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Abstract The agricultural sector in Bangladesh is an ongoing societal expectation
of reducing environmental impacts and increasing crop productivity to provide food
security for its growing population. Introducing life cycle assessment is a system-
atic approach for establishing how sustainable a crop may become and the potential
impacts of complete life cycle wheat farming on the environment and input resource
conservation. This innovative field study focuses on conservation agriculture wheat
farming to increase energy use efficiency (EUE) and environmental sustainability by
decreasing greenhouse gas (GHG) emissions through comparing different conserva-
tion tillage practices to conventional tillage. Furthermore, the study estimated the net
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carbon footprint (CF) of wheat farming, taking into account the additional contribu-
tion of soil carbon sequestration and offered a model of the environmental sustain-
ability for wheat farming. The FEAT tool was used to assess energy use analysis, life
cycle GHG emissions, and CF during the life cycle (CF) wheat farming. The intro-
duced strip tillage (ST), minimum tillage (MT), and conventional tillage (CT) were
predicted by utilizing input enegy of 18,764.29, 18,728.78, and 20,564.32 MJ ha~!
in wheat farming, respectively, with the EUE of 8.46, 8.65, and 6.25%. Among
the tillage practices, MT is the most effective practice option in the wheat farming
production process. The net life cycle GHG emissions were observed to be 1.968,
1.977, and 2.023 kgCO,eq ha~! for ST, MT and CT, respectively, where the CF was
estimated to be 0.013, 0.012, and 0.014 kgCO, MJ-!. As aresult, CA-based ST and
MT practices to be the most effective life cycle GHG mitigation options for wheat
farming in Bangladesh.

Keywords Conservation Agriculture + Conservation tillage + Life cycle
assessment - Energy footprint - Greenhouse gas emission + Carbon footprint

Highlights

1. Strip tillage (ST), Minimum tillage (MT), and conventional tillage (CT) were
introduced.

2. Conservation tillage affected carbon footprint through soil organic carbon

accumulation and yield.

MT practice had the lowest energy input calculated in 18,728.78 MJha™!.

4.  Minimum net life cycle GHG emissions was 1.968 kgCO»eqha~' for ST
practice.

5. The carbon footprint was estimated as 0.012 kgCO,MJ~! of energy output for
MT practice.

et

1 Introduction

The agriculture sector in Bangladesh is expecting to increase the crop production
through a sustainable management practices for overcoming ongoing increasing
food security due to growing its population of 164.7 million currently [72] and
awaited to reach 205 million by 2050 [10], while need to reduce energy inputs to
secure agriculture profitability and also ensure environmental sustainability in term
of greenhouse gas (GHG) emissions [11, 58, 60]. Emerging conservation agricul-
ture (CA) can be suggested as one of the solutions in sustainable crop management
practices which consisting of minimal soil disturbance, crop residue retention, and
diverse crop rotations for the possibility to obtain higher crop productivity, increasing
energy use efficiency (EUE), improving soil quality and also reducing GHG emis-
sions [17, 18, 39, 79], which is practiced over 3.9 Mha area of South Asia [38]. Being
implemented CA practice through management of minimum soil disturbance using
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conservation tillage practices (CTP) and covering stable crop residue has grown in
importance seeking to improve EUE and reduce life cycle GHG emissions of agri-
cultural farming, as well as increasing crop productivity [30, 69, 70]. These benefits
have identical advantages to increasing adoption of CA practices worldwide [73, 77].

CA-based CTP is a tillage system of minimizing soil disturbance which creates
a suitable soil environment for growing crops by way of conserving soil, water,
and energy resources, mainly through reduction of the intensity of tillage passes
and a minimum of 30% of the topsoil covered with the stable crop residues [61].
With this, CTP has a significant influence on soil physical and chemical properties
for maintaining soil health due to tilling soil with a minimal; other main benefits of
CTP are including—reduce soil erosion, decreased labor and energy inputs, increased
availability of water for crop production [20]. Moreover, covering stable crop residue
also benefits a sustainable crop production system that increases soil organic carbon
(SOC), controls weeds, and improves soil structure that helps to reduce energy inputs,
anchoring soil and adding carbon deep in the soil profile via roots [20].

Different tillage practices, including CTP such as minimum tillage (MT), strip
tillage (ST), and conventional tillage (CT), are such crop management options based
on the principles of CA [53], and this has been identified for mitigating GHG emis-
sions in wheat farming [1, 12, 26, 37, 44, 52, 53]. Among these, ST and MT might
be a good options for reducing GHG emissions and enhancing the SOC in the top
layer of soil [21]. By adopting CTPs, GHG emissions can be reduced significantly
in wheat farming by increasing SOC accumulation in soil [11]. On the contrary, soil
tillage practices are an essential part of the agriculture production process, which
has adverse effects on physicochemical properties of soil and environmental impacts
[4]. Nonetheless, immense tillage practice has led to higher aeration that causes SOC
breakdown and also increases GHG emissions [5]. The researcher reported that the
CT and reduced tillage affected soil losses of about 207.7 and 111.5 Mg ha™' [6].

Energy input is a crucial parameter used in the agricultural sector for producing
food grains, although it is one of the main contributors to adverse environmental
impacts for emitting GHG emissions [34, 76]. Agriculture has an energy use of 5%
share globally [9]. Among these, the most energy sources come from non-renewable
sources, leading to enormous GHG emissions. Various energy sources are utilized in
the agriculture sector like human, renewable, coal, fossil fuel, solar, wind, and hydro,
etc. Among these, fossil (diesel) fuel is used in higher amounts in developing coun-
tries for different machinery uses in agricultural farming operations [56]. Higher
energy inputs, especially non-renewable energy inputs, reduce EUE in agriculture
farming. In addition, many indirect energy inputs are used in agriculture farming, such
as mineral or synthesis fertilizers, chemical pesticides, insecticides, and herbicides.
For this, current energy consumptions in the agricultural production process need to
be minimized for undertaking use of optimum level, which is the first assumption
seeking to optimize any farming activities in terms of production cost to gain farm
profitability and achieve agricultural sustainability [45, 62]. Therefore, analysis of
energy use needs to be assessed to determine the EUE and environmental impacts for
achieving the energy footprint of wheat farming. According to the Paris agreement
on the climate change management strategy, the primary emphasis has been given
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on reducing GHG emissions. Therefore, the ongoing agriculture farming requires
to turn into the practice by adopting climate-smart agriculture. Hence, the different
environmental footprints such as carbon and energy footprint are needed to assess
environmental sustainability of crops.

However, recent agriculture and agricultural practices in Bangladesh have emitted
GHG emissions of 37% among all sectors, where the combined share of agriculture
and agricultural land use emitted 47.2%. In contrast, world agriculture and related
land use contribute 19.79% of GHG emissions [24]. United Nations Environment
Programme (UNEP) emissions gap report revealed that about one-third of the GHG
emissions attributed is from agriculture and related land use [67]. It also reported
that agriculture is one of the main four sectors contributing to GHG emissions and
has proven to reduce GHG emissions. The report underlined that promoting CA
practices in agriculture should play the proper role in reducing GHG emissions.
That is why there is still hope for minimizing GHG emissions from the agriculture
sector by applying conservation tillage practices [24, 58]. The agricultural sector
has contributed to emitting more GHG concentrations into the atmosphere in recent
decades. Improper soil management and the use of high amounts of energy (direct
and indirect) inputs contribute significantly to these emissions [21].

All about it, life cycle GHG emissions is one of the global-scale climate change
indicators to determine the environmental sustainability of any crop farming [29]. The
amount of life cycle GHG emissions of crop or food production or services product is
commonly expressed as carbon footprint (CF) [31, 54], where CF is a sustainability
indicator to assess global warming potential (GWP) with a solid scientific basis,
and it is measured as of carbon dioxide equivalents (CO,eq) [71]. Recently, life
cycle assessment (LCA) is the most employed approach to quantify different envi-
ronmental footprints on life cycle farming activities. To assess the environmental
impacts, use the term CF using the amount of GHG emissions per kilogram/ton
of food or grains produced throughout the entire production process in all stages
of a crop like tillage operation, application of fertilizers and pesticides, harvesting,
processing, transport, storage, and consumption in the end during its life cycle [14].
Data of GHG emissions can be measured with the field measurement instruments
or calculations based on emission factors (EF) given by IPCC [46]. The application
of LCA analysis in wheat farming is not a new technolgoy and several international
studies have investigated its importance as a user-friendly tool to evaluate sustain-
ability within agricultural farming. In this study, the LCA approach was employed
to assess the potential environmental footprint of wheat farming associated with
the combination of different tillage practices, including CT practices and synthetic
fertilizer, which was not investigated in the past.

Regard as mentioned above, this field study has been undertaken which has a
special significance. In most of the studies, a higher share of energy inputs comes
from agricultural machinery and synthetic chemical fertilizers, and the inputs energy
consumption is also differed by different tillage practices. CTP, including ST and MT,
is related to the lower fuels and energy inputs. In contrast, a CT practice is coupled
with higher fuels and energy inputs. For this, a fundamental problem is the impact
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assessment of different tillage practices on EUE and different environmental foot-
prints in agroecosystems. Therefore, considering preliminary study in agroecosystem
of conservation tillage wheat farming, this field experiment was conducted for the
different tillage practices associated with the stable crop residue retention (20 cm) to
evaluate the EUE, life cycle GHG emissions, and its impacts on the environmental
footprint including energy and carbon footprint. In addition, this study investigated
the performance comparison of energy use analysis and environmental footprint for
the different tillage practices (ST, MT, and CT). Finally, a systematic LCA approach
proposed a suitable model for sustainable wheat farming.

2 Materials and Methods

2.1 Study Site, Design, and Soil Sampling

The conducted field study was located in the research field at the Regional Agriculture
Research Station (RARS), Jamalpur, Bangladesh, in the rabi season during 2019-21
and the site details are shown in Table 1. The experimental soil is in agro-ecological
zone (AEZ) 8 and 9 of the young & old Brahmaputra and Jamuna floodplain of
Bangladesh. The climatic condition was represented by semi-arid monsoon and sub-
tropical within a variation of rainfall during the entire year. The crop was Wheat
(Triticum aestivum L.)—BARI Gom 28 used in wheat farming. The unit area of
experimental plots was 15 m x 13 m alongside a 2-m buffer distance among the
experimental plots. The field experiment was performed in the same management
practices followed by the same layout. The design of the experiment was adopted
by a randomized complete block (RCB) design with four replications. The study
treatments were based on different tillage practices and stable crop residue retention
(20 cm), shown in Table 2. At the starting of the experiment, each plot was divided
from the other according to the layout. The respective tillage practices were done by
tillage machinery and stable crop residue retention was maintained with the previous
crop of rice used in farmer’s practice.

Table 1 Characteristics of the study field in wheat farming

Parameters | Details

Location Regional Agricultural Research Station (RARS), Jamalpur, Bangladesh

Soil type Silt clay loam
Location 24°56/32.3” N latitude, 89°55'37.8” E longitude, and altitude of 16.46 m

Rainfall 1549.45 mm, medium level Average rainfall (during November—March), 440 mm,
concentrated in monsoon season (June—September)

Drainage Moderate

Temperature | Maximum, 32 °C and minimum, 20 °C (avg.)
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Table 2 Experimental treatment of wheat farming

Crop Conservation tillage practices Residue management

Wheat | T; = Strip tillage (ST), no disturbances of | Stable crop residue management (20 cm)
the soil

T, = Minimum Tillage (MT); single
tillage

T3 = Conventional Tillage (CT), farmer’s
practice

At the pre-sowing and post-harvesting stages, soil samples from 0 to 20 cm deep
were collected employing a soil auger. Nine soil samples from each treatment were
collected, and the physicochemical properties of soils were determined the procedure
delineated by the United States Department of Agriculture (USDA), National Soil
Survey Center [14].

Table 3 shows the findings of the soil property study prior to land preparation.
Soil carbon sequestration is a continuous process in soil activities to accumulate the
soil organic carbon (SOC), which is applied to estimate carbon accounting, as the
amount of SOC accumulation for CA formation during the initial soil condition and
after crop harvesting differs. The SOC content in soil was determined using the wet
oxidation technique. [36].

2.2 Soil Tillage and Agronomic Management Practices

Figure 1 shows the flowsheet of the wheat production process with the account to
the LCA system boundary. Five days before planting, tillage practice was done in
different treatments according to the design. The previous stable rice crop residue
was left on the soil (20 cm) and pulverized during the tillage process. A power tiller-
operated BARI inclined seeder was employed for land preparation and seed sowing in
both strip tillage (ST) and minimum tillage (MT) practices [32]. For ST practice, the
tine setting of the BARI inclined seeder was modified to 12 tines for tilling purposes
at each journey and seed sowing was done in six rows with a 20 cm line to line
spacing. Thus, the soil was ploughed to a depth of 67 cm, and the wheat seed was
sown in lines at a specific distance using a seed metering device at a seed rate of 120
kg ha~!. The seed rate was calibrated following the BARI’s standard seed rate [19].
One machine operator and one labor were only needed to perform tilling and sowing
operations. Soil tilling practice was maintained to a minimum level under the MT
practice. The primary goal of MT pracitce is to pulverize the soil, along with the crop
residue and weeds. This method was used to incorporate crop residue and weeds into
the topsoil, increasing the SOC in the soil. A power tiller-operated BARI inclined
seeder with 48 tines was used to till the soil surface, and the seed planting operation
was carried out, using the same approach as ST practice. The only difference between
these two tillage methods is that tillage practice; ST was followed for tilling in lines
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Fig. 1 Wheat production flow sheet in the LCA system boundary

where line outside soils were untilled, and MT was followed for tilling all over the soil
up to 67 cm depth. One operator and one labor were needed to perform tilling and
sowing operations in MT practice. Both ST and MT practices can save a significant
amount of time and fuel compared to the conventional tillage (CT) practice [60]. CT
practice, known as commonly farmer tillage practice, is used for intensive operations
in Bangladesh. Tillage was performed with a power tiller up to 16 cm, pulverizing
the soil 4-5 times, while removing exposed weeds from the topsoil. The seed sowing
operation was performed manually by broadcasting. This operation took a long time
and more fuel was consumed in the tilling operation, resulting in higher energy
inputs. In these circumstances, an adverse soil environment was created when higher
soil tillage was performed for land preparation, which was unfavorable for growing
the beneficial soil microorganisms that are responsible for biomass decomposition
and recirculation of biogenic elements that makes nutrients available to plants and
growth of SOC concentration [27].

The application rate of chemical fertilizers for the first year was
Ni20P10sKg0Sg5Zn19Bs, based on the initial soil test in order to higher yield goal
[7] and for the second year, the fertilizer application rate was NgoPs2K40SssZnoBs.»
to minimize the environmental effects. At land preparation time, urea (one-third) was
mixed with triple superphosphate (TSP), MoP, gypsum, and ZnSO,4 and then mixed
fertilizers was applied to the soil. Half of the urea from the remaining quantity was
applied at 25 days after sowing (DAS) and the remaining urea was applied at 45 DAS.
Irrigation was used after each fertilizer application. When necessary, the weeder
machinery performed intercultural operations. Weeds in ST plots were partially
controlled by spraying a post-emergence selective herbicide, Affinity (Carfentra-
zone ethyl + Isoproturon) @ 2.5 g/L water at 25 DAS, with just one hand weeding
at 28 DAS for complete weed removal. The gravimetric method was used to closely
monitor the soil moisture[13]. Wheat seeds were sown in the study field on 15
November 2019. During the whole duration, irrigation activities were carried out
three times in a volumetric and regulated manner by the measurement system. Irri-
gation water was applied based on growth stages and DAS; first irrigation was applied
after sowing to supply available moisture in the soil, creating favorable conditions
for seed germination; second irrigation at 25 DAS was applied when milk stages
emerged; and final irrigation was applied at days of heading (51 DAS). An herbicide
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spray was applied at 25 DAS on the same day of irrigation applied. Harvesting opera-
tion of wheat farming was done by a combined harvester of 16 hp. Fuel measurement
was done during farming activities while taking into account time losses for operator
personnel [2]. The following equation (1) was used to compute the production energy
for agricultural machinery and harvesters [16]:

M,=GM,/TW (1)

where M, represents the energy of machine per unit area (MJ/ha™!), G represents
the machine mass (kg), M, represents the machine production energy (MJ kg™"),
T represents the economic life (h), and W represents the effective field capacity
(hah™1).

2.3 LCA Modeling

The LCA is a useful tool for evaluating the environmental sustainability of a process,
product, or system over the course of its entire life cycle [68], which was applied in
this study to determine the life cycle GHG emissions as a global warming potential
(GWP). This study of wheat farming took into account from cradle to farmgate for
considering an LCA analysis of energy and carbon footprint [35]. A farm energy anal-
ysis tool (FEAT) was employed as a whole-farm approach within the LCA system
boundary to estimate energy and carbon footprint, where FEAT is a static, deter-
ministic, and database tool. The newest version developed in 2018 was used in this
analysis, together with the most suitable historical database for this study [15]. This
database was selected as the reference library to complete the inventory analysis as
it is mainly used to help the agricultural sector improve its practices. An advantage
of using the FEAT tool over others is that it can be assimilated with it for its trans-
parency and accuracy of any local data. This program is simple to use, allowing it
to be used as a dynamic crop production tool to study life cycle energy usage and
GHG emissions. If emission factors (EF) were not accessible for any inputs, they
were created using a combination of generic and local data from Bangladesh.

2.3.1 Modeling of Life Cycle Energy Flow

Life cycle energy flow modeling is necessary to determine the optimum use of energy
inputs for respective agricultural crop and their impact on improving the EUE from
the farming inputs. Based on energy consumption, agriculture input energy is sepa-
rated into direct and indirect energy [76]. Machinery used in agricultural operations,
such as tillage for land preparation, seed sowing, fertilization, irrigation, harvesting,
threshing, and transportation, were performed by different agricultural machinery,
are known as direct input energy. Human power was adopted in every operation
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of wheat farming in Bangladesh. Besides these, other necessary inputs energy was
also applied in wheat farming which is called indirect input energy, such as farm
machinery, seed, pesticide, and chemical fertilizer. For assessing optimum energy
usage in wheat farming, energy balance calculations employing direct (operational)
and indirect energy were examined. Many other types of energy, such as renewable
energy such as seed and human power, and non-renewable energy such as chemicals,
fertilizer, herbicides, diesel fuel, water, and machinery, were also identified.

Life cycle energy input—output usage was determined using different energy inputs
and outputs, wheat grain yield, and biomass (wheat residue) output (Table 4). Energy
equivalents of different inputs and outputs parameters for conservation agriculture
wheat farming were extracted from related studies (Table 5). After then, input and
output energy of CA-based wheat farming for different tillage practices were calcu-
lated by their respective quantity multiplying with their energy equivalent [34].
Finally, the following equations in Table 6 were used to determine energy indica-
tors such as energy use efficiency/energy yield, energy productivity, specific energy,
mechanization index, net energy, and agrochemical energy ratio [40, 57, 74].

2.3.2 Modeling of Life Cycle GHG Emission Analysis

According to ISO 14040 LCA approach, LCA addresses quantitative assessment
methods for assessing the environmental aspects of a product or service throughout its
entire life cycle stages, which defines four conceptual steps, including goal and scope
definition, life cycle inventory (LCI), life cycle impact assessment, and interpreting
results [25, 68]. The LCA approach was applied to estimate the global warming
impact (GWI) in terms of total GHG emissions of agricultural products, as reported
by the recent literature [2, 22, 68]. Then, the net life cycle GHG emissions were
determined after subtracting SOC accumulation from overall GHG emissions.

Goal Setting and Scope Definition

The study aims to conduct the GHG emissions assessment of wheat production,
distribution of the wheat grain to the storage and end-of-life treatment. A functional
unit is a unit of measurement used to calculate the function of a system and its
environmental implications, where the functional unit, are commonly defined by
the weight or volume of a product, used for this study as one kilogram per ton of
wheat grains produced by a CA-based wheat production process (Fig. 1). For this,
the LCA system boundary for wheat farming was employed from cradle to farmgate,
which has both off-farm and on-farm stages. The system boundary encompasses all
inputs used in the production process and releases of all sorts of emissions. This
study intended to identify emission impact categories and compare the influence of
input energy on environmental sustainability. The inputs were categorized as system
inputs, and the product produced along with the release of emission were categorized
as system outputs. The detailed agricultural modeling of wheat production farming
was not included in the scope of the study; a readily available dataset was applied to
include the contribution of wheat farming in the overall process.
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Table 4 Energy input-outputs usage in wheat farming

121

Operations Input Unit Strip tillage (ha) Minimum Conventional
tillage (ha) tillage (ha)

Land Power Tiller | h - - 24.7

preparation (PT)
PTOS h 11.2 11.2 -
Diesel Fuel |1 13.5 13.5 24.7
Human h 16.5 16.5 28.0
Labor

Planting Seed kg 119.8 119.8 164.67
Human h 0.0 0.0 16.5
Labor

Fertilization Nitrogen (N) | kg 90.0 90.0 90.0
Phosphate kg 80.0 80.0 80.0
(P20s)
Potassium kg 60.0 60.0 60.0
(K>0)
Sulfur (S) kg 85.0 85.0 85.0
Zinc (Z) kg 10 10 10
Boron (B) kg 5.2 5.2 52
Manure kg 3750 3750 3750
Human 16.5 16.5 16.5
Labor

Irrigation Electricity Kwh 34 34 34
Irrigation m3 2625.8 2625.8 2625.8
water
Human h 494 494 494
Labor

Weeding Human h 98.8 148.2 115.3
Labor

Spraying herbicide kg 1.6 1.6 1.6
Human h 16.5 24.7 24.7
Labor

Harvesting Combine h 2.5 2.5 2.5
Harvester
Diesel Fuel |L 17.5 17.5 17.5
Human labor | h 9.9 9.9 9.9
Wheat kg 4014.9 4082.6 3820.5
Grains
Wheat kg 5356.93 5486.8 5018.3

Straws
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Table 5 Energy equivalents for different inputs and outputs energy in wheat farming

Operations Parameters ‘ Unit ‘ Energy equivalent (MJ/unit) | Reference no
A. Inputs
Tillage Machinery h 62.7 [80]
Human labor 1.96 [47]
Diesel fuel 1 56.31 [23, 76]
Seeding Seed kg 14.7 [41]
Fertilization | (a) Nitrogen (N) kg 64.14 [59]
(b) Phosphate (P20s5) | kg 12.44 [59]
(¢) Potassium (K, 0) kg 11.15 [59]
d) Zinc (Z) kg 5.0 [41]
e) Sulfur (S) kg 1.12 [41]
Herbicide Herbicides kg 101.2 [51]
Electricity kWh |3.6 [41]
Water for irrigation m3 1.02 [41]
B. Output
Wheat grain kg 14.7 [41, 80]
Wheat biomass kg 18.6 [41, 42, 55]

Table 6 Equations followed to calculate the energy indicators

Energy use efficiency = Wheat grains yield(kgha™!)/Input Energy(MJha™") )

Energy productivity = Output energy(MJha~")/Input Energy(MJha~!) 3)
Specific energy = Input Energy(MJha~!)/Wheat yield(kgha™!) “)
Net energy = Outputenergy(MJha™') — Input Energy(MJha™") (5)
Agrochemical energy ratio(%) =

Agrochemicals input Energy(MJha~!)/Input energy(MJha~!) 6)

Life Cycle Inventory (LCI)

In these steps, a systematic approach to LCI is a technique for collecting, analyzing,
and assessing total inputs and outputs (including emissions into the air, water, soil,
and waste processes) flow of each production process while taking into account a
system boundary (Fig. 2) [48]. In this stage, the amount of inputs flow, including
material manufacturing and transport to the farm gate, and outputs flow for one
functional unit of wheat grains to establish a complete LCI by applying a mass
balance approach with LCA system boundary (Table 4) [2]. Here, the GHG emissions
consisting of CO,, CHy, and N,O were the negative outputs, and SOC accumulation
was the positive outputs considering the LCA system boundary of this study. The
GHG emissions observed within the LCI system boundary is mainly from off-firm
and on-firm activities.
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Fig. 2 LCA system boundary including off-firm, on-firm, growth, and development stages and
after harvesting activities to analyze environmental aspects of CA wheat farming

Off-farm GHG emissions: Activities of agricultural inputs production and
delivery up to farmgate related to GHG emissions were estimated, known as off-
farm GHG emissions. The input and output database based on the LCA study for
wheat farming was used to determine the farm machinery manufacturing responsible
for indirect emissions [66]. The input and output database based on the LCA study for
wheat farming was used to determine the farm machinery manufacturing responsible
for indirect emissions [66]. Farm machinery’s emission factor (EF) was determined
by multiplying the machinery production cost for each functional unit, validating
the amount provided in the reference [2]. The EFs of chemicals and herbicides used
for wheat farming were sourced from the Bangladesh studies [2, 15], and the EFs
of imported inputs to Bangladesh were derived from the studies, including fertilizer
materials [2], as these data are defined for the local condition in Bangladesh. The
GHG emissions data associated with materials transportation for one functional unit
of wheat production were used from available databases of EFs of Road Transport
[50].

The transportation vehicle for road transport was used in medium-sized trucks of 7
tons and for sea transport was used a medium-size cargo carrier. The GHG emissions
associated with the activities of inputs delivery from storage factory to field gate is
expressed as ton-kilometers (tkm) for road transport and ton nautical miles (tnm)
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for sea transport. The inputs weight is multiplied by the distance between the wheat
study field and storage factory for determining tkm and tnm [2, 43, 50, 78].

On-farm GHG emissions: On-farm GHG emissions was related to the on-farm
activities for establishing wheat farming. The first emi ssion associated with diesel
fuel use by farm machinery is for the preparation of land. Agricultural machinery,
such as BARI Seeder, power tiller, and combine harvester, were used for land prepa-
ration, seed sowing and harvesting of different treatments of wheat farming. The
GHG emissions was assessed for the application of chemicals and weeding in this
stage. The fuel used was calculated in standard machinery usage terms (9.35 Tha™!
for PTOS & BARI Seeder, 25.5 lha™! for power tiller and 1.82-2.11 Iton~' for
combine harvester). The direct GHG emissions from the soil related to CO,, CHy,
and N,O were estimated using the database study owing in FEAT tool. The N,O
emitted directly described in IPCC [65] and also emitted indirectly by ammonia
volatilization, runoff of nitrate, crop residue in aboveground and belowground were
examined from the database study owing in FEAT software.

Impact Assessment

By multiplying the emission factors (EF) with the associated inputs and outputs in
Table 4, the total GHG emissions (CO,, CHy, and N, O) for producing one functional
unit of wheat production were determined. This total GHG emissions were converted
to CO,eq GHG emissions using the EF for the respective type of emission or global
warming potential (GWP) by applying an IPCC method [65]. The CO5eq GHG emis-
sions for producing each functional unit of wheat production was determined based
on GWP value of 100 years accordingly IPCC 2013, where the EFs of 25 and 298
were used for CHy and N,O, respectively [65]. Finally, the following equation (7)
was applied to determine net life cycle GHG emissions:

NGHG =TGHG - SOCA @)

where

NGHG represents the net life cycle GHG emissions (tonCO,eq ha™!)
TGHG represents the total GHG emissions (tonCO»eq ha™') and
SOCA represents the SOC accumulation in unit of land (kgCO»eq ha™?).

Interpreting Results

The last step of the life cycle GHG emissions methodology is the interpretation of
results. The investigated results were interpreted and a suitable model to reduce life
cycle GHG emissions was proposed, which is shown in Sect. 3.
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2.4 Data Analysis

The different tools and software were employed to analyze the data, which
was collected from the experimental field in this study. The STAR statistical analysis
software developed by IRRI was employed to analyze yield parameters, where LSD
value was assumed to compare means considering a 5% significance level. The FEAT
tool was employed to estimate energy use analysis and life cycle GHG emission to
determine the energy and carbon footprint.

3 Results and Discussion

3.1 Energy Use Analysis

Table 7 shows the energy use analysis of the different inputs and outputs energy to
different tillage practices (ST, MT, and CT). The results show that inputs energy
consumption during the lifecycle of wheat farming for ST, MT, and CT practices
were 16,268.77, 16,233.26, and 18,068.80 MJ ha~!, respectively. The researcher
reported in the previous studies that total energy input has been recorded to be
18,680.8 MJ ha™!, 14,358 MJ ha~!, and 16,000.36 MJ ha~! for wheat farming [16,
49, 59]. In this study, energy consumption for ST and MT practices were relatively
low compared to the CT practice because energy inputs of ST practice for land
preparation by machinery and diesel fuel used to different management operations
were comparatively low. Moreover, wheat grains yield was found to be 4015, 4083,
and 3821 kg for ST, MT, and CT practices, accordingly, while the energy output was
calculated to be 158,657.40, 162,069.55, and 149,501.58 MJ ha™!, respectively. It is
seen that CA-based tillage practices were adopted to reduce the requirement of diesel
fuel energy aiming at improving energy use efficiency (EUE). However, CA tillage
practices were used to reduce soil microbial activities to decrease CO, emissions
further, results in increasing agricultural sustainability. For this, conservation tillage
practices can be considered an energy-efficient technology and positively minimize
energy consumption. Among the energy input of conservation tillage practices and
energy output yield, it is shown that MT practice consumes less energy inputs which
can be considered one of the sustainable indicators for achieving environmental
sustainability.

The table also shows that the most significant part of inputs energy was consumed
by synthetic fertilizer of 46.6, 46.71, and 46.96% for ST, MT, and CT, respectively,
where N fertilizer share is for 35.48, 35.56, and 31.95%, respectively. The nitrogen
fertilizer for all the treatments is the largest energy consumer among the input’s
energy. Alongside this fertilizer energy, the latter most immense input energy in
wheat farming was irrigation water, with 16.46, 16.5, and 14.82% for ZT, MT, and
CT practices, respectively. Electricity, human labor, herbicide, and machinery were
observed as the minor energy inputs.
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The researcher observed that the most significant part of inputs energy consump-
tion among the chemical energy is the N fertilizer which was around 40% of inputs
energy [28, 33, 64] because it is an essential element as a moderator in plant growth
and biological development and increasing crop yield if applied at the right time.
Besides this, N fertilizer has an adverse effect linearly on growth and crop produc-
tivity if this fertilizer is not applied in a proper way and right time. This study shows
that N fertilizer was the primary input energy consumption in conventional farming,
distinguishing between conventional and sustainable agricultural systems. Chemical
fertilizer use grew in CT practice, resulting in a higher share of non-renewable energy
use, and this matter had seen entirely negative from the philosophy of agroecology
consequences adverse impact of CT practice on agricultural sustainability. There-
fore, the alternative measured had taken for the renewal or lesser use of N fertilizer.
This study shows that renewal was done using cowdung with the use of less N fertil-
izer (90 kg) than recommended (120 kg) (Table 6), thus input energy consumption
was also less with the use of this fertilizers. The energy value of cowdung is equal to
1115 MJ and its equivalent energy of N fertilizer is found from only 17.8 kg, whereas
the N fertilizer was applied 90.0 kg per year (avg.). Moreover, the results show that
wheat grain productivity was higher in ST and MT practices compared to the CT
practice. For this, sustainable fertilizer management had a positive effect to supply
more nutrition in soil than chemical fertilizer, getting a more environmental sustain-
ability. As a result, it’s worth noting that using manure with biofertilizer in wheat
farming can be a viable alternative to reducing energy consumption and developing
a sustainable production system that boosts productivity and finally ensures agricul-
tural sustainability. Moreover, CA-based management practices, like composts and
stable crop residues management, may increase SOC content and soil health, which
will reduce the chemical fertilizer energy demand.

3.2 Energy Indicators in Wheat Farming

Energy indicators in wheat farming were determined by applying the equations in
Table 6 for ST, RT, and CT practices (Table 8). The results show that energy use
efficiency (EUE) in wheat farming was 9.75, 9.98, and 8.27 for ST, RT, and CT
practices, respectively. The EUE is shown in higher in comparison to the stated
2.8 for wheat production systems in Turkey [16], 1.44 in south Panjab in Pakistan
[34], 2.9 to 5.2 for wheat production in India [63], and 2.3 in Bangladesh [59].
Comparatively, Lower EUE was observed in CT systems in wheat production due to
intake of higher energy inputs than the ST and MT practices, whereas the higher EUE
was shown for the MT practice. Energy productivity in wheat farming was calculated
as 0.247, 0.251, and 0.211 kg MJ~! for ST, MT, and CT practices, respectively.
This corresponds to 247, 251, and 211 g of wheat grain produced per MJ of input
energy use for ST, RT, and CT practices, respectively. Previous studies reported
that energy productivity in wheat farming was 0.11 kg MJ~! for high inputs and
0.14 kg MJ~! for low inputs usage [75]. Analysis showed that energy productivity is
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comparatively higher than previously reported in all the studies in wheat farming. The
net energy balance in wheat farming for ST, RT, and CT practices was calculated to be
142,388.63, 145,836.29, and 131,432.77 MJ ha™!, respectively. Energy productivity
and net energy per ha in Bangladesh, according to Sanzidur and Kamrul, were 0.2
and 20,595.9 MJ ha™!, respectively [59]. Due to higher yields (grain and straw)
with comparatively lower inputs, net energy was found higher in this study than in
the previous study for wheat farming. Additionally, energy indices of agrochemical
energy, which was found to be 55, 53, and 49% for ST, RT, and CT practices,
respectively. This indicator implies that comparatively less agrochemical energy is
applied in the ST practice resulted in showing a higher percentage. The modeling of
these indicators can be applied in wheat farming systems to use energy efficiently
for achieving higher yield, productivity, and sustainability.

Wheat farming in Bangladesh is completely energy efficient in terms of estimated
net energy balance and energy ratio, although these indicators can increase further by
less inorganic fertilizer. Thus, the sustainability test had been successfully evaluated
in terms of energy balance in wheat farming, which indicates that this farming is
more energy-efficient and sustainable.

3.3 Assessment of Life Cycle GHG Emission and Carbon
Footprint

Figures 3 and 4 show the total life cycle GHG emissions for wheat farming inputs
when the LCA system boundary is taken into account. Total GHG emissions for
different tillage practices linked with fixed crop residue retention were calculated
using a single global warming potential (GWP) allocation in wheat farming. The
results show that total GHG emissions for ST, MT, and CT practices were calculated
tobe 1.987,1.992, and 2.028 tonCO,eq ha=!, respectively; whereas 0.495, 0.488, and
0.531 tonCO,eq ton~! of wheat grains, respectively. Nitrous oxide (N,O) accounted
for the greatest share of total GHG emissions, with about 562 kgCO,eq ha™! of wheat
grain accounting for 28.28, 28.21, and 27.71% of total GHG emissions for ST, MT,
and CT practices, respectively.

Furthermore, N fertilizer was found to be the second largest contributor in ST, MT,
and CT practices, accounting for 24.98, 24.92, and 24.47%, respectively, followed
by N, O from aboveground crop residues, nitrous oxide leaching/runoff, diesel fuel,
Phosphate, N, O from belowground crop residues, N, O from manure, N, O volatiliza-
tion, seed, potash, herbicide, input transportation, and electricity. N fertilizer and
N,O are the primary consumers of GHG emissions, with some of the nitrogen
being dissolved aboveground in the form of volatilization and the rest being applied
dissolved into the soil, where it is naturally transformed to N,O by soil microbes.
Previous research revealed that wheat cultivation in Pakistan produced 1.118 ton
COseq ha=—! of GHG emissions [34]. According to other research, China’s GHG
emissions were 2.75 ton CO,eq ton~! of wheat production [78]. According to this
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Table 7 The amount of input and output energy utilized in different tillage processes, as well as
their percentage share in wheat farming

Input ST Percentage (%) | MT Percentage (%) | CT Percentage (%)
(MJ/ha) (MJ/ha) (MlJ/ha)

Human 229.15 1.41 193.65 1.19 284.02 1.59

labor

Machinery | 860.70 5.21 860.70 5.3 1498.95 8.3

Diesel 1744.07 11.72 1744.07 10.74 2190.83 12.12

Fuel

Seed 1760.44 10.82 1760.44 10.84 2420.60 13.4

(a) 5772.60 35.48 5772.60 35.56 5772.60 31.95

Nitrogen

(b) 995.20 6.12 995.20 6.13 995.20 5.51

Phosphate

(P20s)

(c) 669.00 4.11 669.00 4.12 669.00 3.7

Potassium

(K20)

@S 95.20 0.59 95.20 0.59 95.20 0.53

e)Z 50.00 0.31 50.00 0.31 50.00 0.28

(® 1125 6.92 1125 6.93 1125.0 6.23

Manure

Electricity | 122.40 0.75 122.40 0.75 122.40 0.68

Irrigation | 2678.36 16.46 2678.36 16.5 2678.36 14.82

water

Herbicide | 166.64 1.02 166.64 1.03 166.64 0.92

Total input | 16,268.77 | 100.00 16,233.26 | 100.00 18,068.80 | 100.00

energy

Grain 59,018.55 | 37.20 60,014.25 |37.03 56,162.0 37.57

Straw 99,638.85 |62.80 102,055.31 | 62.97 93,339.5 62.43

Total 158,657.40 | 100.00 162,069.55 | 100 149,501.58 | 100

output

energy

Note ST = Strip tillage practice, MT = Minimum tillage practice, CT = COnvertional tillage practice

study, the use of less nitrogen fertilizer results in a favorable reduction in GHG emis-
sions. Furthermore, as demonstrated by the experiment, stable crop residue retention
improved soil structure and increased soil organic carbon (SOC) content by pulver-
izing it into the soil using conservation tillage practices (CTP), which helped fix
atmospheric CO; into the soil, resulting in a reduction in total GHG emissions. Soil
fertility and environmental quality were significantly improved by implementing
CTPs, such as ST and MT practices, and balanced fertilizer management with stable
crop residue retention, in order to reduce GHG emissions.

The relative contributions of different tillage treatments at the off-farm stage were
nearly similar to GHG emissions for all treatments. The off-farm activities emitted
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Table 8 Results of energy indicators in wheat cultivation using ST, MT, and CT practices

a Unit | ST (%) MT (%) CT (%)
Energy use kg 9.75 9.98 8.27
efficiency/Net | MJ~!
energy ratio
Energy kg 0.247 0.251 0.211
productivity MI-!
Specific energy | MJ 391 3.84 3.84
kg*1
Net energy MJ 142,388.63 145,836.29 131,432.77
ha™!
Agrochemical | (%) 0.55 0.53 0.49
energy ratio
Mechanization | (%) 17.2 17.3 15.5
Index
Direct energy ©~ | MJ 4651.59 |28.59 4616.08 |28.44 515321 |28.52
ha~!
Indirect energy | MJ 11,617.18 | 71.41 | 11,617.18 |71.56 | 1291559 |71.48
* ha~!
Renewable MJ 466795 |28.69 4632.45 |28.54 5382.98 [29.79
energy " ha~!
Non-renewable | MJ 11,600.82 | 71.31 | 11,600.82 |71.46 | 12,685.83 |70.21
energy " ha™!

Note *Direct energy, **Indirect energy, ***Renewable energy, ****Non-renewable energy

GHGs were approximately 37.97, 37.88, and 38.3% of total GHG emissions for
ST, MT, and CT practices, respectively (Fig. 5). A slight increase in emission was
observed only for CT practice because wheat seeds and fuels used in this treat-
ment are slightly more. Emission associated with different tillage practices and fixed
crop residue retention were not significantly different in off-farm treatment tillage
practices.

Analysis in the on-farm stage confirmed that there had not been any CH,4 emis-
sions, having the highest GHG emissions from the CT practice than the ST and MT
practices, whereas GHG emissions from ST and MT practices were showed similar
trends (Fig. 5). The only variation in GHG emissions is from the fuel and biolog-
ical seed emissions. On-farm GHG emissions can be reduced by reduce use of N
fertilizer and increase use of organic fertilizer. Overall, off-farm GHG emissions of
wheat farming were much lower than emitted GHG emissions during the on-farm
stage because of adopting CA practices.

The GHG intensity or carbon footprint (CF) of wheat grains was determined to be
0.013, 0.012, and 0.014 kgCO,eq MJ~! for ST, MT, and CT practices, respectively.
In previous investigations, CF was found to be 0.027 for wheat in the United States
[15]. Due to reduce use of N fertilizer and conservation tillage measures, CF was
lower in this study. CA practices limit the amount of fuel used in tillage operations,
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resulting in reduced CF and environmental sustainability. The combined effect of
improved nitrogen use efficiency, reduced life cycle GHG emissions, and lower CF
has been the key result of lowering GHG intensity in wheat farming (Fig. 5).

The net life cycle GHG emissions must be calculated considering SOC accumula-
tion during crop farming, because total life cycle GHG emissions must be accounted
for off-farm and on-farm GHG emissions. In agricultural farming, the effects of SOC
accumulation on GHG emissions must be recognized; otherwise, life cycle GHG
emission results would be misleading. The accumulation of SOC linked with CA-
based management practices might take several years to optimize. As a result, when
soil characteristics have reached an equilibrium state with the new degree of SOC,
the net life cycle GHG emissions of wheat farming using CA-based establishment
practices must be estimated and give inceptive results.

3.3.1 Seil Organic Carbon (SOC) Accumulation

The topsoil tends to have the highest concentration of soil organic carbon
(SOC) percentage. To determine how much SOC buildup by adopting conserva-
tion tillage practices, topsoil up to 20 cm was linked with measurement. Table 9
shows how the SOC accumulation was translated to kilograms of CO, equivalent
per hectare. For ST, MT, and CT practices, SOC accumulation was 18.94, 14.93,
and 5.66 kgCO,eq ha™!, respectively. After converting this equivalent SOC accu-
mulation to equivalent CO,, net GHG emissions for ST, MT, and CT practices were
1.968, 1.977, and 2.023 kgCO,eq ha™!, respectively. Although the quantity of SOC
per hectare in terms of a kilogram of CO, equivalent is modest, this amount of SOC
accumulation is only for two years of wheat farming. According to the research, crop
residues retention in soil, low soil disturbance, reduced CO, emissions, and crop rota-
tion with legume crops can all help to improve SOC content [3, 8]. The study result
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Table 9 SOC accumulation and their GHG emissions in wheat farming

Treatment | Total GHG SOC SOC SOC Net GHG Net GHG
emission (t/ha) | accumulation | (kgCOseq/ha) | Emissions Emissions
(kgCOzeq/ha) (t/ha) (kgCOseqg/ha) | (tonCOzeq/ha)

Initial soil 16.240

ST 1987.22 21.291 | 5.051 18.94 1968.28 1.968

MT 1992.01 20.221 | 3.981 14.93 1977.08 1.977

CT 2028.28 17.750 | 1.510 5.66 2022.62 2.023

implied that CA-based tillage practices and stable crop residue retention enhance
SOC in the topsoil.

3.4 Net Life Cycle GHG emission

Net life cycle GHG emissions for different tillage practices were evaluated based on
overall GHG emissions for the production of 1 ton of wheat grains after accounting for
SOC accumulation. According to the findings, SOC accumulation has a significant
impact on lowering net life cycle GHG emissions. The ST practice was also shown to
be the best practice for reducing GHG emissions since the highest amount of soil was
covered and untilled following during the tillage operation. However, SOC content
might reduce GHG emissions in the CT practice to some extent, as heavy tillage
in the soil causes intensive soil disturbance and a high level of microbial activity,
resulting in less carbon remaining in this practice.

4 Conclusion

The input—output energy balance in wheat farming is a systematic approach to utilize
available inputs effectively for increasing overall farming efficiency and environ-
mental sustainability. This study was conducted within the LCA system boundary
to evaluate the energy balance of wheat farming using different conservation tillage
practices with a stable crop residue retention used in Bangladesh. The analysis of
energy use was performed using input and output energy to determine energy use effi-
ciency, net energy, energy productivity, and agrochemical energy ratio for ST, MT,
and CT practices, respectively. It is revealed that a lower amount of input energy
was related to ST and MT practices, whereas a higher amount was associated with
CT practices in wheat farming. Energy use efficiency (EUE) and productivity in
wheat farming showed higher value with MT practice (9.98 and 0.251 kg MJ~!) than
CT practice (8.27 and 0.211 kg MJ —1). Hence, EUE in wheat farming for different
tillage practices kept to the MT > ST > CT sequence. A FEAT tool with LCA system
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boundary was employed for estimating life cycle GHG emissions (tonCO,eq ha™')
and carbon footprint of wheat farming considering the whole production process,
including cradle to farmgate activities. The estimated life cycle GHG emission in
wheat farming was 1.968, 1.977, and 2.023 tonCO,eq ha=! for ZT, MT, and CT,
respectively. Nitrous oxide (N,O) direct emission, N fertilizer, N,O from above-
ground crop residues and fuel for machinery operation had the significant suppliers in
total GHG emissions. Additionally, the GHG intensity or carbon footprint was 0.013,
0.012, and 0.014 kgCO,eq MJ~! of output energy from wheat farming for ST, MT,
and CT practices, respectively, which means the farming system is environmentally
more sustainable.

The highest emissions from wheat farming inputs were N fertilizer (41.1% for
ST and MT practices, 37.43% for CT practices), followed by irrigation water, diesel,
and seed. To address this problem, biofertilizers like manure or cow dung might be
suggested to improve soil nutrition and fertility, potentially increasing SOC accu-
mulation and reducing net life cycle GHG emissions. Adopting the conservation
agriculture (CA) practice for reducing GHG emissions is also an effective measure.
CA-based conservation tillage practices promote SOC accumulation by reducing
input energy consumption by taking less fuel and retaining stable crop residue at a
certain level. Both these plays a vital role in reducing GHG emissions and achieving
long-term environmental sustainability.
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