energy consumption for DSR and PTR production systems are presented in Tables 6 and 7.
Based on results of TE, the realistic energy values to obtain the same level of output were determined
using DEA. The mean operational reduction values indicated an excessive use of irrigation water
(1136.7 MJ ha™!) and FYM (358.3 MJ ha™!) in PTR, whereas in DSR excessive use of FYM (599.5 MJ ha™1)
was observed. Therefore, adoption of the suitable water management system and soil test-based
fertilizer application will help to reduce the energy consumption in both methods of rice cultivation.
Similarly, Pahlavan et al. [45] reported that reducing consumption of diesel fuel, electricity and
fertilizers is important for energy saving in greenhouse tomato production. Based on DEA results,
Mohammadi et al. [2] suggested that reduction in the use of nitrogen-based fertilizers, irrigation water
and electricity are necessary to achieve the efficiency on soybean farms.

Table 5. Average technical, pure and scale efficiency of paddy farmers (200 units).

DSR Average Maximum Minimum SD
Technical efficiency 0.98 1.00 0.64 0.08
Pure technical efficiency 0.98 1.00 0.64 0.06
Scale efficiency 0.99 1.00 0.83 0.03
PTR
Technical efficiency 0.94 1.00 0.87 0.05
Pure technical efficiency 1.00 1.00 1.00 1.00

Scale efficiency 0.94 1.00 0.87 0.05
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Table 6. Technical efficiency (TE) and operational reduction of energy inputs (M]) for the inefficient

puddled transplanted rice system.

Operation Reduction

DMU TE
Labors = Machinery  Diesel N P K FYM Irrigation

1 0.92 59.4 0.9 4.2 13.1 9.4 6.2 2422 937.7
3 091 61.7 1.0 4.7 16.1 13.1 7.1 562.3 1088.3
4 0.88 83.2 1.4 6.6 23.2 14.6 9.5 375.0 1693.5
5 0.89 70.8 12 5.9 18.7 15.3 83 490.2 1581.3
6 0.9 72.2 1.1 5.2 19.0 12.0 7.8 307.3 1586.0
7 0.92 61.3 1.0 4.8 14.8 12.1 6.6 258.3 1000.0
8 0.95 37.8 0.5 2.8 9.8 6.1 4.0 157.6 661.0
9 0.87 95.7 17 74 233 19.1 10.4 407.7 1578.3
10 0.94 439 0.6 33 12.1 7.6 5.0 195.4 882.5
14 0.92 56.0 0.9 4.5 15.6 9.8 6.4 252.4 1058.6
15 0.91 62.0 1.0 4.6 15.4 12.6 6.9 269.8 1044.3
16 0.9 71.6 11 5.8 20.0 12.6 8.2 322.6 1456.8
17 0.87 97.5 15 7.1 23.0 18.8 10.2 804.2 1945.6
18 0.9 67.9 1.0 5.6 19.2 12.1 7.9 619.3 1598.2
19 0.92 56.1 1.0 39 13.4 10.9 5.9 233.7 904.6
20 0.97 18.6 0.3 15 5.1 3.2 21 165.6 347.3
21 0.94 44.5 0.7 3.4 10.7 8.8 4.8 187.3 7249
22 0.88 85.3 1.3 6.8 23.3 14.6 9.5 751.5 1696.8
23 0.89 76.6 13 5.9 20.0 16.3 8.9 524.1 1690.5
27 0.88 85.4 1.4 6.5 21.1 17.2 9.3 367.8 1423.7
29 0.89 755 1.4 6.1 19.3 15.7 8.5 336.4 1627.9
30 0.92 59.0 0.8 4.6 16.1 10.1 6.6 520.0 1341.8
31 0.89 75.5 13 6.1 19.3 15.7 8.5 336.4 1302.3
32 0.96 32.8 0.5 2.3 8.5 5.3 35 205.3 573.9
33 0.92 62.7 1.0 4.8 14.8 12.1 6.6 258.3 1000.0
34 0.94 413 0.6 31 10.8 6.8 44 174.2 786.5
35 0.87 94.7 14 7.4 23.3 19.1 10.4 407.7 1972.9
36 0.88 82.2 1.3 6.0 222 13.9 9.1 358.1 1848.1
37 0.98 14.0 0.2 1.1 3.6 29 1.6 62.9 243.5
40 0.93 443 0.7 37 13.1 8.3 54 212.1 957.9
41 0.89 76.9 1.3 5.9 19.8 16.2 8.8 346.4 1676.3
42 0.89 75.9 1.1 6.1 21.0 13.2 8.6 338.1 1745.2
43 0.88 89.5 1.4 6.7 21.6 17.6 9.6 3771 1459.7
44 0.9 72.0 12 5.6 19.2 12.1 7.9 620.0 1300.0
45 0.93 53.5 0.8 3.9 13.0 10.7 5.8 455.9 882.4
46 0.93 50.9 0.8 41 13.9 8.7 57 4485 1012.8
47 0.94 445 0.7 3.6 11.5 9.4 5.1 401.3 970.8
48 0.88 79.5 12 6.5 225 14.1 9.2 724.6 1869.9
49 091 62.9 12 4.8 16.4 13.4 7.3 573.5 1110.0
53 0.98 11.0 0.2 0.9 2.8 2.3 12 49.1 237.4
56 0.92 59.3 0.9 4.5 15.6 9.8 6.4 252.4 1058.6
57 0.89 75.7 1.3 6.1 19.3 15.8 8.6 674.4 1305.3
58 0.94 40.1 0.6 3.0 10.9 6.9 45 176.4 796.7
59 0.92 50.8 1.0 4.3 13.4 11.0 6.0 351.7 1134.5
60 0.99 9.0 0.1 0.7 25 1.6 1.0 40.3 207.8
61 0.87 91.5 1.6 7.4 233 19.1 10.4 407.7 1578.3
62 0.9 737 1.0 5.2 19.2 12.1 7.9 310.5 1302.0
66 0.87 88.7 1.4 7.0 24.5 15.4 10.0 592.5 2038.8
67 0.9 72.0 12 5.3 17.9 14.6 8.0 313.3 1212.8
68 0.9 732 11 5.7 19.5 12.3 8.0 315.3 1322.0
69 0.88 80.7 15 6.6 213 17.4 9.5 372.2 1440.8
71 091 65.8 1.1 4.8 16.4 13.4 7.3 573.1 1386.6
72 0.92 60.0 0.9 4.8 16.0 10.1 6.6 516.7 1333.3
73 0.94 435 0.7 3.4 10.7 8.8 4.8 374.6 7249
74 0.87 90.7 15 7.2 24.8 15.6 10.1 798.7 1674.7
75 091 63.3 1.0 4.9 16.5 13.5 7.3 577.6 1117.9
76 0.97 18.2 0.3 1.5 5.3 3.3 22 171.7 387.6
79 0.88 79.7 15 6.4 20.8 17.0 9.2 363.3 1406.5
80 0.94 39.8 0.5 29 10.6 6.7 4.4 171.3 718.5
81 0.89 773 13 6.1 19.3 15.7 8.5 336.4 1302.3
82 0.95 37.3 0.5 2.7 8.7 6.3 41 160.7 725.6
85 0.89 86.8 14 7.0 19.6 13.7 8.4 329.7 1786.6
86 0.98 22.5 0.3 14 3.8 35 1.8 69.7 283.5
87 0.94 49.2 0.8 41 11.4 7.9 48 190.8 839.9
88 0.97 21.6 0.5 2.1 5.4 49 2.5 98.3 399.7
89 0.93 50.2 0.8 4.4 12.2 85 5.2 409.5 970.8
90 0.92 60.4 12 5.2 14.0 12.7 6.5 508.8 1292.6
91 0.94 433 0.7 39 10.6 7.4 45 356.7 966.6
93 0.92 53.6 1.1 5.2 14.2 9.9 6.1 477.6 1051.5
94 0.98 12.6 0.2 11 31 2.8 1.4 112.2 227.9
98 0.94 48.6 1.0 4.1 10.7 9.7 49 388.2 788.9
99 0.94 39.3 0.7 3.6 10.4 7.3 4.4 315.3 771.3
100 0.95 419 0.7 32 8.2 7.4 3.8 351.5 605.3
Mean 59.3 1.0 4.6 15.2 11.2 6.5 358.3 1136.7
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Table 7. Technical efficiency (TE) and operational reduction of energy inputs (MJ) for the inefficient rice fields in using the direct-seeded rice method.

DMU TE Labor Machinery Diesel Seeds N P K Micronutrients FYM Leaf Manure Herbicide
23 0.68 94.9 1.9 6.3 11.1 158 158 158 3.2 791.1 0.0 0.0
24 0.75 73.7 1.2 2.5 7.4 6.1 12.3 6.1 2.0 614.0 122.8 0.0
34 0.92 21.3 1.0 0.6 2.0 3.9 3.9 24 0.2 197.0 63.0 0.4
41 0.68 93.1 49 6.5 194 323 485 485 0.0 1617.0 97.0 0.0
44 0.64 65.6 47 12.8 18.2 182 182 182 3.6 1092.9 728.6 0.3
45 0.96 7.8 0.6 0.6 1.9 1.1 2.2 2.2 04 43.2 43.2 0.0
50 0.83 55.0 0.8 2.5 5.8 4.2 8.3 42 1.7 500.4 0.0 0.7
55 0.93 19.9 0.5 1.3 2.0 2.0 3.3 2.7 0.7 132.6 66.3 0.3
56 0.98 7.1 0.1 0.2 0.6 0.5 1.1 0.5 0.0 43.2 21.6 0.0
63 0.83 82.6 13 3.8 8.8 6.3 12.5 6.3 2.5 750.6 0.0 1.0
68 0.93 29.8 0.8 2.0 3.0 3.0 5.0 4.0 1.0 198.9 99.5 0.4
95 0.68 122.5 24 8.2 14.3 20.4 204 20.4 4.1 1020.5 0.0 0.0
96 0.75 95.0 1.6 3.2 9.5 7.9 15.8 7.9 2.5 792.1 158.4 0.0

Mean 59.1 1.7 3.9 8.0 9.4 129 107 1.7 599.5 107.7 0.2

11 of 19
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3.3. Economic Indices

The study results revealed that major savings may be possible by reduction of labor ($126/ha),
irrigation ($116/ha) and FYM ($91.4/ha) with a total mean economic saving of $472.9/ha under PTR
conditions (Tables 8 and 9). Similarly, in DSR, the inefficient farmers can save $163/ha by a reduction in
use of FYM ($141/ha). The economic estimation was made by considering the average market price
of the inputs in 2019. The results clearly indicate the advantages of DSR for saving capital for the
farmers compared with PTR farms. The DSR system is more efficient in reducing the consumption of
scarce natural resources such as irrigation water. Although the yield advantage under DSR conditions
was found low, it was sustainable with limited resource use over PTR conditions. In other economic
studies, Vazquez-Rowe et al. [49] reported an average annual savings of 400 € to 5150 € for inefficient
vine farms. Paramesh et al. [23] wrote that adoption of an improved strategy of practices can save
resources up to 11% with a mean economic saving of $413/ha. These economic savings would be
possible if the farmers with inefficient rice systems adopt the improved management practices by
considering soil test values, farm mechanization, suitable method of crop establishment and better
pest and disease management.

Table 8. Total economic saving (TES) linked to the accomplishment of operational targets in puddled
transplanted rice.

DMU Labors Machinery Diesel N P K FYM Irrigation TES ($/ha)

1 126.3 18.3 14.9 4.0 144 50.2 61.8 95.7 413.0
3 131.1 20.2 17.0 49 201 583 143.4 111.0 537.8
4 176.9 28.4 23.6 7.1 224 778 95.7 172.8 646.9
5 150.6 23.5 21.1 57 234 678 125.1 161.4 615.2
6 153.4 22.1 18.5 5.8 183  63.7 78.4 161.8 559.8
7 130.4 19.6 17.0 45 185 53.6 65.9 102.0 442.6
8 80.4 10.7 10.2 3.0 94 327 40.2 67.5 272.6
9 203.5 34.0 26.3 7.1 292  84.6 104.0 161.0 697.6
10 93.3 12.6 11.8 37 117 405 499 90.1 336.4
14 119.1 19.1 159 4.8 151 523 64.4 108.0 421.9
15 131.7 19.4 16.3 47 193 559 68.8 106.6 447.5
16 152.2 23.2 20.8 6.1 192 669 82.3 148.7 554.5
17 207 .4 30.4 254 70 288 834 205.1 198.5 829.8
18 144.4 21.1 20.0 5.9 185 642 158.0 163.1 628.8
19 119.2 19.5 14.1 41 16.7 485 59.6 92.3 399.4
20 39.5 53 5.4 1.6 49 17.2 422 354 160.7
21 94.5 14.9 12.1 3.3 134  38.8 47.8 74.0 319.1
22 181.4 25.6 24.2 7.1 224 779 191.7 173.1 7444
23 162.9 26.5 21.1 6.1 250 725 133.7 172.5 661.7
27 181.6 27.8 23.2 64 263 763 93.8 145.3 616.8
29 160.6 28.0 21.7 59 241 698 85.8 166.1 592.8
30 125.5 16.7 16.4 49 155 539 132.6 136.9 526.4
31 160.6 26.7 21.7 59 241 698 85.8 132.9 558.3
32 69.8 9.3 8.3 2.6 82 284 52.4 58.6 250.1
33 133.2 19.6 17.0 45 185 53.6 65.9 102.0 438.0
34 87.9 13.2 11.2 3.3 104 36.1 444 80.3 306.4
35 201.3 29.3 26.3 7.1 292 846 104.0 201.3 732.3
36 174.8 25.8 21.6 6.8 213 743 91.3 188.6 646.6
37 29.7 4.8 4.0 1.1 45 13.0 16.0 24.8 105.0
40 94.3 13.6 13.4 4.0 126 440 54.1 97.7 357.7
41 163.5 27.5 20.9 6.1 248 718 88.4 171.1 613.0
42 161.4 23.0 21.8 64 202 701 86.3 178.1 605.3
43 190.3 28.5 23.8 6.6 270 782 96.2 148.9 642.0
44 153.1 23.5 20.0 59 185 643 158.2 132.7 610.9
45 113.8 16.4 13.8 4.0 163 473 116.3 90.0 443.5
46 108.3 16.1 14.8 4.3 134  46.5 114.4 103.3 4454

47 94.7 15.2 12.9 3.5 144 416 102.4 99.1 405.5
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Table 8. Cont.

DMU  Labors Machinery Diesel N P K FYM Irrigation ~ TES ($/ha)

48 168.9 247 233 69 216 751 184.8 190.8 735.7
49 133.7 239 17.3 50 205 595 146.3 113.3 550.7
53 234 3.7 3.1 0.9 3.5 10.2 12.5 24.2 85.8
56 126.0 18.2 15.9 4.8 151 523 64.4 108.0 427.9
57 160.9 255 21.7 59 241 699 172.0 133.2 644.4
58 85.2 12.0 10.6 33 105 36.6 45.0 81.3 300.8
59 108.0 19.5 15.4 41 16.8 48.6 89.7 115.8 439.5
60 19.2 2.6 2.6 0.8 24 8.3 10.3 21.2 71.1
61 194.6 324 26.3 71 292  84.6 104.0 161.0 689.1
62 156.7 21.2 18.7 59 185 644 79.2 132.9 535.5
66 188.5 28.4 249 75 236 819 151.2 208.0 758.5
67 153.0 23.7 18.9 55 224 650 79.9 123.8 527.4
68 155.7 21.5 20.3 6.0 18.8 654 80.4 134.9 538.4
69 171.5 31.0 23.5 65 266 772 95.0 147.0 620.2
71 139.9 22.8 17.3 50 205 594 146.2 141.5 584.9
72 127.6 17.6 17.0 49 154  53.6 131.8 136.1 533.0
73 92.5 14.2 12.1 3.3 134 388 95.6 74.0 364.8
74 192.8 30.2 25.7 76 238 828 203.7 170.9 784.5
75 134.7 20.8 17.4 51 20.7 599 147.3 114.1 553.8
76 38.6 6.2 54 1.6 51 17.8 43.8 39.6 168.4
79 169.4 30.3 229 64 260 753 92.7 143.5 599.9
80 84.6 11.0 10.3 3.3 10.2  35.5 43.7 73.3 287.7
81 164.3 26.7 21.7 59 241 698 85.8 132.9 562.0
82 79.3 10.3 9.7 27 96 333 41.0 74.0 2747
85 184.5 28.5 249 6.0 210 684 84.1 182.3 639.4
86 47.8 6.3 5.0 1.2 53 14.5 17.8 28.9 135.3
87 104.6 15.6 14.7 35 121 39.6 48.7 85.7 347.5
88 459 9.8 74 1.7 75 204 25.1 40.8 170.4
89 106.7 15.8 15.8 37 130 425 104.5 99.1 425.8
90 128.4 24.3 18.4 43 194 528 129.8 131.9 540.0
91 92.0 14.6 141 3.2 114 370 91.0 98.6 382.8
93 114.0 21.7 18.5 43 152 495 121.8 107.3 480.4
94 26.8 4.8 41 0.9 43 11.6 28.6 233 111.0
98 103.3 194 14.7 3.3 14.8 40.2 99.0 80.5 398.6
99 83.5 13.5 12.7 32 112 363 80.4 78.7 340.6
100 89.1 14.2 11.5 25 114 309 89.7 61.8 328.9
Mean 126.0 19.5 16.6 47 171 534 91.4 116.0 472.9

Table 9. Total economic saving (TES) linked to the accomplishment of operational targets in
direct-seeded rice.

DMU Labor  Machinery P K Micronutrients FYM Leaf Manure TES ($/ha)
23 214 0.2 0.6 5.3 11 186.2 0.0 2147
24 16.6 0.1 0.5 21 0.7 144.5 43 168.7
34 48 0.1 0.2 0.8 0.1 46.4 22 54.5
41 21.0 0.4 1.9 16.4 0.0 380.5 34 423.6
44 14.8 0.4 0.7 6.1 1.2 257.2 25.5 306.0
45 1.7 0.1 0.1 0.7 0.1 10.2 1.5 144
50 124 0.1 0.3 14 0.6 117.8 0.0 132.5
55 45 0.0 0.1 0.9 0.2 312 23 39.3
56 1.6 0.0 0.0 0.2 0.0 10.2 0.8 12.8
63 18.6 0.1 0.5 21 0.8 176.6 0.0 198.8
68 6.7 0.1 0.2 1.3 0.3 46.8 3.5 59.0
95 27.6 0.2 0.8 6.9 14 240.2 0.0 277.0
96 214 0.1 0.6 2.7 0.9 186.4 5.5 217.6

Mean 13.3 0.2 0.5 3.6 0.6 141.1 3.8 163.0

3.4. Greenhouse Gas (GHG) Emission

The GHG emissions data revealed that 86% of the total emissions under PTR conditions were due
to on-farm methane emissions followed by nitrogen (6%), diesel fuel (3.9%) and machinery (1.3%).
Compared with the DSR method of cultivation, the GHG emission from on-farm methane emissions
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were 65%, followed by nitrogen (8.3%), diesel fuel (8.9%) and machinery (6.1%). Similar results were
reported by earlier studies [50-52]. Chaudhary et al. [35] reported that 70-75% of the total emissions
under DSR conditions were CO; emissions only, mainly due to field operations, followed by fertilizer
application and the remainder (10%) was methane emissions. In comparison, in the PTR method of
cultivation, methane emission-based CO; equivalent emissions were higher (57%). In the current
study, there was a significant reduction in total GHG emission in DSR (574.1 kg CO; equivalent) versus
the PTR system (3954.8 kg CO, equivalent). Pathak [53] reported that continuous flooding, nitrogen
fertilizers and machinery are responsible for the higher GHG emissions from PTR farms. Puddling
and continuous flooding of rice fields encourages the activity of methanogenesis, thereby increasing
methane emission. In contrast, the aerobic conditions of DSR server to reduce methane emissions
effectively. Fertilizer-responsive high-yield varieties and lower soil fertility are leading to an increased
application of chemical fertilizers, which in turn leads to higher GHG emission. Conventional tillage
practices and improved mechanization are responsible for the higher use of diesel fuel, leading to more
GHG emission, which in turn primes the farm to have methane emissions under reduced conditions.
Periodic soil testing and the use of organic sources of nutrients such as green manure, Azolla cultivation
and FYM application can reduce the indiscriminate use of fertilizers [54]. This result highlights the
scope of conservation tillage (in DSR conditions) to conserve energy and reduce GHG emission by
lowering the use of machinery and fossil fuel combustion.

The data show a higher carbon input and carbon output in the PTR system (Table 10). This
trend in PTR farming is mainly due to higher consumption of chemical fertilizers, machinery and
diesel fuel for field operations compared with the DSR system. The PTR method recorded lower
carbon efficiency ratio and carbon sustainability index (4.3 and 3.3, respectively) than DSR method
(10.1 and 9.1, respectively). The higher carbon efficiency ratio indicated more carbon efficiency in
the DSR method. The higher carbon sustainability index DSR was due to reduced carbon input and
reduced number of tillage operations. The estimated average GHG emissions was higher in the DSR
method; this trend was mainly based on lower carbon emission, especially from fertilizers and fuel.
Chaudhary et al. [35] reported that conservation tillage practices such as minimum tillage and zero
tillage have profound effect in reducing GHG emission. The present study highlights the importance
of the DSR method as a conservation tillage practice in reducing the carbon input and GHG emission,
particularly compared with the PTR method.

Table 10. Estimated average greenhouse gas (GHG) emission (kg ha™1), C output (kg ha™1), carbon
sustainability index and carbon efficiency under different paddy establishment techniques.

Particulars PTR DSR
Machinery 51.4 35.1
Diesel 155.1 50.9
Nitrogen 238.1 47.8
Phosphorus 26.8 8.3
Potassium 11.8 5.2
Farmyard manure 30.3 19.7
Leaf manure - 3.9
ZnSOy - 16.4
Herbicides 18.8 7.0
Insecticides 13.6 1.2
Fungicides 6.9 0.6
On-farm emission 3402.0 378.0
GHG emission CO, equivalents 3954.8 5741
Carbon output 4592.7 1566.1
Carbon input 1078.6 156.6
Carbon efficiency ratio 4.3 10.1
Carbon sustainability index 3.3 9.1

Estimated average GHG emission 0.19 0.31
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3.5. Uncertainty in Assessment

The GHG emission in terms of CH4 and N, O emission from agricultural soils are greatly influenced
by soil type, cropping system, cover crops and type of management both in puddled transplanted
and direct sown rice, respectively. However, estimations of these emissions is major uncertain due
to varied emission factors, variability of system, activity data, lack of coverage of measurements,
spatial aggregation and type of field operations. Most studies of the past found lack to address these
issues. In this study, a novel attempt was done to assess GWP of the major rice cultivation methods
of irrigated and rainfed agriculture. In addition, energy balance and C sustainability index of both
the rice cultivation methods were appraised. Based on all information it was evident that although
transplanting methods of rice cultivation yielded higher productivity, the energy input, energy output,
however the GWP was found much higher in puddled condition than direct-seeded rice system.

4. Conclusions

The study evaluated the energy consumption pattern and carbon sustainability of the puddled
transplanted and direct-seeded rice method in farmers’ fields. The study highlighted the indiscriminate
use of nitrogen fertilizers and irrigation water (39% of energy input) in the PTR method of rice
cultivation. The mean energy input and output estimated for PTR were 35605 and 155776 M]/ha and
for DSR were 7823 and 53227 M]J/ha, respectively. The consumption of non-renewable energy was
higher in PTR (92.4%) in relation to the DSR system (60.3%). The average EUE recorded was 4.4 and
7.3 for the PTR and DSR systems, respectively. The higher EUE, EP and EFP were primarily attributed
to the huge gap in energy inputs (i.e., energy inputs from fertilizer, irrigation water and human labor)
under DSR method. The analyzed data indicated that, of the 100 farmers tested in the PTR method of
cultivation, only 26 farms were found efficient and the remaining 74 farms were found inefficient in
using different energy inputs. Furthermore, the mean technical efficiency highlighted the scope for
saving energy by 6% and 2% in PTR and DSR, respectively. The results revealed that major savings
could be possible by reduction of labor ($126/ha), irrigation ($116/ha) and FYM ($91.4/ha) under PTR
conditions. Similarly, in DSR conditions, reduction in use of FYM ($141/ha) is required to improve the
farm efficiency. The GHG emissions revealed that 86% of the total emissions under PTR conditions
were due to on-farm methane emissions, whereas it was 65% in the DSR method of cultivation. In the
current study, there was a significant reduction in total GHG emission in DSR (574.1 kg CO; eq.)
compare with PTR system (3954.8 kg CO, eq.). The DSR method recorded higher carbon efficiency
ratio and carbon sustainability index (10.1 and 9.1, respectively). The present study highlights the
importance of DSR method as a conservation tillage practice in reducing the energy consumption,
carbon input and GHG emission in comparison to PTR method.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/16/6439/s1,
Table S1: Basic data collected from puddled transplanted farms, Table S2: Basic data collected from direct
seeded farms.
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Nomenclature

DSR Direct-seeded rice

PTR Puddled transplanted rice

EUE Energy use efficiency

EP Energy productivity

EFP Energy profitability

DEA Data envelopment analysis

TE Technical efficiency

PTE Pure technical efficiency

CRS Constant return to scale

VRS Variable return to scale

DMU Decision making units

FU Functional unit

ha Hectare

kg Kilogram

h Hour

kWh Kilowatt hour

MJ Mega joule

SD Standard deviation

FYM Farmyard manure

GHG Greenhouse gas

GWP Global warming potential

NRE Non-renewable energy

NEG Net energy gain

RE Renewable energy

SE Specific energy

C Carbon

CH, Methane

N Nitrogen
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