. agronomy MBPY

Article

Carbon Footprint and Life-Cycle Costs of Maize
Production in Conventional and Non-Inversion
Tillage Systems

Matgorzata Holka ** and Jerzy Bierikowski

Institute for Agricultural and Forest Environment, Polish Academy of Sciences, Bukowska 19,
60-809 Poznan, Poland; jerzy.bienkowski@isrl.poznan.pl
* Correspondence: malgorzata.holka@isrl.poznan.pl

Received: 5 November 2020; Accepted: 25 November 2020; Published: 27 November 2020 ﬁ:e(f;(tz)g

Abstract: Given the problem of climate change and the requirements laid down by the European Union
in the field of gradual decarbonization of production, it is necessary to implement solutions of reducing
greenhouse gas (GHG) emissions into agricultural practice. This research paper aimed to evaluate the
carbon footprint and life-cycle costs of grain maize production in various tillage systems. The material
for the analyses was data from 2015-2017 collected on 15 farms located in the Wielkopolska region
(Poland) and growing maize for grain in three tillage systems: conventional, reduced, and no-tillage.
The life-cycle assessment and life-cycle costing methodologies were applied to assess the GHG
emissions and costs associated with the grain maize production in the stages from “cradle-to-farm
gate”, i.e., from obtaining raw materials and producing means for agricultural production, through the
processes of maize cultivation to grain harvesting. The calculated values of the carbon footprint
indicator for maize production in conventional, reduced, and no-tillage systems were 2347.4, 2353 4,
and 1868.7 CO, eq. ha™!, respectively. The largest source of GHG emissions was the use of nitrogen
fertilizers. Non-inversion tillage with cover crops and leaving a large amount of crop residues in
the field increased the sequestration of organic carbon and contributed to a significant reduction of
the carbon footprint in maize production. The conventional tillage system demonstrated the highest
overall life-cycle costs per hectare.

Keywords: life-cycle assessment; life-cycle costing; greenhouse gas emissions; costs; cereal crops;
soil tillage

1. Introduction

The use of specialized machinery, mineral fertilizers, and plant protection products allows for
intensive production and high yields in various tillage systems but can also have a negative impact on
the environment. Using industrial means of agricultural production contributes to the consumption of
non-renewable resources and the release of harmful substances to water, soil, and air [1,2]. Agriculture’s
contribution to greenhouse gas (GHG) emissions, such as release of nitrous oxide (N,O), methane (CHy),
and carbon dioxide (CO,), amounts to an average of 9.8% of total GHG emission in countries of
the European Union (EU) [3]. In Poland, crop production is a source of approximately 33% of total
GHG emission from agriculture [4]. It is assumed that the increase in the Earth’s global mean surface
temperature is partly caused by an anthropogenic increase in the concentration of GHG in the
atmosphere which leads to enhanced greenhouse effect [5]. The EU has been taking actions designed
to reduce GHG emissions. In the European Council conclusions of 2014, it was assumed that by 2030,
in the EU sectors not covered by the EU Emissions Trading System (the so-called non-ETS) such as
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agriculture, GHG emissions are to be reduced by 30% compared to their 2005 level [6]. The reduction
target for Poland for 2030 is —7% compared to the emissions from non-ETS sectors in 2005 [7].

Maize (Zea mays L.) is one of the most important crops. It ranks first in the world production of
cereals and second, right after wheat, in terms of the cereal crops area [8]. In Poland, the acreage of
its cultivation is above 1.2 million ha, of which 645 thousand ha is grain production [9]. Maize has
the highest yield per hectare and the highest grain energy value among cereals. It is used in animal
nutrition and in the food industry, mainly for the production of flour, porridges and corn starch [10].
Despite the fact that this species has low requirements when it comes to soil and forecrop, it has
a relatively high demand for water and nutrients [11]. The cultivation of maize is mainly carried out
in the conventional tillage system based on ploughing. However, due to costs, natural conditions,
and environmental protection, modern maize production technologies more and more often use
non-inversion systems. Usually, it is reduced tillage with the use of various machines for shallow soil
cultivation replacing a plough. It is also possible, although less popular, to use the no-tillage system in
which the seeds are sown with a specialist seed drill into uncultivated soil [12,13]. For the protection of
the soil and the environment, it is particularly important to use the non-inversion tillage technology
and leave at least 30% of plant residues on the field, which is known as conservation tillage [14].

GHG emissions are generated in the life cycle of an agricultural product starting from the processes
of extracting raw materials and producing means for agricultural production, through agricultural
production, to the use of products and waste management [15,16]. Life-cycle emissions can be assessed
using the carbon footprint (CF) method [17,18]. In recent years, the CF indicator has become popular due
to its applicability to actions aimed at reducing GHG emissions in various areas [19-21]. In identifying
the most important sources of GHG emissions in the maize production chain, life-cycle assessment
(LCA) is a useful tool to work towards solutions aimed at reducing emissions in crop production.
The need for research in this area also includes understanding the size and differentiation of emissions
between the applied tillage systems. Moreover, an important aspect for developing more sustainable
crop production systems are life-cycle and environmental costs ignored in most previous studies on
the LCA of maize production.

In Polish agriculture, non-inversion tillage systems have recently been used more widely,
mainly due to technological simplification. At the same time, literature studies in Europe and
around the world prove that non-inversion tillage may reduce the environmental impacts of crop
production processes [22,23]. There is a need to pay attention to the more regional differentiation
of LCA of agricultural activities. This approach is important since a low-emission Green Deal
policy requires mitigating measures in agriculture and combating climate change [24,25]. One of the
important responses to environmental policies is using non-inversion tillage systems. The undertaking
of this research in the Wielkopolska region is justified—first, due to the great importance of this
region in agricultural production in Poland; second, in terms of the area of grain maize cultivation,
Poland ranks 5th in Europe [26]. The Wielkopolska region has a significant share in agricultural
production, including the production of grain maize. This region has the largest area of grain maize
cultivation among all regions in Poland, which accounts for 21% of the total national area of grain
maize sown [27]. From the point of view of sustainable development, measures to reduce GHG
emissions are insufficient. The prospect of a wide application of cultivation simplifications requires
comparison with the conventional system with regard to the costs and expected environmental
benefits. Regional differentiation of production conditions in Europe makes it necessary to refer to the
research results obtained in different environmental conditions and the level of intensity of agricultural
production. Therefore, the research fills the gap in maize LCA research in Europe. The results must be
supported by the second dimension of the analysis which is an economic evaluation. The basic feature
of the implementation of sustainable development should be the reduction of the environmental impact
accompanied by reducing production costs. A complementary method suitable to the LCA is the
life-cycle costing (LCC) method [28]. LCC is considered an important analytical tool for linkage tracking
between potential environmental impacts and incurred costs of the given processes. The research
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aimed to evaluate the carbon footprint and life-cycle costs of grain maize production in conventional,
reduced, and no-tillage systems.

2. Materials and Methods

2.1. Data Collection

The material for the analyses was data on grain maize production from 2015-2017 collected using
the face-to-face interview method. The interviews were conducted on 15 agricultural farms located at
51°-53°N and 16°-18°W in the Wielkopolska region, Poland (Figure 1). The selected farms produce
grain maize and use an appropriate tillage system, i.e., conventional tillage (post-harvest tillage with
ploughing to a depth of 25-30 cm, seedbed preparation and sowing), reduced tillage (post-harvest tillage
to a depth of 10-20 cm, seedbed preparation and sowing) or no-tillage (sowing directly into the untilled
soil) (Figure 2). Each tillage system was represented by five farms. The characteristics of the studied
farms are presented in Table 1.

The scope of the data collected from farms regarding the technology of grain maize production
included the type of agrotechnical treatments together with their duration, agricultural equipment
(type of machine, total machine weight, work time spent for the cultivation of the crop, lifetime of
machines and tractors used), human labor inputs, quantity and cost of production means used
(i.e., seed material, mineral and organic fertilizers, plant protection products, and fuel).

| e N

Figure 1. The location of the studied farms in the Wielkopolska region (Poland).
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Figure 2. Maize cultivation in three soil tillage systems: (a) conventional tillage; (b) reduced tillage;
(c) no-tillage.
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Table 1. Characteristics of studied farms representing grain maize production in conventional tillage
(CT), reduced tillage (RT) and no-tillage (NT) systems (averages from the study years with min-max
range in parentheses).

Specification

CT

RT

NT

Number of farms
UAA (ha)

Share of arable lands (%)

5
59.4 (18.4-100.8)
94.0 (89.4-99.3)

5
69.5 (29.9-112.7)
93.3 (85.0~100.0)

5
72.6 (28.8-144.9)
98.2 (95.2-100.0)

Share of permanent grasslands (%) 6.0 (0.5-10.6) 6.7 (0.0-15.0) 1.8 (0.0-4.8)
Livestock density (LSU/ha UAA) 0.5 (0.0-1.7) 0.4 (0.0-1.4) 0.4 (0.0-2.1)
Cropping pattern (%)
Cereals 75.1 (28.6-100.0) 69.2 (59.6-93.8) 79.1 (54.7-100.0)
Root crops 4.2 (0.0-13.0) 17.7 (6.3-38.4) 5.2 (0.0-20.0)
Oilseed plants 2.8 (0.0-23.9) 4.3 (0.0-16.2) 11.6 (0.0-28.1)
Other plants 17.9 (0.0-58.4) 8.8 (0.0-30.0) 4.1 (0.0-20.7)

UAA, utilized agricultural area; LSU, livestock unit.

The analyzed soil tillage systems used in maize production included the growing of cover crops.
The share of cover crops area was 1.8% in conventional tillage (CT), 10.2% in reduced tillage RT,
and 11.0% in no-tillage (NT) systems. The average grain yields per hectare were 12.7, 12.4 and 10.5 tons
in CT, RT and NT, respectively.

2.2. Carbon Footprint (CF) Assessment

To assess greenhouse gas (GHG) emissions from grain maize production, we used the
carbon footprint (CF) methodology, according to the guidelines of the life-cycle assessment (LCA)
methodology [29,30]. LCA, in compliance with International Organization for Standardization (ISO)
standard [31], was performed in four phases: (1) goal and scope definition, (2) life-cycle inventory
(LCI), (3) life-cycle impact assessment (LCIA) and (4) interpretation (Figure 3). In the first phase,
the research objective, functional unit, and system boundaries were defined. The LCI phase consisted
of collecting input and output data for the system. LCIA was carried out in three steps: selection of
impact category, impact indicator and characterization model, assignment of inventory data to the
impact category (classification) and calculation of the value of the category indicator (characterization).
The last phase consisted of the analysis of the obtained results and drawing conclusions.

Interpretation
‘ s Interpretation
Impact assessment of the l‘E‘SftﬁlTS
. . for drawing
*Selection of impact conclusions

category, indicator

Inventory analysis cat
and characterization

*Collection of mput model

Goal and scope and output data * Classification
definition *Characterization
*Definition of the goal

of the study,

functional unit

and system

boundaries

Figure 3. Four phases of life-cycle assessment in the study.

The research was carried out from “cradle-to-farm gate” (Figure 4). The boundaries of the analyzed
system included the processes of manufacturing means of agricultural production and the cultivation
of maize. One hectare of maize cultivation area and one ton of grain were assumed as the functional
units. LCI for unit processes under the investigated system used the collected data on the consumption
of individual means of production in the maize cultivation on the studied farms. Based on those input
data, the emissions of substances to the environment were determined (output data). The assessment
of emissions from the production of agrochemicals and agricultural machines was performed using
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the Ecoinvent 3.0 database [32] and the TEAM™ (Tools for Environmental Analysis and Management,
version 5.3) LCA modelling software (PricewaterhouseCoopers—Ecobilan, LCA expertise, Neuilly sur
Seine, Paris, France). The emissions from the use of mineral and organic fertilizers were estimated
according to the methodologies developed by the Intergovernmental Panel on Climate Change
(IPCC) [33] and the European Environment Agency (EEA) [34]. The EEA guideline [35] was used for
the assessment of emissions from fuel combustion in agrotechnical procedures. The amount of N,O
emission from crop residues was calculated based on the IPCC methodology [33].

Raw
materials Extraction . Emissions
z of raw ?ml_ e e Plant .
al cultivation Fertilisation fecti Harvesting | )
Energy materials and sowing protection i Grain

— > andenergy

Grain maize production

N
2P

Figure 4. System boundaries of the life cycle of grain maize production from “cradle-to-farm gate”.

In the LCIA phase, we used the method developed by the Institute of Environmental Sciences
(CML) of the University of Leiden and consisting of the set of characterization factors rendering
the results at the midpoint level [36]. The analyzed impact category was climate change, and the
characterization factor was global warming potential [37]. The value of the CF indicator (in CO,
equivalent) per one hectare was calculated according to the following equation:

CF = ) (m; x GWPy), 1)

“uy
1

where: m;—emission of substance “i” from cultivation of 1 ha (in kg), GWP;—global warming effect
category characterization factor for substance “i” determining the greenhouse effect potential of the
substance over a time horizon of 100 years (in kg of CO; eq. per 1 kg of substance) adapted from the
IPCC Report [37], and n—number of substances.

Sensitivity analysis was performed by varying each of the key input parameter one-at-a-time by
5 percent of its original value [36].

The potential for organic carbon (C) sequestration in the perspective of 100 years was estimated as
10% of the excess of the C input in the soil over its reference runoff determined for wheat cultivation,
assuming leaving straw in the field [38]. Carbon inputs to the soil included straw ploughing, maize root
mass, application of organic fertilizers, and the cultivation of cover crops.

2.3. Life-Cycle Costing

The life-cycle costing (LCC) methodology was used to assess all costs incurred during the whole
life cycle of grain maize production [39]. It was carried out within the same boundaries of the studied
system as for the LCA (“cradle-to-farm gate”). The LCC included internal costs of maize production.
Analysis of internal costs was carried out based on data on input material costs (agricultural machinery,
seeds, fertilizers, and plant protection products) and labor costs in grain maize production on the
studied farms. The working costs of tractors and machinery included their maintenance costs and
operating costs [40]. Maintenance costs consisted of depreciation, insurance, service, and maintenance.
The operating costs covered repairs and auxiliary materials. The results of LCC analysis were expressed
in monetary values (in euros) and referenced to the functional units of one hectare and one ton. As in
the case of LCA, LCC analysis was performed using TEAM™ 5.3 software.



Agronomy 2020, 10, 1877 60f 13

3. Results and Discussion

3.1. Inventory Analysis

In the life-cycle inventory (LCI) phase, as part of the life-cycle assessment (LCA) and life-cycle
costing (LCC) studies, inventory tables were created for grain maize production for each of the studied
tillage systems (Table 2). The input data for the analyzed system in LCA and LCC were the quantities
and costs of means of production used.

Table 2. Inventory data of main inputs and internal costs for grain maize production in conventional
tillage (CT), reduced tillage (RT) and no-tillage (NT) systems.

Consumption Cost (EUR)
Type of Input perlha perlt per1ha perlt
CT RT NT CT RT NT CT RT NT CT RT NT
Seeds (kg) 21.1 179 27.2 1.66 1.44 2.59 1005 852 1294 791 6.87 123
N fertilizers (kg N) 1292 1438 1137 102 11.6 10.8 91.0 1026 793 7.17 8.27 7.55
P fertilizers (kg P>Os) 753 620 478 593 500 455 620 490 401 488 395 382
K fertilizers (kg K,O) 97.7 99.3  106.5 7.69 8.00 10.1 59.8 61.5 62.3 4.71 4.96 5.93

Organic fertilizers (kg N) 49.3 374 0.0 3.88 3.02 0.00 0.0 0.0 0.0 0.00 0.00 0.00
Organic fertilizers (kg P,Os) 40.8 27.9 0.0 321 225 0.00 0.0 0.0 0.0 0.00 0.00 0.00
Organic fertilizers (kg K,O) 97.2 65.1 0.0 7.65 5.25 0.00 0.0 0.0 0.0 0.00 0.00 0.00

Herbicides (kg a.s.) 0.2 0.7 14 0.02 0.06 0.13 51.2 37.6 56.2 4.03 3.03 5.35
Fungicides (kg a.s.) 0.0 0.0 0.05 0.00 0.00  0.005 0.0 0.0 10.1 0.00 0.00 0.96
Insecticides (kg a.s.) 0.01 0.01 0.01 0.001  0.001 0.001 23 22 4.0 0.18 0.18 0.38
Agricultural machinery (kg) 14.8 125 6.4 1.17 1.01 0.61 1115 651 60.3 8.78 5.25 5.74
Spare parts (kg) 4.6 3.9 2.0 0.36 0.32 0.19 48.3 32.8 31.5 3.80 2.65 3.00
Diesel oil (kg) 87.4 77.1 51.8 6.88 6.22 493 92.5 81.6 61.1 7.28 6.58 5.82

N, nitrogen; P, phosphorus, K, potassium; a.s., active substance.

3.2. Carbon Footprint

The calculated average carbon footprint (CF) values for one hectare of maize grain cultivation area
in conventional tillage (CT), reduced tillage (RT), and no-tillage (NT) were 2347.4, 2353.4, and 1868.7 kg
CO; eq., respectively (Figure 5a). In the world literature, the CF value for maize ranges from 2440
to 4200 kg CO, eq. ha™! [41]. Our studies showed that the CF per functional unit of one ton of
grain amounted to 184.8 kg CO, eq. in CT, 189.8 kg CO; eq. in RT and 178.0 kg CO, eq. in NT
(Figure 5b). In Canada, GHG emissions from life cycle of maize production ranged from 243 to
353 kg CO, eq. t~! [42]. Differences in the CF values of maize production in the analyzed soil tillage
systems were related to the intensity of agricultural inputs use. Higher GHG emissions in CT and RT
resulted mainly from higher consumption of mineral fertilizers compared to NT, as indicated by the
inventory results (Table 2). It has been observed that an increase in the level of nitrogen (N) fertilization
results in a large increase in GHG emissions in maize production [43]. In conditions of the United
States, maize cultivation in the no-tillage system with mineral fertilization and that with a legume
cover crop helped to reduce GHG emissions by 6% and 42%, respectively, compared to conventional
tillage with mineral fertilization [41]. Polish studies of maize cultivation for bioethanol production
have also shown that non-inversion tillage with leaving crop residues in the field allows reduction of
GHG emissions [44]. In Ontario, maize production with higher yields at lower N application rates
and reduced tillage had lower GHG emissions per ton of grain [42]. Other Canadian studies showed
opportunities for reducing carbon footprint of maize by its cultivation in rotation with legumes [43].
Maize production with nitrogen fertilization of 100 kg N ha™! in rotation with legumes maintained high
productivity while reducing the carbon footprint compared to maize production with 200 kg N ha!.
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Figure 5. Results of the carbon footprint (CF) and the net carbon footprint (CF net) after inclusion of
soil organic carbon sequestration (C seq.) for the grain maize production in conventional tillage (CT),
reduced tillage (RT) and no-tillage (NT): (a) per one hectare of area; (b) per one ton of grain.

Including the sequestration of organic carbon (C) into the total GHG emissions from the life cycle
of grain maize production allowed us to obtain the net carbon footprint (CF net) value which was
reduced compared to the baseline CF value by 42.9% in CT, 72.1% in RT, and 78.3% in NT (Figure 5a).
Relating GHG emissions to the functional unit of one ton confirms that the inclusion of C sequestration
contributes most effectively to lowering the total GHG emissions in NT and RT systems (by 78.3%
and 72.1%, respectively) (Figure 5b). The possibilities of CF reduction resulted primarily from the
management of the maize crop residues (straw) and the cultivation of cover crops. Leaving large
amounts of crop residues in the field contributed to the prevention of C losses and its sequestration.
Moreover, the application of organic fertilizers also influenced the accumulation of C in the soil of
the fields with CT and RT. The importance of the C sequestration process in reducing GHG emissions
has been emphasized in the literature [45,46]. The method of calculating C sequestration used in our
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research was developed in soil and climatic conditions specific for Denmark [38]. Regarding close
geographic location and similarity of environmental conditions of our region to Denmark, it was
justified to apply such a regionally focused method of calculating C accumulation in the soil. In the
study by Petersen [38], it was stated that the results derived from this method are comparable to the
results of the approach proposed by the Intergovernmental Panel on Climate Change.

In each of the analyzed systems, the mineral fertilization process played a dominant role in
shaping the value of the CF indicator (from 79.4% for CT to 84.6% for NT in the total value of CF)
(Figure 6). In the total value of CF, emissions from the production and use of nitrogen fertilizers
amounted from 65.4% for CT to 68.1% for RT. At the soil cultivation and sowing stage, the amount
of GHG emission was the highest in CT (its share was 9%) and lower in RT (6.6%) and NT (6.1%).
This was the result of greater fuel consumption and machinery involvement in CT compared to RT and
NT. The share of GHG emissions related to grain harvest ranged from 5.7% in CT to 7% in NT. The other
operations were of less importance in generating GHG emissions. As in our study, the cradle-to-farm
gate life-cycle analysis of grain maize production in Canada showed that 72% of GHG emissions came
from N fertilization [42]. Apart from mineral fertilizers, fuel consumption in field operations also
has a relatively large impact on the CF size in the maize production life cycle. The decisive influence
of these expenditures on GHG emissions in the plant production life cycle has been confirmed by
literature studies [47]. Other authors observed that irrigation is also responsible for a considerable part
of GHG emissions from maize production [16,48]. On the other hand, higher crop yields resulting
from irrigation can ameliorate overall GHG emissions if prevention of land-use change is taken into
account [49]. In this study, irrigation was not considered because the entire area of maize cultivation in
Poland is rain-fed.

o I |

wr . |

v |

0% 20% 40% 60% 80% 100%
m Soil cultivation and sowing B Mineral fertilization Organic fertilization
M Plant protection Harvesting

Figure 6. Contribution of field operations to the carbon footprint of the maize production in conventional
tillage (CT), reduced tillage (RT) and no-tillage (NT).

As shown in Figure 7, CF of grain maize production in three soil tillage systems was the most
sensitive to the change in the total amount of nitrogen (N) fertilizers applied. Varying N fertilizer
application rate by 5% resulted in a change of total GHG emission from the life cycle of maize by
approximately 3.3%, 3.4% and 3.4% for CT, RT, and NT, respectively. Fuel consumption was the second
important factor for the carbon footprint. Phosphorus (P) and potassium (K) fertilizers had much
less influence. The least sensitivity for the indicator resulted from the changes in the use of organic
fertilizers and agricultural machinery.
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Figure 7. The sensitivity analysis of input parameters for the carbon footprint of the grain maize
production in conventional tillage (CT), reduced tillage (RT), and no-tillage (NT). * Without application

of organic fertilizers.

3.3. Costs of Maize Production

Figure 8 shows the results of life-cycle costing for grain maize production in the studied tillage
systems in relation to the functional unit of one hectare and one ton of grain. The highest total
production cost, which is the sum of internal costs incurred on the studied farms, was noted in the
case of using CT (675.6 EUR ha™'), and lower in RT (574.0 EUR ha™!) and NT (565.6 EUR ha™?).
When life-cycle costs of different tillage systems were compared based on one ton, it was observed that
NT had the highest overall cost. This indicates that higher intensity of production (expressed by input
levels: seeds, K fertilizers, and plant protection products) were not sufficiently compensated by the
yield increase. This evidently emphasizes the fact that the productivity level was a very important
factor, implicating cost comparisons based on production unit.
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Figure 8. Life-cycle costs of maize production in conventional tillage (CT), reduced tillage (RT) and
no-tillage (NT): (a) per one hectare of area; (b) per one ton of grain.

Among the analyzed technological operations in the grain maize production, the processes of
mineral fertilization (from 36.7% in CT to 41.7% in RT), soil cultivation and sowing (from 31.2% in RT
to 37.6% in CT) had the most significant share in shaping life-cycle costs (Figure 9). This resulted from
the costs of mineral fertilizers, fuel, and machinery. Processes of harvesting and plant protection were
of less importance (their shares were not higher than 17% in RT and 14% in CT).
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o Plant protection » Harvesting

Figure 9. Contribution of field operations to the life-cycle costs of the maize production in conventional
tillage (CT), reduced tillage (RT) and no-tillage (NT).

4. Conclusions

The reduction of greenhouse gas emissions (GHG) is a significant challenge for agriculture.
There is a need to accurately identify the sources of emissions and to disseminate knowledge on
agricultural practices that can contribute to reducing emissions in crop production.

The management of soil cultivation operations to increase the sequestration of organic carbon in the
soil plays an important role in balancing GHG emission from agriculture. The conducted research has
shown that the use of no-tillage with a large amount of crop residues in the field significantly contributes
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to the reduction of GHG emissions in maize production. Regardless of the tillage system, the mineral
fertilization process had the most potential impact on the GHG emission. Designing low-emission
technologies requires considering the threats resulting particularly from the use of nitrogen fertilizers.
To reduce emissions from fields and, at the same time, reduce the consumption of raw materials in
fertilizer production, it is important to optimize fertilization (taking into account natural constraints,
soil conditions) and the level of crop productivity.

Studies on the environmental performance of crop production should consider both the carbon
footprint and the life-cycle costs. There is a need for further research on the environmental impact of
crop production with different tillage technologies using a life-cycle approach due to diversification of
natural conditions across the regions. The inclusion of life-cycle costs is recommended to be employed
in future studies on the carbon footprint of crop production to gain a better comparative basis for
relating the economic cost to GHG emission in different tillage systems.
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