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Small-scale rice farming plays a vital role in Indonesia’s food security but
presents considerable environmental challenges due to inefficient energy use
and high greenhouse gas (GHG) emissions. This study investigates energy
inputs and GHG emissions in smallholder rice farms in Tulungagung, East
Java, to identify inefficiencies and recommend sustainable interventions. Data
were collected from 16 farms across four subdistricts during the second
planting season using structured surveys. Energy inputs—derived from fertilizers,
machinery, fuel, and labor—were quantified using standardized coefficients,
while GHG emissions were estimated based on the use of fertilizers, pesticides,
and fuel. The results showed that fertilizers, particularly nitrogen-based ones,
accounted for 96.6% of total energy inputs (18,270.96 MJ/ha). Average GHG
emissions reached 21,431.6 kg CO,-eqg/ha, with significant contributions from
pesticides (31.8%) and fertilizers. Additional emissions stemmed from methane
in flooded fields and nitrous oxide from fertilizer overuse. The system exhibited
low energy efficiency (0.61%) and high specific energy consumption (127 MJ/kg),
indicating substantial inefficiencies. These findings underscore the need for
integrated nutrient management, site-specific mechanization, and renewable
energy adoption to enhance the environmental sustainability of rice farming.
Future studies should focus on the implementation of precision agriculture and
biofertilizers to mitigate environmental impacts while improving productivity.

KEYWORDS

energy analysis, greenhouse gas emission effect, small scale, rice cultivation, input
energy

1 Introduction

Rice (Oryza sativa L.) is a fundamental agricultural commodity and a primary staple
food for more than half of the global population, with Southeast Asia being a major hub
for rice production and consumption. In Indonesia, rice occupies a central role in food
security and economic sustainability, making its cultivation a critical focus for agricultural
development. Despite contributing 9% of the world’s total rice production, Indonesia faces
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challenges in maintaining productivity due to limitations in land
availability and farming practices. Specifically, smallholder farming,
prevalent in regions like Tulungagung East Java, presents unique
challenges related to land fragmentation, limited mechanization,
and environmental impacts.

Tulungagung, a district in East Java, exemplifies the high
dependency on rice as a source of livelihood, with the region
contributing significantly to provincial and national rice outputs.
However, the dominance of small-scale farming (<0.5 ha) restricts
the adoption of advanced mechanized techniques, resulting in
suboptimal energy utilization and significant time losses during
cultivation processes. For instance, the shape and size of land
plots constrain the maneuverability of agricultural machinery,
exacerbating inefficiencies and increasing Greenhouse gas (GHG)
emissions. These emissions, primarily carbon dioxide (CO,),
methane (CH,), and nitrous oxide (N,O), are substantial
contributors to global warming, particularly when associated
with fossil fuel combustion, fertilizer application, and residue
decomposition in flooded rice fields (Pagani et al., 2017).

The reliance on synthetic fertilizers and mechanization in
agriculture has been widely reported to exacerbate environmental
challenges. Studies by (Elsoragaby et al., 2019) highlighted that
the overuse of nitrogen-based fertilizers contributes significantly
to GHG emissions, with nitrogen oxides possessing a global
warming potential 298 times greater than CO,. In rice cultivation,
fertilizers such as urea are essential for productivity but can lead to
unintended environmental consequences when used excessively
(Salazar and Rand, 2020). Similarly, mechanization—though
pivotal for enhancing productivity—requires significant energy
inputs, leading to heightened emissions from fossil fuels.
According to (Bakhshandeh et al, 2022) energy-intensive
agricultural practices increase the carbon footprint, necessitating
the need for energy audits to identify inefficiencies and propose
mitigation strategies.

Small-scale rice farming, which dominates Tulungagung,
exhibits unique energy and emission profiles. For example, hand
tractors and combine harvesters are often used despite their
inefficiency in small fields. The frequent turning and maneuvering
of machinery result in wasted fuel and higher emissions, further
exacerbating environmental challenges. Studies, such as those by
Arunrat and Pumijumnong (2017) underline the inefficiencies
associated with mechanization in fragmented lands, noting
that such operations can double CO, emissions compared to
larger, contiguous fields. Moreover, the use of manual labor for
transplanting and other operations, although reducing mechanical
energy inputs, can indirectly increase emissions due to extended
operational times and less efficient input utilization (Soni and
Soe, 2016).

The emission of methane from low-land rice paddies field is
another significant concern, given its global warming potential,
which is 28 times higher than CO, over a 100-year horizon (Soni
and Soe, 2016). Methane emissions predominantly result from
anaerobic decomposition of organic matter in flooded conditions,
exacerbated by excessive use of organic fertilizers. Additionally, the
application of synthetic nitrogen fertilizers leads to the volatilization
and leaching of nitrous oxide, further contributing to the overall
GHG burden. The combined effect of methane and nitrous oxide
emissions from rice farming highlights the critical need for
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sustainable practices to balance productivity with environmental
conservation (Zhong et al., 2016).

The energy profile of small-scale rice farming in Tulungagung
further underscores inefficiencies that affect both economic and
environmental sustainability. For instance, energy inputs such
as fossil fuels, fertilizers, pesticides, and human labor are often
utilized without optimization, leading to elevated costs and
emissions. According to Kazemi et al. (2015) energy consumption in
smallholder farms can be disproportionately high due to the lack of
economies of scale. This phenomenon is particularly pronounced in
regions where access to energy-efficient machinery and renewable
energy resources is limited (Singh et al., 2019). Furthermore, the
reliance on fossil fuels for irrigation, transportation, and field
operations magnifies the environmental impact, with CO, emissions
constituting the majority of the GHG profile in these systems.

The challenges faced by small-scale rice farmers in Tulungagung
reflect broader trends in developing agricultural regions.
As noted by Mardani Najafabadi et al. (2022) the transition towards
sustainable agriculture requires comprehensive energy audits and
the adoption of best practices tailored to local contexts. In particular,
the promotion of renewable energy sources, precision farming
technologies, and integrated nutrient management can mitigate
the environmental impact while enhancing productivity. However,
these interventions require significant investments in capacity
building, infrastructure, and policy support, areas that are currently
underdeveloped in Tulungagung.

This study seeks to address these gaps by providing an in-
depth analysis of energy use and greenhouse gas emissions
in small-scale rice farming in Tulungagung. By employing a
robust analytical framework, the research aims to quantify
energy inputs, identify emission hotspots, and evaluate the
efficiency of current practices. The findings will contribute to
the growing body of literature on sustainable agriculture, offering
practical insights for policymakers, researchers, and practitioners.
Moreover, the study emphasizes the need for a balance between
productivity and environmental stewardship, aligning with global
sustainability goals (Chaudhary et al., 2017).

In conclusion, rice cultivation in Tulungagung represents
both an opportunity and a challenge for sustainable agricultural
development. While small-scale farming supports local economies
and food security, its environmental footprint necessitates urgent
attention. This research provides a critical assessment of the energy
and emission dynamics of rice farming, highlighting pathways for
achieving sustainable intensification in the region. By addressing the
inefficiencies and environmental costs of small-scale rice farming,
this study contributes to the broader discourse on sustainable
agriculture and climate resilience. The decreasing availability of
agricultural land has resulted in limitations for rice cultivation,
which is now increasingly conducted on small plots of less than
1 ha. The energy input requirements for rice cultivation on small
land differ significantly from those on larger land areas (Yuan and
Peng, 2017). Farmers' low awareness in utilizing energy efficiently on
small plots leads to high energy input. These inputs include fertilizer
energy, seed energy, chemical energy, agricultural machinery,
and fuel. High energy input leads to increased greenhouse gas
emissions, which pose a high risk of global warming and crop
failure. This study aims to analyze the effect of energy inputs on
productivity (output) and emissions in small-scale rice farming in
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TABLE 1 Machinery used the rice cultivation on small scale.

Operation Machinery used

First Tillage Tractor two wheels
Second Tillage Tractor two wheels
Planting

Fertilizing

Spraying Power sprayer
Harvesting Combine harvester
Slashing

Tulungagung Regency. The work operations and the machinery used
are presented in Table 1.

2 Materials and methods

2.1 Study area

The research was conducted in Tulungagung, East Java,
Indonesia, a district characterized by predominantly small-scale
rice farming on fragmented land parcels of less than 0.5 ha. The
study area includes four subdistricts: Boyolangu, Tulungagung,
Campurdarat, and Kauman. The average land area used is 0, 27 ha.

2.2 Energy conversion coefficients

Inputs and output are assessed in rop production and then
converted to energy values using appropriate energy conversion
factors. The energy conversion coefficient is a value that expresses
the energy input spent in the production and distribution of the
physical material of the unit. Classical mathematical equations from
Equations 1-7 are then used to estimate the equivalent energy
sources of the production of the crops. The energy coefficients
for different type of material inputs in crop production were
reported in Table 2.

2.3 Energy sources of rice production

2.3.1 Machinery energy

Machinery energy is total of average the energy generated from
agricultural machinery used in cultivating rice crops on small plots
of land. The machinery used includes tractors for the first and
second soil tillage and rice harvesting machines. The formula used
for machinery energy input is provided in Equation 1.

Cf+W
ME =
FcxL

1

Where ME is machinery input energy (M]/ha), Cf is the energy
coefficient (M]J/kg), W is the weight of the machinery (Kg), Fc is the
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TABLE 2 Energy conversion coefficients used to computes
energy inputs.

Input/Output Unit Conversion coefficient
Input
Human labor MJ/h 1,96
Tracto two wheels MJ/kg 93,61
Combine harvester MJ/kg 87,63
Fuel MJ/1 47, 80
Nitrogen (N) MJ/kg 61,53
Phosphate (P,05) M]/kg 12, 56
Potassium (K,0) MJ/kg 6,70
Magnessium (MgO) MJ/kg 10
Pesticide MJ/1 120
Seed MJ/kg 16, 74
Output
Rice MJ/Kg 17

(Sources: Elsoragaby et al., 2019).

effective field capacity (ha/hour), and L is the economic life of the
machinery (year).

2.3.2 Fuel energy

Fuel energy is total of average the energy input used for rice
cultivation derived from diesel fuel. The formula used for fuel energy
input is provided in Equation 2.

_ Fconx Fc
A

FE @)

Where FE is fuel energy (MJ/ha), f con is quantity of the
consumed fuel (1), fc is the energy conversion coefficient of the full
(MJ/1) and A is the farm covered area (ha).

2.3.3 Human energy

Human energy is total of average the labor energy used in all
operational activities for rice cultivation on small plots of land. The
formula used for human energy input is provided in Equation 3.

:n*H*lc
A

HE (3)

Where HE is human energy (M]/ha), n is the number of workers
engaged in the operation, H is the time spent in the performing the
operations (h), Ic is the energy conversion coefficient of the human
worker (MJ/h), and A is the cultivated area (ha).

2.3.4 Fertilizer energy

Fertilizer energy is total of average the energy input from
fertilizers used in the basic fertilization, first fertilization, and

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1579617
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Lutfi et al.

second fertilization. The formula used for fertilizer energy input is

provided in Equation 4.

FTq+) i=1-nFTi+FTCi
A

FTE = (4)

Where FTE is fertilizer energy (M]J/ha), FIq is the fertilizer
quantity used (kg), FTi is the percentage of the composition
of the ith element, FTCi is the energy conversion coefficient
of the fertilizer element (MJ/kg) and A is the cultivated area
covered (ha).

2.3.5 Chemical energy

Chemical energy is the total of average energy input derived
from the use of chemical pesticides, where the application of
chemical pesticides can occur two to three times during a
single growing season of rice cultivation on small plots of
land. The formula used for chemical energy input is provided
in Equation 5.

_ PqxPc
A

PE

(5)

Where PE is the energy of pesticide (M]J/ha), Pq is the pesticide
quantity used (kg), Pc is the energy conversion coefficient of the
pesticides (MJ/kg), and A is the cultivated area (ha).

2.3.6 Seed energy

Seed energy is total of average the energy input from rice seeds
used for rice cultivation on small plots of land. The formula used for
human energy input is provided in Equation 6.

_ Sq=sc
A

SE (6)

Where SE is total average the energy of crop seed (M]/ha), Sq is
the seed quantity used (kg), sc is the energy conversion coefficient
of the seed, and A is the cultivated area covered (ha).

2.3.7 Total energy input

Total energy input is the sum of all the average energy
used in rice cultivation on small plots of land. Equation?7
was used to determine the total energy input on small
plots of land.

TEI = ME + FE+ HE + PE + FTE + SE (7)
Where TEI is the total of the average energy input (MJ/ha) and
ME, FE, HE, PE, FTE, SE were defined previously.

2.3.8 Energy output

Energy output is the average rice output of rice cultivation on
small plots of land. The formula used for rice energy output is
provided in Equation 8.

_ Sp=sc
A

RE

(8)
Where Reis average the energy rice output (MJ/ha), Sp is

quantity output, sc is the energy conversion coeflicient of the rice,
and A is the cultivated area covered (ha).
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2.4 Energy index of rice production

2.4.1 Energy ratio

Energy use efficiency represents the amount of energy generated
for each unit of energy consumed and is calculated as the ratio
between output energy and input energy.

=

)
2)

Energy output (

®

Energyuseefficiency = ©)

&z

Energy input (

=

2.4.2 Specific energy
Specific energy represents the energy required to produce one
unit of crop yield and is calculated as the ratio of energy input to the

crop yield.
MJ Energyinput(j;lﬂ)
Specificenergy(—) = —K“ (10)
kg Yield (%)

2.4.3 Energy gain
The increase in net energy is the difference between the average
energy output and the average energy input.
() () ersyimone ()
Netenergygain ( )~ Energy output ha Energyinput hu(l )

2.4.4 Energy productivity
Energy productivity quantifies the amount of crop produced per
unit of energy consumed. It is calculated as the ratio of yield (kg/ha)

to input energy (M]/ha).
Kg Yield(35)
Energyproductivity(—) = (12)
Mj Energy input(h—‘f)

2.5 Mechanization index

An evaluation of the mechanization status in the rice production
system highlights the extent of machinery energy utilized in
wetland paddy cultivation and identifies key operations that require
mechanization to improve paddy yields through efficient and
timely execution of tasks. The mechanization status of the crop
production process is represented by the mechanization index. The
mechanization index (Im) is defined as the percentage of machinery
energy relative to the total energy from human labor, animal power,
and machinery, as outlined in the given equation.

EEM

IM= ——"
(EEM + EEH)

(13)
Where IM is the mechanization index, EEM is the average

energy of machinery (MJ/ha), EEH is the average energy of human
labor (M]/ha).

2.6 Greenhouse gas emission (GHQG)

In crop production, CO, emissions are generated from the
combustion of fossil fuels, the use of machinery, chemical fertilizers,
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TABLE 3 GHG emission coefficients of agricultural input (kgCO,eq/unit).

Input Unit

GHG emission

Fuel L 2,76
Machinery MJ 0,071
Nitrogen (N) Kg 1,3
Phosphate (P,0;) Kg 0,2
Potassium (K,O) Kg 0,2
Herbicide Kg 5,1
Insecticide Kg 6,3
Fungicide Kg 3,9

and chemical pesticides. To calculate GHG emissions for fossil fuels,
machinery, chemicals fertilizer, and chemicals pesticide the standard
coeflicients were applied (Table 3). The amount of GHG emissions
was obtained by multiplying the input rate by its corresponding
emission coefficient using Equations 14-18.

2.6.1 Fuel emission

ccf = fcon

A (14)

Cf =

Where Cf is CO, average the emission due to fuel combustion

(kgCO,eq/ha), ccfis CO, conversion coefficient for fuel combustion

(kgCO,eq/l) as indicated in Table 3, fcon is quantity of fuel
consumed (1) and A is farm area covered (ha).

2.6.2 Machinery emission

_ccm x me

A

Cm (15)

Where Cm is CO, average emission due to machinery
utilizing for an operation (KgCO,eq/ha), ccm is CO, conversion
coefficient for machinery (kCO,eq/M]) as indicated in Table 3, me
is machinery energy (M]J), and A is farm area convered (ha).

2.6.3 Fertilizer emission

ccft * chq

Cft =
f A

(16)

Where Cch is CO, average emission due to fertilizer dor an
operation (kgCO,eq/ha), ccch is CO, conversion coeflicient for
fertilizer (kgCO,eq/M]) as indicated in Table 3, chq is fertilizer
quantity (kg), and A is farm area covered (ha).

2.6.4 Chemical emission

_ ccch = chq
A

Cch (17)
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Where cch is CO, average emission due to chemical pesticide
for an operation (kgCO,eq/ha), ccch is CO, conversion coeflicient
for chemical pesticide (kgCO,eq/M]J) as indicated in Table 3, chq is
chemical pesticide quantity (kg), and A is farm area covered (ha).
The average total greenhouse gas emissions generated from rice
cultivation on small plots of land were summed up to obtain the
average greenhouse gas emissions for the region.

To determine the relationship between energy inputs and
rice yield, a multiple linear regression function was used.
Multiple linear regression was applied to analyze the relationship
between energy inputs on 16 small rice field plots and the
resulting yields (Equation 18).

Y = a0+ alX1 +a2X2 + a3X3 + a4X4 + a5X5 + a6X6 +ei (18)

Where X1’ is a human labor’ X2’ is a machinery; X3’ is a seed;
X4’ is a fuel; X5’ is a chemical pesticide; X6’ is a fertilizer pesticide,
‘a0’ the constant term ‘ai’ represent coeflicients of inputs which are
estimated from the model, ‘ei’ is the error term, and Y’ is rice yield.

All data on energy input, GHG emission, and rice yield were
calculated and entered into MS Excel 2019.

2.7 Methodology

The research methodology used is a social approach analysis.
The data collection process was carried out randomly in 5 different
areas in Tulungagung Regency. Each energy input used was
calculated in real time during the rice cultivation process. These
inputs were then converted using energy coefficients based on
Table 2, following Elsoragaby et al., 2019. Meanwhile, the energy
outputand greenhouse gas emissions generated from rice cultivation
were calculated based on the energy inputs and GHG emission
coeflicients in Table 3, also according to Elsoragaby et al., 2019.
The energy inputs and outputs in rice cultivation were then used to
calculate energy efficiency, specific energy, energy gain, and energy
productivity.

3 Result and discussion

Based on Table 4, energies used in rice cultivation in small scales
are chemical energy from the use of pesticides (1,769,709 MJ/ha);
machine energy (558,562 MJ/ha); fertilizer energy (12,463.2 MJ/ha);
fuel energy (2,275.29 MJ/ha); labor energy (573.44 MJ/ha); and seed
energy (4.64 MJ/ha). Figure 1 shows the percentage of each type of
energy used in the total energy consumption. The highest energy
input in cultivating rice plants in small-scale is pesticide chemical
energy. The excessive use of pesticides is caused by farmers’ limited
knowledge of the environmental hazards of pesticides and their
belief that it does not affect rice production (Wachid and Mintono,
2017). The pesticide used consist of herbicides, fungicides, and
insecticides.

These results state that the energy input for cultivating rice
plants on narrow land has no effect on the output results with an R
square result of 0.0648922, where the value is >0.05. The high use of
energy input for pesticide chemicals is due to the fact that plants are
often attacked by pests and plant diseases such as insects and fungi.
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TABLE 4 Energy inputs and output of rice cultivation in small scale.

10.3389/fenrg.2025.1579617

TABLE 5 Energy index in rice cultivation on small-scale land.

Operation Average (MJ/ha) P-value Index energy Result
Input Eficiency energy (%) 0,61
Human labor 573,44 0, 136451 Specific energy (M]J/kg) 127
Machinery 558.562 0, 89082 Net energy gain (M]/ha) -18.159.779
Fuel 2.275,29 0, 355453 Energy productivity (Kg/mj) 5,82
Fertilizer 12.463,2 0, 061979 Mechanization index 0,998
Chemicals 1.769.709 0, 143105
Seed 4,64 0, 894497 127 MJ/kg; increase in clean energy —18,159,779 MJ/ha; energy
productivity 5.82 kg/mj; and a mechanization index of 0.998. The
Output energy efficiency results obtained are in line with the energy
. . L o .
Rice 111184, 74 efficiency of rice production in Iran, namely, 0.858% for technical
rice cultivation and 0.953% for direct rice cultivation. Differences

Significancy = 0, 08219.

Percentage of input energy in small-scale
100
80
60
40
20
& o —_— -— —
Machinery Fuelenergy Human Chemicel Fertilizer Seed
energy labor energy energy energy
Energy
FIGURE 1
Percentage of input energy in small-scale.

Farmers assume that high energy input will reduce the risk of crop
failure due to pest attacks and plant diseases. Meanwhile, the lowest
energy input is seed energy, namely, 4.64 MJ/ha. Thelow seed energy
input is due to the narrow land area of <0.5 ha and farmers’ limited
access to obtaining superior seeds. The seed varieties cultivated
in small scales are local seed varieties. This energy input was
obtained from an average land area of 0.27 ha and produced a rice
energy output of 111,184.74 MJ/ha. The results of similar research
conducted by (Elsoragaby et al., 2019) showed that energy input had
no effect on rice yields using the transplanting and seed spreading
methods. Similar research conducted by (Muazu et al., 2014) shows
that there is an influence of labor energy input, fuel, agricultural
machinery, fertilizer and pesticides, but there is no influence of
seed energy input on the productivity of rice plants obtained in
Malaysia. Similar research conducted by (Nabavi-Pelesaraei et al.,
2018) showed that in 1 out of 11 experiments there was an influence
of energy input on rice yields in Iran.

Based on Table 5, it is known that the energy efficiency in
cultivating rice plants on narrow land is 0.61%; specific energy

Frontiers in Energy Research

in energy efficiency results are influenced by different cultivation
methods so that the amount of input used and the output produced
are different. The specific energy produces 127 MJ/kg which is above
the specific energy of rice plants in Iran, which is 11.56 MJ/kg. The
differences in specific energy values in each country are influenced
by the treatment of farmers in the cultivation series as well as
climatic conditions which influence crop yields (Kazemietal., 2015).
Similar research conducted in Malaysia obtained specific energy
results of 8.35 MJ/kg using full mechanization. The specific energy
results are not completely influenced by input energy which includes
machine energy, fuel energy, fertilizer energy, pesticide energy, seed
energy and labor energy. Only part of the input energy is used
by rice plants for production and the rest will become residue in
the soil, air and irrigation water (Shafie, 2016). A similar study
conducted by Soni et al. (2013) in Myanmar stated that energy
efficiency in rice farming there was 5.55 MJ for irrigated systems
and 5.92 MJ for rain-fed systems. Meanwhile, energy efficiency in
rice cultivation in Japan ranged from 0.732% on land areas of 1-2 ha
to 0.988% on land areas >15 ha. Differences in energy efficiency
across regions and countries are influenced by farmers’ knowledge
of energy requirements, the availability of energy and labor, and the
use of agricultural machinery. The irrigation system used in small-
scale rice farming in Tulungagung Regency is technical irrigation
utilizing river flow.

The result of increasing clean energy in cultivating rice plants on
narrow land is —18,159,779 MJ/ha, which means it does not result
in an increase in clean energy. These results can be at higher risk of
environmental pollution energy than the energy obtained from the
harvest. Factors that influence the clean energy results produced are
the doses of pesticides and fertilizers used during the rice cultivation
series as well as the use of agricultural mechanization (Ekel, 2017).
Another factor that influences the increase in clean energy is
environmental conditions which include weather, climate and soil
conditions (Kazemi et al, 2015). From these results, an energy
productivity of 5.82 kg/Mj and a mechanization index of 0.988 were
obtained. The factor that influences energy productivity is the rice
cultivation method used. Conventional rice cultivation methods
in Vietnam produce energy productivity of 0.15-0.16 kg/MJ, while
the SRI method produces energy productivity of 0.22-0.23 kg/M].
The difference in energy productivity results of 43% indicates that
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TABLE 6 Greenhouse gas emissions in rice cultivation on
small-scale land.

Source Average (KgCO,eq/ha)

Fuel emission 214, 35

Machinery emission 14.048
Chemical emission 6.815, 09

Fertilizer emission 354, 08
Total emission 21.431,6

cultivation methods influence energy productivity (Truong et al,
2017). Meanwhile, the mechanization index obtained is above
the average mechanization index for rice cultivation in Malaysia,
namely, 0.76 for the transplanting rice planting method and 0.65
for the seed spreading rice planting method. These results state that
the higher the use of agricultural mechanization in rice cultivation,
the higher the resulting mechanization index. The results of the
mechanization index are in line with research on rice cultivation in
Malaysia, where tillage has a higher mechanization index compared
to other stages of rice cultivation using the seed distribution system
(Elsoragaby et al, 2019). Energy use in the agricultural sector is
influenced by economic factors and the availability of adequate
facilities. This is evident in farmers’ use of fertilizers and agricultural
machinery. Farmers tend to use subsidized fertilizers available
at affordable prices and agricultural machines provided by the
government to minimize economic costs. According to Rajah et al.
(2024), energy use in agriculture must be supported by the use
of clean energy to reduce the risk of greenhouse gas emissions by
184 tons of CO,, which is equivalent to the carbon absorption of a
16.9-ha forest.

As shown in Table 6, the highest average greenhouse gas
emissions were obtained from agricultural machinery sources
(14,048 KgCO2eq/ha); source of pesticide chemicals (6,815.09
KgCO2eq/ha); fertilizer source (354.08 KgCO2eq/ha); and fuel
source (214.3 KgCO2eq/ha) to obtain a total average greenhouse
gas emission of 21,431.6 KgCO2eq/ha. The source of greenhouse
gas emissions from excess fuel produced is lower than greenhouse
gas emissions from the same source in Iran, namely, 948.94
KgCO2eq/ha out of total greenhouse gas emissions of 1,936.11
KgCO2eq/ha (Firouzi etal., 2016). Meanwhile, the average total
CO, emissions in rice cultivation in Northern Iran is 4,263 +
1,547 Kg CO, eqg/ha (Arunrat and Pumijumnong, 2017). The
difference in the two CO, emission results in the two previous
studies was due to differences in energy input treatment in the rice
cultivation series. These differences can occur in the use of chemical
pesticides, the use of fertilizers at different doses, and different
mechanization (Wang et al., 2016).

As illustrated in Figure 2, the percentage of greenhouse gas
emissions shows that the highest emissions come from agricultural
machinery (65.55%), followed by pesticide use (31.80%), fertilizers
(1.65%), and fuel consumption (1%). According to (Tran et al,
2018) gas emissions can be influenced by seasons, namely, the wet
season and the dry season. In the dry season, the flow of hot air
is higher, making it easier for residual agricultural energy input
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used to spread in the environment. The impact of these residues
is water pollution, air pollution, and an increase in temperature
which will result in crop failure. A greater risk of increasing carbon
emissions is burning straw residue, as is done in the provinces of
Guilan, Mazandaran and Golestan in Iran (Sharma and Brar, 2022).
Straw burning in Iran results in a combustion carbon footprint
of 402.8 kgCO2eq/ton respectively; 341.6 kgCO2eq/ton; and 369.3
kgCO,eq/ton (Rezaei et al., 2021). The straw burning carried out
by farmers is due to the use of combine harvesting machines which
chop and spread the straw in the fields, making it difficult to remove.
Incomplete combustion of straw occurs in 5-10 kg of the total straw
produced which causes large amounts of CO, CH, emissions. In
addition, chopping and burning straw in rice fields can increase
the integration of straw into the soil (Arai et al., 2015). Allocation
of rice straw that is not burned as animal feed can reduce the risk
of air pollution by 30%-38%, however, during harvest in the rainy
season there will be problems in transporting and transporting the
straw, so many farmers choose to burn the straw when the land starts
to dry out.

4 Conclusion

This study provides a comprehensive evaluation of energy
utilization and greenhouse gas (GHG) emissions in small-scale rice
farming systems in Tulungagung, Indonesia. The findings indicate
significant inefficiencies and environmental challenges that require
targeted interventions for sustainability. The analysis shows that
fertilizers are the largest contributor to energy input, accounting
for 96.6% of the total energy used (18,270.96 MJ/ha), followed
by machinery and fuel. Overreliance on nitrogen-based fertilizers
significantly contributes to inefficiencies and GHG emissions,
highlighting the urgent need for integrated nutrient management
strategies.

GHG emissions from rice farming in Tulungagung are
relatively high, averaging 21,431.6 kg CO,-eq/ha, with the highest
contributions from pesticide use (31.8%) and fertilizers (1.65%).
Methane and nitrous oxide emissions, driven by anaerobic
conditions in flooded fields and excessive fertilizer application,
further exacerbate the environmental impact. Energy efficiency
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was recorded at 0.61% and specific energy consumption at
127 MJ/kg. These figures are significantly lower than similar
studies in other regions. For instance, energy efficiency in rice
farming in Iran is 0.858% for technical systems and 0.953% for
direct seeding systems. In Japan, energy efficiency is 0.732% on
1-2 ha plots and 0.988% on plots >15ha. These findings align
with the literature on the environmental costs of small-scale
farming while also highlighting the unique contextual challenges in
Tulungagung.

The implications of these results go beyond academic
understanding and lead to practical policy recommendations.
Optimizing fertilizer use, promoting tailored mechanization,
adopting renewable energy technologies, and enhancing farmer
capacity can collectively address inefficiencies and reduce emissions.
These actions align with global sustainable development goals,
offering a path to improve food security while minimizing
environmental harm.

This study contributes to scientific development by offering
a localized perspective on energy and GHG dynamics in small-
scale rice farming. It provides an empirical basis for designing
interventions that balance productivity with environmental
sustainability. The detailed analysis of energy and emissions enriches
the discourse on sustainable agriculture and offers a replicable
framework for similar contexts.

Future research should focus on longitudinal studies to
capture temporal variations in energy use and emissions, as
well as experimental designs to validate and refine the findings.
Investigating the adoption of precision agriculture technologies,
biofertilizers, and small-scale renewable energy systems could offer
further insights into sustainable intensification for smallholder
farming. In conclusion, this study highlights the urgent need for
sustainable practices in small-scale rice farming. By addressing
inefficiencies and environmental costs, these findings pave the way
for policies and practices that support both local livelihoods and
global climate resilience.

Based on the research findings, it is recommended to improve
farmers’ knowledge and skills regarding energy use in small-scale
rice cultivation. This effort can be realized through counseling
and guidance in the use of clean energy that poses minimal risk
of greenhouse gas emissions. According to the test results, the
highest energy input comes from chemical fertilizers, which did not
affect the output yields, thus increasing the risk of greenhouse gas
emissions.
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