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Abstract. It is essential to identify the environmental impact of crop production with different soil tillage
systems and to find solutions for reducing greenhouse gas emissions if we are to develop low-carbon
agriculture. The aim of the study was to assess and compare the carbon footprint and costs of winter
wheat production in different soil tillage systems using a life cycle approach. The winter wheat
production in three soil tillage systems: conventional tillage, reduced tillage and direct sowing was
analysed. The study was conducted in 2015-2017 on 15 farms in the Wielkopolska region (Poland).
Inclusion of carbon sequestration into the assessment of carbon footprint allowed for a considerable
reduction of the net global warming potential associated with wheat production in unploughed tillage
systems. The highest average cost of wheat production per one tonne grain yield was found in reduced
tillage. Conventional tillage was associated with the highest costs and greenhouse gas emissions in soil
cultivation and sowing, mainly due to a higher fuel consumption and more intensive use of agricultural
machinery in comparison to systems with reduced tillage and direct sowing. Pre-farm production linked
with the direct input levels contributed mostly to a high overall cost of winter wheat production in the
analysed tillage systems.
Keywords: agriculture, climate change, eco-efficiency, carbon sequestration, grain crop

Introduction
Certain amounts of raw materials and energy are consumed in agriculture for
production purposes, having adverse effects on the environment such as air, water and
soil pollution (Kanianska, 2016). The release of nitrous oxide (N2O), methane (CH4)
and carbon dioxide (CO2) contributes to the enhanced greenhouse effect (UNEP, 2010).
This is a major concern due to changing climate conditions (Cihelková, 2011). It is
estimated that the share of food systems in global anthropogenic greenhouse gas (GHG)
emissions amounts to 19–29% and agricultural production contributes approximately
80% of the total food system emissions (Vermeulen et al., 2012). In the European Union
(EU), the agricultural sector is responsible for 10% of the total GHG emissions (EEA,
2019). According to the EU Action Plan for achieving the reduction of gaseous
pollutants, agriculture, as one of the economic sectors not covered by the EU Emission
Trading System, must cut its GHG emissions by 30 percent by 2030 based on 2005
figures (EC, 2014). Mitigation and adaptation to climate change are important
challenges facing crop production (Loboguerrero et al., 2019). Farmers, in efforts to
achieve the best possible production and economic results must take into account the
need to protect the environment including the issue of climate change (Liu et al., 2016).
Therefore, it is essential to search for solutions and ways to prevent the depletion of
natural resources and reduce the emissions of harmful substances related to crop
production (Beddington et al., 2012; Campbell et al., 2016).
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Conventional, traditional tillage based on soil inversion by plough is a dominant soil
tillage system. However, there is growing interest in unploughed tillage systems. The
share of arable land on which non-inversion tillage systems were practised in Poland
was 9%, while in the EU it reached 26% (CSO, 2012; Eurostat, 2018). The scientific
literature relating to the soil tillage systems indicates that abandoning ploughing does
not only lead to savings in labour cost, energy expenditure and time on soil preparation
for sowing but also has positive influence on physical, chemical and biological soil
properties (Morris et al., 2010; Vach et al., 2016). There is a wide range of agricultural
machines available on the market that contributes to a growing tendency towards the
unploughed tillage systems, particularly in the case of large, commercial farms. They
are able to afford the purchasing cost of high-powered tractors and specialized
agricultural equipment designed for the soil preparation without ploughing (Wandel and
Smithers, 2000). The use of modern multi-task machines performing simultaneously the
operations of soil tillage, fertilizer application and sowing enables to decrease tillage
depth and reduce the number of tillage operations. Due to the fact that fuel consumption
is lower, this is considered the most important way to obtain lower GHG emission and
costs (Guardia et al., 2016; Townsend et al., 2016).
GHG emissions are generated at various stages of the life cycle of agricultural
products. Apart from agricultural operations, off-farm processes such as extraction of
raw materials, manufacture of agricultural production means, transport, use and final
disposal are also potential GHG emission sources (Cooper et al., 2011; Moudrý et al.,
2013a). The total amount of GHG emission resulting from all processes throughout the
crop life cycle can be evaluated with the carbon footprint indicator (Pandey et al.,
2011). It reflects the potential impact on global warming throughout the life cycle of a
product or a process, allowing one to determine ways to reduce the negative impact
(Weidema et al., 2008; BSI, 2011). Regarding the impact of the agricultural production
on the carbon footprint, the soil organic carbon sequestration needs to also be taken into
consideration (Hillier et al., 2009).
Wheat (Triticum aestivum L.) is one of the most important food crops. It occupies the
third place in the world cereal production, after maize (Zea mays L.) and rice
(Oryza sativa L.) and the first place in terms of cereal crop area (FAO, 2019). Research
on both environmental and economic effects of wheat production, depending on tillage
practices is important for achieving more environmentally friendly food production. In
order to have a comprehensive comparison of soil tillage systems, the whole life cycle
of the crop should be taken into account. The aim of the study was to determine the
carbon footprint and life cycle costs of winter wheat grown with different soil tillage
systems.
Materials and Methods
Study sites
The research was carried out on 15 agricultural farms, located at 51º-52º north
latitude and 15º-19º west longitude in the Wielkopolska region, Poland (Fig. 1), during
two consecutive growing seasons 2015/2016 and 2016/2017. The selection of farms was
made with an expert advisory based on the information resources of the Wielkopolska
Agricultural Advisory Centre (WAAC) in Poznan. The cooperation with the agricultural
advisers of WAAC has allowed to select the farms best reflecting the criterions adopted
for the research regarding to winter wheat production under three soil tillage systems:
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conventional tillage (CT), reduced tillage (RT) and direct sowing (DS). There were five
farms chosen in each of three groups of farms representing particular soil tillage
systems. The description of studied farms is presented in detail in Table 1. Data for
analyses were gathered through face-to-face interviews with the farmers using a
prepared questionnaire.

Figure 1. Location of studied farms in the Wielkopolska region

Table 1. Characteristics of studied farms representing wheat production under conventional
tillage (CT), reduced tillage (RT) and direct sowing (DS) systems (averages from the study
years with min–max range in parentheses)
Specification
Number of farms
Utilised agricultural area (ha)
Share of arable lands (%)
Share of permanent grasslands (%)
Livestock density (LSU ha-1)
Cropping pattern (%)
- cereals
- industrial crops
- feed plants
- other plants
- catch crops

CT
5
35.2 (7.8-73.1)
92.4 (77.0-100.0)
7.6 (0.0-23.0)
0.6 (0.0-1.0)

RT
5
69.4 (18.5-156.3)
99.4 (98.0-100.0)
0.6 (0.0-2.0)
0.3 (0.0-1.1)

DS
5
316.0 (44.5-975.0)
94.0 (82.3-100.0)
6.0 (0.0-17.7)
1.6 (0.0-4.9)

85.1 (65.5-100.0)
12.9 (0.0-26.7)
1.1 (0.0-11.2)
0.9 (0.0-7.2)
11.5 (0.0-23.0)

62.0 (39.9-76.7)
29.4 (21.4-40.5)
1.6 (0.0-9.1)
7.0 (0.0-20.8)
27.0 (0.0-45.9)

66.4 (37.4-100.0)
15.1 (0.0 -49.4)
16.3 (0.0-62.6)
2.2 (0.0-16.7)
19.7 (0.0-40.2)

In the studied farms, CT included post-harvest tillage operations, ploughing to
25-30 cm depth and soil preparation before wheat sowing. For deep or shallow RT,
instead of a plough, the most commonly tillage machine used was a disc cultivator or a
cultivator with rigid tines. In turn, if DS system was practiced, the seeds were placed
directly into the untilled soil with crop residues using a specialist direct seed drill.
Figure 2 presents winter wheat cultivation in three tillage systems. The average grain
yields per hectare were 7.6, 6.9 and 6.6 tonnes in CT, RT and DS, respectively.
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Figure 2. Winter wheat cultivation in conventional tillage (a), reduced tillage (b) and direct
sowing (c)

Carbon footprint
The total amount of GHG emission from the life cycle of winter wheat production
under different soil tillage systems was determined with the carbon footprint indicator
whose value is expressed in CO2 equivalent. Carbon footprint was calculated according
to the life cycle assessment (LCA) methodology that consists of the four phases: 1) the
goal and scope definition, 2) the life cycle inventory analysis (LCI), 3) the life cycle
impact assessment (LCIA), with the following steps: the selection of impact categories,
category indicators and characterisation models, the assignment of LCI results
(classification) and calculation of category indicator results (characterisation), 4) the
interpretation of results (PKN, 2006, 2009; Caffrey and Veal, 2013).
Goal and scope
The goal of this study was to compare the carbon footprint of wheat production in
different soil tillage systems. The system boundaries were from "cradle-to-farm gate",
i.e. from the manufacturing of means of agricultural production to the processes of crop
cultivation and harvesting (Fig. 3). Two phases of the life cycle, namely the pre-farm
production and farm production were distinguished within the studied system. The first
phase as the background included manufacture, transportation and delivery of means of
agricultural production (fuel, agricultural machinery, agrochemicals, seeds etc.) to the
farm gate. The farm production constituting the foreground system concerned the crop
production processes as: soil cultivation, sowing, fertilization, plant protection and
harvesting. The functional unit chosen was 1 tonne of wheat grain.
Life cycle inventory
In order to perform the LCA analysis, the following data were obtained from the
farms: the characteristics of fields under winter wheat cultivation, the yields and
detailed information on wheat production technology including type and duration of
field operations, characteristics and technical specifications of agricultural machinery
used, consumption of seeds, fertilizers, plant protection products, fuel and lubricants. It
was assumed that the mass of spare parts constituted 30% of the mass of machinery
used and the mass of repairs materials constituted 4% of mass of spare parts (Harasim,
2002). Consumption of lubricants was set to 4% of the consumption of fuel (Harasim,
2002).
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Figure 3. System boundaries diagram of the life cycle of wheat production from “cradle-tofarm gate”

During the second LCA phase (LCI), for each considered soil tillage system in
winter wheat production, the energy and material inputs as well as the environmental
emissions that contribute to the greenhouse effect were identified and calculated
quantitatively per functional unit of 1 t of grain. Data on the amounts of synthetic
fertilizers applied and the emission factors depending on the types of fertilizers given by
the EMEP guidebook (EEA, 2013) were used to estimate the direct and indirect N2O
emissions from the mineral fertilization. Calculations of N2O emission from crop
residues were based on the methodology provided by the Intergovernmental Panel on
Climate Change (IPCC, 2006). The emissions related to nitrate leaching were estimated
in accordance with a method adopted by van Beek et al. (2003). Emissions from fuel
combustion were estimated based on the amounts of fuel consumption in field
operations according to the EMEP guidebook (EEA, 2016). For inclusion of soil
organic carbon (SOC) changes in LCA, the assessment of the SOC sequestration
potential in a 100-year perspective was performed (Petersen et al., 2013). The carbon
inflows from crop residues of winter wheat as well as catch crops and soil tillage system
were taken into account in this approach. The data source for inventory of background
processes such as production of agrochemicals and agricultural machinery was the
Ecoinvent version 3.0 database (Swiss Centre for Life Cycle Inventories) used with the
TEAM version 5.3 software (PricewaterhouseCoopers - Ecobilan).
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Life cycle impact assessment and interpretation
The life cycle impact assessment was performed using the CML (Center of
Environmental Science of Leiden University) methodology, based on a midpoint
approach. The IPCC data were used for the estimation of the global warming potential
(GWP) in a 100-year time horizon (Guinée et al., 2002; IPCC, 2007). The formula for
calculating the carbon footprint indicator is given in Equation 1 (Kowalski et al., 2007).

Carbon footprint =  mi  GWPa ,i

(Eq.1)

i

where: mi – the quantity of the substance i emitted (in kg per functional unit), GWPa,i –
the global warming potential for a substance i over a time horizon a (expressed relative
to CO2 per kg i).
In order to broaden the interpretation of the obtained results and to investigate the
influence of the key input parameters, sensitivity analysis was performed by varying
each parameter one-at-a-time by 5 percent of its original value (Guinée et al., 2002).
Life cycle costs
The life cycle costing (LCC) methodology was applied for economic evaluation all
costs of the life cycle of winter wheat production in the stages from "cradle-to-farm
gate" (Rebitzer and Seuring, 2003). The set of data gathered for the purposes of the
LCC analysis consisted of the cost items related to the inputs for the crop production
such as fertilizers, plant protection products, seeds, agricultural machinery, fuel etc. The
machinery costs included the costs of owning (depreciation, insurance and housing) and
operating (repairs and maintenance, fuel, labour). The results of LCC analysis were
expressed in monetary values (in euros) and referenced to the functional unit of 1 tonne
of grain.
Results and Discussion
An inventory table of inputs was prepared in relation to the functional unit of 1 tonne
of grain yield (Table 2). The seed rates in RT and DS were 10-11% higher than in CT.
The highest consumption of mineral fertilizers was found in wheat cultivated under DS
(43.4 kg NPK t-1), followed by RT (40.2 kg NPK t-1). The most effective fertilization
was in CT (23.6 kg NPK t-1). Total consumption of active substances (a.s.) in plant
protection amounted to 0.26 kg, 0.30 kg and 0.22 kg per 1 t of grain in CT, RT and DS,
respectively. The highest levels of diesel oil consumed and agricultural machinery used
were noted in RT despite foregoing energy-intensive ploughing. This is due to the fact
that a modern, heavy equipment including high-powered tractors and multi-task
machines with a large working width were mostly used in RT. Both the consumption of
diesel oil and the use of agricultural machinery were the lowest in DS.
The results of LCA analysis for the life cycle of winter wheat production, based on
the described system boundaries gave a total value of the carbon footprint indicator of
309.6 kg, 393.5 kg and 397.1 kg CO2 eq. per 1 t of grain for CT, RT and DS,
respectively (Fig. 4). It should be noted that higher GHG emissions in DS and RT
occured mainly due to higher nitrogen fertilizer inputs (Table 2). By taking into account
the differences between the levels of GHG emissions and the SOC sequestration
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potential, estimated due to crop residues availability and soil tillage system, it was
possible to assess the net value of the carbon footprint of wheat production.
Contribution of SOC sequestration to the carbon footprint was mostly present in RT and
DS, allowing to decrease the carbon footprint by 32% and 19%, respectively. With
regard to life cycle costs of wheat production, the highest cost was found for RT
(EUR 105.4 t-1), followed by DS (EUR 97.6 t-1) and CT (EUR 76.0 t-1).
Table 2. Inventory data of main inputs and costs in winter wheat production under
conventional tillage (CT), reduced tillage (RT) and direct sowing (DS) systems per
functional unit of 1 tonne of grain
Type of input
Seeds (kg)
Nitrogen fertilizers (kg N)
Phosphorus fertilizers (kg P2O5)
Potassium fertilizers (kg K2O)
Herbicides (kg a.s.)
Fungicides (kg a.s.)
Growth regulators (kg a.s.)
Agricultural machinery (kg)
Spare parts (kg)
Diesel oil (kg)
Lubricants (kg)

Consumption per 1 t of grain
CT
RT
DS
25.0
27.8
27.5
15.4
18.8
22.5
3.49
6.95
5.05
4.67
14.4
15.8
0.17
0.13
0.08
0.08
0.09
0.09
0.01
0.08
0.05
1.56
1.62
1.04
0.49
0.51
0.33
12.6
14.8
9.14
0.50
0.59
0.36

Cost (EUR) per 1 t of grain
CT
RT
DS
10.8
12.0
11.6
12.7
16.0
19.4
3.0
6.9
4.7
2.6
9.9
7.8
7.1
5.2
3.5
3.3
3.6
4.0
0.4
3.2
2.2
9.4
17.8
21.8
2.9
5.6
6.9
14.8
17.9
10.8
3.4
4.0
2.4

Figure 4. Combined results of the life cycle costs and carbon footprint of the winter wheat
production under conventional tillage (CT), reduced tillage (RT) and direct sowing (DS) (SOC
– soil organic carbon changes included)

A similar result of the carbon footprint of wheat production was reported by Charles
et al. (2006) (381 kg CO2 eq. t-1). Studies in the Czech Republic showed that the GHG
emission was higher, amounted to 558 kg CO2 eq. per tonne of grain in wheat
production under CT (Moudrý et al., 2013b). According to Sørensen et al. (2014) the
total GHG emission per t of wheat grain was 655 kg CO2 eq. for CT, 589 kg CO2 eq. for
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RT and 628 kg CO2 eq. for DS. In Finland, the differences in emissions between soil
tillage systems were minor (Rajaniemi et al., 2011). Following these authors’
explanation, if the carbon footprint assessment considers functional unit based on yield,
the amount of GHG emissions per unit of grain is strongly dependent on the obtained
yield size in the assessed system. Thus, the results of the impact assessment of crop
production in different soil tillage systems may also be influenced by the differences in
productivity achieved from these systems. In the presented study, the grain yield of
wheat was lower in RT (by 9.2%) and DS (by 13.2%) compared to CT. Similar effects
of soil tillage systems on wheat yields in the Wielkopolska region were observed by
Panasiewicz et al. (2020). Townsend et al. (2016) stated that yield reductions in RT are
small, suggesting that RT offers a realistic and attainable sustainable intensification of
crop production. The level of the use of raw materials is an important determinant of the
carbon footprint (Chiriaco et al., 2017). The production and use of nitrogen fertilizers
contributes significantly to GHG emissions (Williams et al., 2010; Skowrońska and
Filipek, 2014). Gan et al. (2014) showed that integrating improved practices such as
fertilizing crops based on soil tests, reducing summer fallow frequencies and including
grain legumes to rotation with cereals reduces the carbon footprint of spring wheat. It
was also demonstrated that for each kg of grain produced, a net amount of
0.027-0.377 kg CO2 eq. was captured from the atmosphere. In Danish studies, there
were highlighted opportunities for carbon mitigation by incorporation of green manure
crops (Knudsen et al., 2014). Wang and Dalal (2015) stated that implementation of
no-till and stubble retention resulted in lower carbon footprint values.
Among the field operations, mineral fertilization was the major contributor to the
total GHG emissions in three soil tillage systems (Fig. 5). Its share in the carbon
footprint value was in the range from 72.5% for CT to 83.9% for DS. The soil
cultivation and sowing also highly affected the carbon footprint, especially in the case
of CT (20.1%) due to high fuel consumption and use of agricultural machinery. The
LCC analysis indicated that the soil cultivation and sowing resulted in a considerable
part of life cycle costs of wheat production under CT (representing 41.3% of all costs).
The total costs of RT and DS depended mainly on the fertilization (38.1% and 42.7%,
respectively).

Figure 5. Contribution of field operations with associated inputs to the carbon footprint and
costs of the winter wheat production under conventional tillage (CT), reduced tillage (RT) and
direct sowing (DS)
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Other authors also clearly identified that the mineral fertilization is responsible for a
considerable part of GHG emissions from crop production (Brock et al., 2012; Mancuso
et al., 2019). This is a concern in particular nitrogen fertilizers (Yan et al., 2015). In
Lithuania, the costs of soil cultivation and sowing in CT were by 5 to 50% higher than
those of various variants of RT systems and by up to 3.5 times higher than the costs of
DS (Sarauskis et al., 2012). According to Townsend et al. (2016), despite lower fuel and
machinery costs, unploughed tillage leads to additional crop protection costs resulting
from a greater risk of weed, pest and disease burdens.
As shown in Figure 6, the highest cost and the largest carbon footprint associated
with fuel consumption for the soil cultivation and wheat sowing was noted in CT. The
fuel consumption in DS involved both least cost and GHG emissions. The use of
machinery caused the highest cost and the largest GHG emissions in RT, while the least
cost was in CT and the lowest carbon footprint was stated in DS.

Figure 6. Combined results of the life cycle costs and the carbon footprint related to the fuel
consumption and machinery use for the soil cultivation and wheat sowing under conventional
tillage (CT), reduced tillage (RT) and direct sowing (DS)

Filipovic et al. (2006) showed that DS and RT due to lower fuel consumption for soil
tillage ensured the reduction in GHG emission compared to CT. Positive effects of DS
and RT on fuel savings and reduction of GHG emissions were also recorded by Stajnko
et al. (2009) in studies on production of silage corn. Sørensen et al. (2014) stated that
unploughed tillage generates savings in direct energy input and the amount of
machinery items needed for soil tillage, thus it may lead to lower GHG emission. In
studies by Sarauskis et al. (2012), the highest costs of cultivation and sowing in
different tillage systems were found in small farms with areas of 2 ha. When the farm
size was increased to 20 ha, the costs decreased.
In each soil tillage system, the pre-farm phase including manufacture and delivery of
inputs for wheat production was more dominant in shaping the carbon footprint than the
farm production phase. This also contributed more to the overall costs of the life cycle
of wheat production (Fig. 7).
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Figure 7. Carbon footprint and life cycle costs at pre-farm production and farm production life
cycle phases of winter wheat under conventional tillage (CT), reduced tillage (RT) and direct
sowing (DS)

Several studies also showed that the pre-farm production phase generated more GHG
emissions than on-farm production (Biswas et al., 2008; Zhang et al., 2017). It should
be stated that this results from a high share of energy- and material-consuming
processes. Lares-Orozco et al. (2016) reported that the production of synthetic fertilizers
accounted for 35% of the total emissions from the life cycle of wheat production. In life
cycle of wheat production in Western Australia, GHG emissions from the production of
fertilizers accounted for a significant portion of the impact for the pre-farm phase and
the use of fertilizers was predominant for the on-farm phase (Biswas et al., 2008).
Production of mineral fertilizers increases GHG emissions, mainly CO2 from fossil
fuels used in production, while application of fertilizers contributes mostly to N2O
emissions (Biswas et al., 2008; Skowrońska and Filipek, 2014).
Considering the results of sensitivity analysis of key input parameters for the carbon
footprint, it can be concluded that the total amount of nitrogen (N) fertilizers applied
ranked as the most influential factor (Fig. 8). Varying N fertilizer application rate by
5% resulted in a change of total GHG emission from the life cycle of wheat by
approximately 3.7%, 3.3% and 3.2% for DS, CT and RT, respectively. Fuel
consumption was the second important factor for the carbon footprint. Phosphorus (P)
and potassium (K) fertilizers, as well as agricultural machinery, had much less
influence. The least sensitivity for the indicator resulted from the changes in the
consumption of plant protection products.
As shown in Figure 9, the life cycle costs of wheat production in three soil tillage
systems were the most sensitive to the change in the cost of the agricultural machinery.
It should be noted that the life cycle costs of wheat under DS were more sensitive to the
cost of machinery (1.5%) than for wheat under RT and CT (1.1% and 0.8%,
respectively). This is due to the fact that the cost of the machinery was the highest for
DS. Varying the cost of fuel by 5% resulted in changes of life cycle cost of wheat by
0.9%, 0.8% and 0.5% for CT, RT and DS, respectively. The cost of N fertilizers was
also an influential factor, especially in the case of life cycle costs of wheat under DS
(0.9%). Other cost items including cost of P and K fertilizers, cost of agricultural
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machinery and cost of plant protection products led to smaller changes in the life cycle
costs of wheat production.

Figure 8. The sensitivity analysis of input parameters for the carbon footprint of the winter
wheat production under conventional tillage (CT), reduced tillage (RT) and direct sowing (DS)

Figure 9. The sensitivity analysis of cost parameters for the life cycle costs of the winter wheat
production under conventional tillage (CT), reduced tillage (RT) and direct sowing (DS)

Conclusions
Three soil tillage systems (conventional tillage, reduced tillage and direct sowing) for
winter wheat production were compared with the use of carbon footprint and life cycle
costs to present environmental and economic considerations. The research indicated that
unploughed tillage combined with leaving large amounts of crop residues in the field
and using catch crops leads to a lower size of the net carbon footprint in comparison
with traditional tillage. Improvements in management of soil organic matter are
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important opportunities for the carbon footprint impact reduction. The potential for soil
organic carbon retention can be increased by abandoning ploughing, growing cover
crops and leaving crop residues in the field.
The fertilization process is a key factor driving the size of carbon footprint and life
cycle costs of wheat production, independently from the soil tillage system. In
conventional tillage, the soil cultivation and sowing provided a considerable share of the
total carbon footprint and life cycle costs. Adoption of unploughed tillage systems is
conducive to addressing climate change and achieving more eco-efficient performance.
The inclusion of environmental costs is recommended to be employed in future
studies on the environmental burden of crop production with different tillage systems.
Assessing the externalities of crop production and demonstrating the value of nature in
economic terms is necessary to better inform political decision-makers and farmers to
adopt practices that are more environmentally and economically sustainable.
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