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Abstract. This study aimed to assess the environmental impact of winter wheat production in an intensive
crop production system. In view of environmental concerns linked to modern practices of crop
production, it is necessary to identify the ecological profile of highly productive winter wheat. The life
cycle assessment (LCA) of this crop was performed in two large-scale farms, located in the Wielkopolska
region (Poland), in the years 2011-2013. Results obtained indicated that the core processes related to
wheat production on the farm had the biggest influence on acidification, eutrophication and global
warming potentials. The possibility of photochemical ozone creation and depletion of abiotic resources,
such as minerals and fossil fuels, were most dependent on the upstream processes. The mineral
fertilization process was identified as the most important source of environmental threats. The grain
transport stage had the lowest share in all analyzed impact category indicators. Normalization showed that
acidification attributed to wheat production had the greatest environmental impact on the overall
environmental profile. This indicates that the priority direction in mitigation of environmental impacts
associated with intensive wheat production should be lowering adverse effect on soil acidification,
followed by global warming and eutrophication.
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Introduction

Cereal production is one of the most important agricultural activities in Poland. The
share of cereals in the total cropping patterns is around 73% (CSO, 2014). In cereal
cultivation, wheat is a dominant crop. Its acreage decreased by 19% over the years
2000-2013 and occupied 2138 thous. ha in 2013 (LDB CSO, 2015). Despite this drop,
an upward trend in its production output has been observed. This was caused by an
increase in yield by nearly 38%, up to 44.4 dt per hectare. Yield increases are still below
the wheat yielding potential, which in favourable edaphic and climatic conditions as
well as in modern cultivation technology can reach the level of 120 dt per hectare in
Poland (Weber at al., 2011). Utilization of modern agricultural machinery, mineral
fertilizers and pesticides contributed to the intensification of production and higher
yields. However, the result of this process may have an adverse impact on the
environment. The use of large amounts of industrial means of production in farming
contributes largely to the depletion of non-renewable resources, an increase in
greenhouse gas (GHG) emissions, and pollution from chemical substances that can lead
to soil acidification and eutrophication (Bienkowski et al., 2014; Nemecek et al., 2011).

Striving for lower emissions of gaseous pollutants and improvements in the use of
natural resources and energy has been emphasized by strategies for sustainable
development and use of renewable energy. It caused an increased interest in methods
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for environmental impact assessments in the EU, such as the LCA (Life Cycle
Assessment) (Hontelez and Buitenkamp, 2006; EC, 2013; European Council
Conclusions, 2014). This method allows for an analysis of the potential environmental
risks throughout the life cycle of a product, i.e. from the extraction of raw materials,
their processing and transport, through the production, distribution and utilization, until
the final waste management. It was created primarily for the needs of the industry, but it
has also become a useful tool in the agricultural sector (Caffrey and Veal, 2013). The
results obtained at the production stage of primarily raw materials are essential for the
future analysis of the final products, manufactured in the agri-food industry (Roy et al.,
2009). In order to achieve reliable and accurate results using the life cycle analysis,
research at the regional and national level should be conducted. Using data of global
significance does not allow for an objective assessment due to the differentiation of
production conditions across world (Biswas and John, 2009).

Application of the LCA method in the assessment of environmental effects of cereals
production in Poland will allow to identify the most hazardous parts of the production
cycle. It will create the basis for improving technology of production process, for the
environment and farmers’ benefits. The aim of the study was to determine the
environmental impact of winter wheat grown in an intensive production system,
considered to be the most representative production type of this crop in the
Wielkopolska region.

Materials and methods

The materials used for the analysis are data from two agricultural farms: Trzebiny
(Farm 1) and Dlugie Stare (Farm 2), located in the south-western part of the
Wielkopolska region (Poland), during the period 2011-2013. The region is distinguished
by high technical efficiencies in plant and livestock production, as well as by a large
agricultural commodity output compared to other ones (Bienkowski and Jankowiak,
2006). Farms are part of the Diugie Stare Agricultural Company Ltd., a subsidiary of
the State Treasury, which belongs to a small group of strategic state-owned companies.
The company focuses on crop production including cereals, oilseed rape, sugar beet and
in livestock farming — dairy cows and beef cattle. It achieves good production results in
both crop and animal farming. It is very well organized in terms of balance between the
main branches of production.

Each of the studied farms has area of about 500 hectares of agricultural land (AL)
(Table 1). They run intensive agricultural production, as evidenced by high levels of
mineral fertilizers (NPK), compared to lower fertilization in Poland with an average of
129.3 kg ha' AL (CSO, 2014). Farm 1 had markedly higher variability of NPK
fertilization. The reason for that was a drop in the use of phosphorus and potassium
fertilizers during the research period after determined build up of soil phosphorus and
potassium reserves. Total cereal yields in the analyzed period in both farms were higher
than the average yield in the country (by 54.8% in Farm 1 and by 80.6% in Farm 2).
Livestock density was more than 2-fold lower than the upper limit of 1.5 DJP ha™ AL,
which is recommended for environmental reasons by a code of good agricultural
practices (Duer et al., 2004). The share of cereals in cropping patterns ranged from 51.9
to 61.1%. Industrial plants, including root and oil crops, accounted for 16.5% in Farm 1
and 27.0% in Farm 2. High overall intensity of farm management and the importance of
livestock processes have also been reflected by the presence of the annual and the

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(3): 535-545.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1403_535545
© 2016, ALOKI Kft., Budapest, Hungary



perennial fodder crops (in total 18.1% of AL in the Farm 1 and 21.1% of AL in the

Holka et al.: Life cycle assessment of winter wheat

-537 -

Farm 2).
Table 1. Characterization of studied farms (averages for the years 2011-2013 =+ standard
deviation)
Specification Farm 1 Farm 2

Area AL (ha) 492.29 516.24
Soil valuation index (points) 0.67 1.21
NPK ferilization (kg ha™* AL) 245.94 +43.61 269.80 £14.71
Livestock density (AU ha™) 0.66 £0.01 0.72 £0.03
Cereal yield (dt ha™) 56.4£5.1 65.842.3
Cropping pattern (%)
- cereals 61.1+8.2 51.945.5
- root crops 7.9+£1.2 12.0+4.4
- oil plants 12.9 £10.7 15.0 £8.1
- annual fodder crops 13.4+4.6 10.6 6.9
- perennial fodder crops 4.7+4.1 10.5 +0

Data for the analysis came from the source documents of the farms. They were
collected in specially prepared registration forms and supplemented with interviews
among the farms’ managers. Additional sources of information were the accounting
documents and the technical documentation of agricultural machines and vehicles. The
collected data included all production inputs, such as seeds, fertilizers, pesticides, fuel,
engine oil, grease, electricity, plus a detailed characterization of tractors and machines.
Data on type and duration of technological operations were collected systematically
during the development of the field works.

The LCA method used in this study was composed of four phases: 1) goal and scope
definition, 2) inventory analysis, 3) impact assessment and 4) interpretation (Brentrup et
al., 2004a). In the first phase, the following elements were defined: the purpose, system
boundaries, assumptions, limitations and functional unit. The analysis of a set of inputs
and outputs, i.e. life cycle inventory (LCI), is featured by collecting quality and quantity
data of used materials and energy, production results and estimated emissions. They
constitute the basis for the life cycle impact assessment (LCIA), in which after the
selection of category and category indicators, the classification and characterization
procedures are performed. In the last phase, conclusions are made, according to the pre-
determined purpose of the study (interpretation).

The study was carried out from "cradle-to-farm gate”, i.e. from manufacturing of
means of agricultural production, through the process of field cultivation, harvesting
and grain transport to the customer (in this case, it was the company that exports
cereals), without the stage of use and waste management. Two functional units were
used: 1.0 hectare - expressing the intensity of the wheat production system, and 1.0 ton
of grain, which is a measure of its efficiency, quantitatively characterizing the product
with reference flow specifically estimated for this unit. The CML methodology based
on midpoint approach was applied in the LCIA (phase 3) (Guinée et al., 2002). The
impact assessment included the following environmental categories indicators: global
warming potential (GWP1qp), eutrophication potential (EP), acidification potential (AP),
photochemical ozone creation potential (POCP), abiotic resources depletion potential
for minerals (ADP minerals) and for fossil fuels (ADP fossil fuel), as well as land use
and pesticide use.
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Impacts for the categories of climate change, soil and water acidification,
eutrophication, the formation of photochemical oxidants and depletion of abiotic
resources were calculated by using the following formula (Guinée et al., 2002):

Icat = Zi(mi ’ CFcat,i) (qu)

where I¢y IS an impact category indicator, m; - the amount of the i-th substance used or
emitted, CFc i— an impact category characterization factor of the substance.

The use of land was expressed by the indicator calculated as the ratio of surface unit
and the yield obtained.

To widen interpretation of the results a normalization procedure was carried out. It is
an optional step of the LCIA phase and consists in the presentation of the participation
of the specific impact in the general environmental problem. Normalized impact
category indicators (Nl;) were calculated as the ratio of the product of the average
indicator value for farms (I, and the size of the winter wheat production in Europe (P),
to the value of the impact category reference indicator in Europe for the year 2005
(IRca) (Sleeswijk et al., 2008), as shown in the equation below:

Nl =-at’’ Eq.2
cat |R ( q )

cat

Within the system, there were distinguished three stages of the life cycle: upstream,
core and downstream processes (Fig. 1). Production and distribution of the means of
agricultural production, including: energy, agricultural machinery, agrochemicals and
seeds were analyzed within the upstream processes. The core processes included wheat
production on the farm and consisted of the following processes: cultivation, seeding,
fertilization, pest management, harvesting and internal transport. Analysis of the
downstream processes focused on the grain transport for sale. Environmental effects of
each process were investigated on the basis of materials and energy inputs, as well as
emissions of mineral substances to the soil environment and gases into the atmosphere.
The impact category indicators for the upstream processes were calculated using
information provided by the manufacturer, literature sources (Jayasundara et al., 2014;
Lillywhite et al., 2007) and AGRIBALYSE® database (Colomb et al., 2013).
Agricultural production processes were evaluated on the basis of detailed data from the
farms. Methods for calculating direct and indirect emissions of N,O from fertilizers
were adopted in accordance with IPCC (2006) and the Emission Inventory Guidebook
(EMEP/EEA, 2013). Emissions from combustion of fuel during field and transport
operations were estimated, according to the amount of fuel consumed and emission
factors given by the EMEP/EEA (2013). Data for wheat production in Poland and
Europe were collected from LDB CSO (2015) and EUROSTAT (2015) databases.
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Figure 1. Schematic diagram of processes according to life cycle stages within the analyzed
wheat production system

Results and discussion

Inventory databases of production processes were created on the basis of information
collected from the farms. Quantities of utilized materials and energy were used as the
input data for the LCI phase. Farm 2 used higher amounts of inputs per 1.0 hectare of
crop area than Farm 1 (Table 2). This has been reflected by the calculated impact
category indicators, which are presented in Table 3. Higher values in relation to the
functional units of 1.0 hectare of area and 1.0 ton of grain were noted in the Farm 2. It
can be assumed that this resulted mainly from the differences in the amount of applied
nutrient between farms. The average value of GWP1qo indicator per 1 ha amounted to
2457.5 kg CO; eq., and in terms of 1 t of grain - 364.1 kg CO; eq. It is comparable with
results obtained by Charles et al. (2006). While AP and EP indicators for wheat in these
farms were two and three times higher than the data from this literature source
indicated. The type of nitrogen fertilizers consumed was presumably most responsible
for the estimated potentials of acidification and eutrophication. Around 78% of nitrogen
applied to winter wheat came from the nitrogen solution (data not presented). According
to data reported in literature, 8% of nitrogen in this fertilizer is subject to volatilization
loss in the form of ammonia (EMEP/EEA, 2013). A high ammonia emission during the
fertilization process makes the most important contribution to these impact categories.
While planning to introduce improvements in fertilizer management, the most important
issue would be displacing liquid nitrogen fertilizer with another one with low on-field
nitrogen emission. In the case of analysis of the environmental impact of wheat
production in Chile, the impact indicators for 1.0 ton of grain were even higher: GWP 1o
- 792.76 kg CO; eq., AP - 15.28 kg SO, eq. and EP - 4.83 kg PO,™ eq. (Huerta et al.,
2012). Considering the land use by both farms, it can be assumed that the lower value of
this indicator was due to poorer soil quality in Farm 1 than in Farm 2 (Table 1). Hence,
the differences in productivity of soils which are directly linked with land use could also
be explained by the influence of the same factor.

Application of large amounts of pesticides causes the risk of their leakage into
surface water and groundwater, air and food products, as well as the reduction of
biodiversity in agricultural landscape (Wattiez and Wiliamson, 2003). The average
amount of pesticides used in wheat protection treatments for the farms was 3.2 kg a.i.
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ha. The application rate was higher than in Poland and Europe, where the estimated
levels of plant protection product used were 1.9 and 2.3 kg a.i. ha™, respectively (Syp et

al., 2012).

Table 2. Inventory data of agricultural inputs by 1 ha of winter wheat in the analyzed farms

(averages for the years 2011-2013 + standard deviation)

Type of input Unit Farm 1 Farm 2
Seeds kg 182.0 £5.5 168.9 6.0
Fertilizers
- nitrogen (N) kg 159.6 +8.1 229.8 £6.6
- phosphorous (P,Os) kg 8.1+4.2 17.7+£2.5
- potassium (K;0) kg 29.2 +11.6 58.7 £7.6
Pesticides
- herbicides (a.i.) kg 1.5+0.6 2.1+2.2
- fungicides (a.i.) kg 0.8+40.1 0.7+04
- insecticides (a.i.) kg 0.2+0.1 0.0+0.0
- plant growth regulators (a.i.) kg 0.5+0.0 0.5+0.0
Tractors and mobile machinery kg 10.8 3.5 7.6 +3.3
Machines and equipment kg 10.7 £2.1 9.242.1
Spare parts and materials for the repair kg 6.7+1.7 5.3+15
Electricity kWh 2.9+0.5 2.8+05
Diesel ail | 98.0+4.4 109.4 £5.8
Gear oil | 0.6 0.1 1.0+0.2
Engine oil | 1.0+0.1 0.7 +0.1
Liquid refrigerant and others | 0.4+0.0 0.4 +0.0
Polyethylene mesh m? 176.8 +0.9 217.7 +1.3
500 kg polypropylene woven bag kg 0.8+0.2 0.9+0.2

Table 3. Impact category indicators of the winter wheat production per functional units in
analyzed farms (averages for the years 2011-2013)

Farm 1 Farm 2 Mean
Impact category indicators Functional unit

1ha 1t 1 ha 1t 1ha 1t
GWP0, kg CO; €q. 2173.1 | 323.9 | 2742.0 | 404.4 | 24575 | 364.1
AP, kg SO; eq. 30.8 4.6 44,5 6.6 37.6 5.6
EP, kg PO, eq. 8.8 1.3 12.0 1.8 10.4 1.5
POCP, kg C,H, eq. 0.5 0.1 0.6 0.1 0.6 0.1
ADP minerals, kg Sb eq. 0.013 0.002 0.020 0.003 0.016 0.002
ADP fossil fuel, kg Sb eq. 3.3 0.5 4.2 0.6 3.7 0.6
Land use, ha t* yr* - 0.149 - 0.147 - 0.148
Use of pesticide, kg a.i. 3.0 0.4 3.3 0.5 3.15 0.45

The results showed that among all the technological processes of the analyzed
system, the largest influence on the formation of potential environmental impacts had
mineral fertilization (Fig. 2). Cultivation, sowing and harvesting affected environment
to a lesser extent. Plant protection and grain transport had a relatively minor impact. In
New Zealand, 52% of the overall amount of GHG emissions from wheat cultivation
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were caused by fertilization, including 48% by nitrogen fertilizer (Safa and
Samarasinghe, 2012). Biswas et al. (2010) comparing two phases of wheat production
in Australia: the upstream and core processes found that their share in the total GHG
emissions amounted to 2.6% and 97.4%, respectively, out of which 59% originated
from N,O emissions from the soil.

& Cultivation
AP O Seeding
EP | ® Fertilization
POCP = OPest management
) O Harvesting
ADP minerals
B Graintransport
ADP fossil fuel
0% 20% 40% 60% 80% 100%

Figure 2. Relative contribution of technological processes in wheat production to the impact
category indicators (averages for the farms and the years 2011-2013)

Roer et al. (2012) noted that emissions from fields had a remarkable contribution in
the indicators of POCP and soil AP, of above 60%. Their studies, indicated that
manufacturing and utilization of production means had approximately 50% share in the
total value of the ADP mineral, 30% of which was generated by the production of
nitrogen fertilizers. In turn, the phosphate fertilizers production was quite important for
the caused environmental impact associated with eutrophication, contributing above
30% to the indicator of EP.

The indicators of the GWP190, AP and EP depended mainly on the core processes in
the wheat life cycle, which included transport of production means to the farm,
cultivation and harvest (Fig. 3). At the same time, POCP and ADP mineral were related
largely to the production of agricultural means in the upstream processes. The stage of
downstream processes had a small part in the formation of the analyzed environmental
impacts. In this stage, emissions from fuel combustion and the production of tractors
and machines used in grain transport had a significant effect only for GWP 109, ADP and
POCP. The main factor determining the impact of the processes in this stage is the
distance of transport (Meisterling et al., 2009).

An average indicator of land use in farms per 1 t of produced wheat grain had a value
of 0.15 ha year™ and was lower, compared to the same indicators calculated for Poland
(37.5%) and the European Union (16.7%) (Fig. 4). Brentrup et al. (2004b) demonstrated
that the utilization of land resources for this purpose improves with increasing intensity
of fertilization. It should be noted that the observed differences in the results of this
indicator may be due not only to the type of used technology but also to the natural
environmental conditions, such as soil quality, climate, terrain relief and water
conditions, which determine the potential productivity of crop plants. Schenck et al.
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(2008) confirmed this by showing dependence of the yield and land use indicator on the
influence of the sum of natural rainfall.

GWP

100
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EP O Upstream processes

B Core processes

POCP L @ Downstream processes

ADP minerals

ADP fossil fuel

0% 20% 40% 60% 80% 100%

Figure 3. Share of life cycle stages in wheat production for the analyzed environmental impacts
(averages for the farms and the years 2011-2013)
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Figure 4. Land use indicator of winter wheat production in the analyzed farms, Poland and EU
(averages for the years 2011-2013)

Considering results of normalization, it can be concluded that the biggest
environmental risk linked to the intensive wheat production system, in the overall
environmental profile, is associated with soil acidification (Fig. 5). The analyzed
production system showed also a relatively large impact on the greenhouse effect and
eutrophication. Similar results were also obtained by Huerta et al. (2012) after
normalization data with world values.
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Figure 5. Normalized environmental effects of winter wheat production in the analyzed farms
(averages for the years 2011-2013)

Conclusions

Different streams of materials and energy were used in the upstream, core and
downstream processes of wheat production. The negative effect of these processes are
environmentally harmful emissions. In view of the EU policy requirements in the field
of environmental protection, there is necessity to look for new solutions limiting the
formation of environmental threats associated with an intensive wheat production. LCA
indicates environmental hotspots of the product chain of wheat. This allows to indentify
the places and to determine ways to reduce the environmental impact.

The analysis of winter wheat production impact on the environment showed that in
the development of more environmentally friendly technologies, emission risks related
to the use of mineral fertilizers have to be taken into account. The precise application
technology and optimization of fertilization could be very important advances for
reducing emissions from the fields and lowering the consumption of raw materials in
the fertilizer manufacturing. Implementing reduced tillage systems in grain production
in the Wielkopolska region may also reduce the use of fossil fuels and GHG emissions
from fuel. In addition to technological solutions on farms, we should also seek the
opportunities to increase technical efficiency at the stage of manufacturing the
agricultural inputs in industrial processes. Taking into account the results of
normalization, the most important impact category of wheat production, in terms of the
overall environmental profile, was the acidification, followed by greenhouse effect and
eutrophication.

Life cycle analysis of winter wheat cultivation in intensive production system
provides relevant inventory data for the national area that can be used in the food-
processing sector. They are source basis for the environmental assessment of products
in the country for which wheat is the raw material in industrial processing.
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