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Abstract: Optimization of plant fertilization is an important element of all quality systems in primary
production, such as Integrated Production, GLOBAL G.A.P. (Good Agriculture Practice) or SAI
(Sustainable Agriculture Initiative). Fertilization is the most important element of agricultural
treatments, affecting the quantity and quality of crops. The aim of the study was to assess greenhouse
gas (GHG) emissions in the cultivation of Chinese cabbage, depending on the technological variant.
The factor modifying the production technology was the use of fertilizers with a slow release of
nutrients. One tonne of marketable Chinese cabbage crop was selected as the functional unit.
To achieve the research goal, a strict field experiment was carried out. Calculation of the total amount
of GHG emitted from the crop was made in accordance with ISO 14040 and ISO 14044. The system
boundaries included the production and use of fertilizers and pesticides, energy consumption for
agricultural practices and the emission of gases from soil resources and harvesting residue. The use
of slow-release fertilizers resulted in a greater marketable yield of cabbage compared to conventional
fertilizers. The results of the research indicate a significant potential for the use of slow-release
fertilizers in reducing agricultural emissions. From the environmental and production point of view,
the most favourable variant is the one with 108 kg N-ha~! slow-release fertilizers. At a higher dose of
this element, no increase in crop yield was observed. At this nitrogen dose, a 30% reduction in total
GHG emissions and a 50% reduction in fertilizer emissions from the use of per product functional
unit were observed. The reference object was fertilization in accordance with production practice in
the test area.

Keywords: greenhouse gases; efficiency; agriculture; slow release fertilizers; Chinese cabbage

1. Introduction

The environmental impact of plant production is mainly associated with the consumption of fossil
fuels and the use of fertilizers and plant protection products. Greenhouse gas (GHG) emissions are also
associated with energy consumption for the production, transport and application of fertilizers and
plant protection products, irrigation, as well as the logistics process of food products [1]. An important
source of agricultural pollution is the emission of GHG from the soil as a result of mineralization of
dead organic matter and humus compounds [2]. Some of the elements introduced into the soil with
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organic and mineral fertilizers are dispersed in the environment; to the atmosphere, in the form of
GHG, and to the underground and surface waters, causing intensified eutrophication processes and
acidification of individual elements of the environment. At all its stages, food production is associated
with the intensive use of natural resources such as soil, water, space and energy resources [3]. Intensive
agricultural production, often regarded as conventional, has developed in response to the demand for
cheap food production. It is characterized by maximizing production with the simultaneous increase
in consumption of the means and energy resources [4]. The intensified production very quickly led to
environmental degradation of large areas, especially in developed countries, with the most intensive
agriculture. The transformation of natural ecosystems into monocultural agrocenosis is also associated
with landscape changes that have a multidirectional, negative impact on the human environment [5].
The implementation and development of quality management systems in food production were
somewhat the consumer market’s reaction to the presence of poor quality products on the market [6,7].

Economic development of developed countries, and the related increase in the wealth of societies,
has shaped consumer awareness regarding the environmental and health effects of overexploitation
related to food production [8,9]. An important aspect of optimizing agriculture is reducing its
environmental impact, especially in the context of emissions. Research results presented in the scientific
literature report great potential for binding organic carbon in soil organic matter, which allows reducing
the negative impact of agriculture on the environment, and the greenhouse effect [10-12]. Global
GHG from fossil fuels used in agriculture is estimated at 0.4-0.6 Gt of CO; equivalent. Annually,
total agricultural emissions amount to 4.6 Gt of CO, equivalent per year [13]. In the United States,
agriculture accounts for 9% of the total emissions of these compounds [14]. There are primary and
secondary sources of energy consumption and emission in plant production. Primary emission sources
are the result of agrotechnical practices on the farm (e.g., tillage, sowing, fertilization, harvesting and
transport, irrigation). Secondary (indirect) emission sources include emissions from the production
of fertilizers, pesticides, production and maintenance of equipment, etc. What is important from the
point of view of emissions is the emission of nitrogen oxides from soils intensively supplemented with
nitrogen fertilizers. The amount of nitrogen compounds released to the atmosphere is related not only
to the level of fertilization, but above all, to the efficiency of using the elements contained in fertilizers
and the type and intensity of cultivation treatments. An important source of environmental impact
of agricultural nitric oxide is its emission resulting from decomposition of harvesting residue. Total
N,O fertilizer emissions increased from 0.07 Gt of CO, equivalent per year in 1961 to 0.68 Gt CO,
equivalent in 2010 [13]. Nitric oxide (N,O) is a key compound responsible for the greenhouse effect.
It retains 292 times more infrared radiation than carbon dioxide [15]. Assessing the environmental
and economic efficiency of quality systems implemented in primary production is a very important
element in the evaluation of the actual impact of producer regulations on the quality of produce and
the degree of environmental impact [16-18]. One of the methods of comprehensive and multifaceted
assessment of the quality system is to prepare a product life cycle taking into account the use of energy
and means of production, as well as renewable and non-renewable environmental resources [19,20].
However, developing a reliable and universal method is very difficult because farms operate in a
specific economic, social and climatic framework, which significantly affects the assessment and is
very difficult to interpret [21]. That is why agricultural systems are often assessed based on a selected
fragment of activity.

The aim of the study was to quantify and compare GHG emissions in the different technological
variants of the cultivation of Chinese cabbage. The research variable was the fertilisation technology
with conventional fertilisers and slow release ferilizers. One tonne of marketablemarketable Chinese
cabbage crop was selected as the functional unit.

2. Materials and Methods

In terms of the scope of research, the number of sites and their geographical location, the
experiment was planned based on the assumed qualitative and quantitative objectives, as well as
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technical possibilities. [22]. The choice of the plant variety, the individual fertilization options, the range
of agrotechnical treatments, the level of irrigation and the time frame of the experiment was based on
a risk analysis carried out in accordance with ISO 31000:2018 [23]. The risk defined was the impact
of the above-mentioned risk factors on the reduction of plant yields. Different fertilization variants
were applied in individual experiment objects, which resulted from the production practice applied
in the research area, the requirements of quality management systems in primary production and
economic aspects. The scope of the research and the selection of GHG emission sources were carried
out based on literature study [15-21]. The sources of GHG emissions selected for the calculation of
total emissions were selected based on their utility in the context of the determined research objectives.

In terms of the number of objects, the scope of research and geographical location, the experiment
was planned based on the assumed qualitative and quantitative objectives and technical capabilities [22].
The choice of plant variety, individual fertilization variants, the range of agrotechnical treatments,
the level of irrigation and the time frame of the experiment was based on the risk analysis carried
out in accordance with ISO 31000:2018. The defined risk was the impact of the above-mentioned risk
factors on the reduction of plant yields. The scope of the conducted research and the selection of GHG
emission sources was based on a literature study. The scheme of the experimental design is as follows:

(1) Formulation of the strategic objective;

(2) Selection of the experience factors (a single-factor experience was selected);

(3) Selection of the plant (Chinese cabbage is a plant of high economic importance and high GHG
emission potential due to high levels of fertilization and relatively low nitrogen use;

(4) Selection of the experiment site (geographical boundary of the system); the experiment was
conducted in the area with large acreage of Chinese cabbage cultivations;

(5) Selection of agrotechnical treatments (except the experimental factor); the treatments were selected
based on the recommendations of the integrated plant production methodology and based on
production practices in the research area;

(6) Formulation of the experimental factor levels. The level of nitrogen fertilization and the forms of
nitrogen applied in the subsequent experimental facilities were designed based on the following
input data:

(a) A control facility is necessary for the assessment of the site potential;

(b) Objects fertilized with 400 and 500 kg of slow-release fertilizers. The amount of fertilization
results from the manufacturer’s recommendations in their advertising materials;

() Objects fertilized with 600 and 800 kg of slow-release fertilizer and objects fertilized with
300 and 450 kg of ammonium nitrate-ha!. The level of fertilization was calculated based
on the plants’ fertilizing needs, at the estimated site productivity of 65 and 90 t-ha~!.
The two estimated levels result from the likelihood of adverse weather conditions during
the vegetation period of the plants;

(d) An object fertilized with 600 kg of ammonium nitrate-ha . The level of fertilization results
from production practices applied in the research area;

(7) Estimation of the system boundary in terms of GHG emission sources. The selection was based on
the latest available literature and a risk analysis in the context of the assumed target, in accordance
with ISO 31000:2018. These sources are:

(@) GHG emissions related to the applied fertilizers;

(b)  GHG emissions related to the plant protection products used;

() GHG emissions related to electricity consumption and combustion of fossil fuels;
(d)  GHG emissions related to decomposition of crop residues;

(e) GHG emissions related to decomposition of soil organic matter.
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The goal was achieved based on field experience which allowed calculating GHG emissions
in individual technological variants. The experiment was established in the soil with a heavy clay
grain size. The soil properties on which the experiment was established are included in Table 1.
The forecrop for research plants was corn. The test plant was Chinese cabbage (Brassica rapa L.) of
the Parkin F1 variety. The experiment was established on 15 May 2017. The plants were harvested
on 22 July 2017. Plants were grown at a spacing of 50 X 30 cm. Cultivation and plant protection
practices were carried out based on the integrated production methodology for the Chinese cabbage
approved by the Main Inspector of Plant Health and Seed Inspection, based on art. 5 par. 3 pos. 2
of the Act of 18 December 2003 on Plant protection, consolidated text from 2008, no. 133, item 849
as amended. In terms of agricultural treatments, the following were applied: plowing, cultivating,
planting, mechanical application of fertilizers (twice in facilities where conventional fertilizers were
applied, and once in facilities where slow-release fertilizers were applied), as well as mechanical
weeding (once). The harvesting was manual, and irrigation amounted to 80 dm3?m~2 from a deep
water well, 36 m in depth.

Table 1. Selected soil properties at the beginning and at the close of the experiment. Used for
experiments mg-kg~! and after.

. . [%] mgkg!
pHin H,O pH in KCl
N in Total C Organic N Mineral P K Mg Ca
7.01 6.65 0.16 1.41 56.65 147.8 359.5 199.4 850

Plants were irrigated to optimal water content to eliminate the possibility of water stress affecting
the test results. Before establishing the experiment, the physicochemical and chemical properties of the
soil were analyzed, and the following parameters were determined: pH, granulometric composition,
the content of organic matter, mineral nitrogen and Kiejdahl nitrogen content, as well as the content of
available forms of P, K, Mg and Ca.

Optimization of the agricultural system was based on the use of a multicomponent, slow-release
fertilizer with NPK content (%) 18-05-10 + 4CaO + 2Mg (with a nitrogen release period of two months),
ammonium nitrate (34% N), triple superphosphate (46% P,0Os) and 60% potassium salt (60% K,O).
The experiment included seven fertilization levels and a control object (Table 2). The slow-release
fertilizer was applied pointwise to each plant during planting, at a depth of 5-7 cm below the planting
level. All phosphorus and potassium fertilizers were applied before sowing, while ammonium nitrate
was applied in two doses: 60% before planting and 40% after planting. The date of late top dressing
was selected based on the observation of meteorological conditions and monitoring condition of the
plants. The experiment was conducted in four replicates, in randomized blocks.

Table 2. Experiment diagram.

Object Slow-Release Ammonium Triple Potassium

Nun]1ber Fertilizer Nitrate Superphlz)sphate Salt N P20s K0
kg of fertilizer-ha™! kg of component-ha~!

control 0 - - - - - -
1 400 - 89 177 72 60 150
2 500 - 76 158 90 60 150
3 600 - 65 140 108 60 150
4 800 - 43 103 144 60 150
5 - 300 130 250 100 60 150
6 - 450 130 250 150 60 150
7 - 600 130 250 200 60 150
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The system boundaries included:

(1) Production of fertilizers and agrochemicals used for growing plants;

(2) The farm’s energy consumption for field work;

(3) Soil emissions (direct and indirect) related to fertilizer use;

(4) Emissions from harvesting residue management and from the mineralization of soil organic matter;
(5) Water consumption for irrigation.

In order to determine the environmental impact of the production of Chinese cabbage in
various technological conditions, the following standards were applied: ISO 14040 “Environmental
management—Life cycle assessment—Principles and framework” and ISO 14044 “Environmental
management—Life cycle assessment—Requirements”.

3. Results

The analysis was carried out according to the recommendations included in the document [24].
Product transport, packaging, agricultural tool wear and marketing were excluded from the research.
The production and transport of seedlings were also excluded from the process due to the lack of data
on this process. The adopted functional unit was 1 tonne of marketable product. The time frame of the
system was one year. The potential for generating the greenhouse effect has been estimated based on
the GHG emission calculated as per carbon dioxide equivalent (CO,).

The input data for calculating the GHG emission value came from seven experimental objects
and a control object where fertilization was not used (Table 2). Fertilization at object no. 7 was
carried out in accordance with the production practices used in the area of testing. The GHG emission
level for nitrogen production in ammonium nitrate was assumed at 7.99 kg CO,-kg~! N. For triple
superphosphate, this value was set at 0.36 kg CO,-kg~! P,Os, while for potassium chloride it was
0.56 kg COz-kg_1 KO [25]. Based on the data on the composition of the slow-release fertilizer used, its
total carbon footprint was calculated at 8.2 kg CO,-kg™! N, as per the mass of fertilizer [25]. Emission
factors for harvesting residue were calculated based on the amount of waste generated during cabbage
processing. Based on the results of the experiment, it was estimated that the ratio of marketable to
collateral yield and harvesting residue in the cultivation of Chinese cabbage ranged from 19% to 28%.
The adopted content of carbon fraction in dry matter of harvesting residue was 50%. The actual nitrogen
content in harvesting residue was used for the calculations. The level of harvesting residue distribution
was estimated at 25%. Carbon emissions from harvesting residue were calculated according to the
methodology in the IPCC [26]. The value of nitric oxide emission from harvesting residue was adopted
at 1.25% [27]. The value “N-N,O emissions” was multiplied by 44/28 to convert it into N,O. N,O
emission was used as a CO; equivalent by multiplying it by the global warming potential of 298 [15].
The adopted soil mineralization rate of organic matter was 2%. The assessment of the life cycle of
Chinese cabbage includes emissions from the burning of fossil fuels used for agricultural procedures.
Based on the data provided by EPA [28], the diesel emission from agricultural tractors was assumed
at 3.864 kg CO,-dm~3 of fuel. Fuel consumption in particular agricultural procedures is presented
in (Table 3). Owing to the small amount of nitrogen oxides and methane emitted the during diesel
combustion in agricultural tractors, this source of GHG was omitted [28]. The amount of greenhouse
gas emissions associated with the use of pesticides was estimated based on the data provided by
Audsley [11] (Table 4). These authors report the total amount of GHG emissions per carbon dioxide
equivalent at 25.5 kg CO; for 1 kg of active substance of pesticide. The amount of pesticides used in
cabbage cultivation was 1950 g-ha~! for all objects. For irrigation, deep well water pumped from 36 m
was used using 40% electric pumps. The CO, emission factor from irrigation was calculated on the
basis of the guidelines given by Wang [29] (Table 4). For the production of 1 kWh of electricity, CO,
emissions were adopted at 0.9245 kg [29]. According to the methodology given by [30] the amount
of nitrogen emitted as a result of mineral fertilization is 1% as direct emission and 0.27% as nitrogen
dispersed in the environment. The amount of nitrogen oxides emitted from mineral fertilizer nitrogen
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was estimated at 0.75% of total nitrogen not used by plants during the growing season [30] (Tables 4
and 5). The N, O to CO, conversion factor in the context of the greenhouse effect is 292 [15].

Table 3. Energy consumption and greenhouse gas (GHG) emissions associated with agricultural treatments.

. Diesel Use Energy Use CO; Emission
Type of Agricultural Treatment

[dm3] [M]1 [kgl
Ploughing 57.0 2299.0 220.2
Mineral fertilization, one time 5.1 206.9 19.71
Cultivation with an aggregate 30.8 12415 119.0
Mechanical planting 154.0 6207.4 595.1
Application of plant protection products, four times 24.8 517.3 95.83
Mechanical weeding, one time 19.2 775.9 74.19
Total 1325.8 53,458.0 1124.0
Irrigation [KWh] 194.7 179.7
Total 1303.7

Table 4. CO, emissions from fertilizers [CO, equivalentha_l).

Object Number A B C D E F

control 1323.4 353.1a*
2 592 72.29 664.29 48.75 1323.4 384.3a
3 740 64.00 804.00 48.75 1323.4 474.0b
4 888 56.34 944.34 48.75 1323.4 521.1bc
5 1184 40.70 1224.70 48.75 1323.4 563.9¢
6 502.3 502.28 48.75 1303.7 412.8a
7 901.8 901.78 48.75 1303.7 476.9b
8 1301.3 1301.28 48.75 1303.7 458.1bc

* Different letters mean statistically significant differences at the significance level p = 0.05.

Table 5. Greenhouse gas (GHG) emissions.

Object Number G H I J K
equivalent of COp-ha™! equivalent of COp-ha™!
control 14.5
1 1.13 0.04 330.4 11.33 18.9
2 1.41 0.30 413.0 87.81 315
3 1.70 0.44 495.6 128.02 38.2
4 2.26 0.68 660.8 197.77 44.2
5 1.57 0.64 458.9 187.85 229
6 2.36 1.15 688.3 334.51 319
7 3.14 1.53 917.7 448.01 29.3

A—CO; equivalent from the slow-release fertilizer [25]; B—CO, equivalent from conventional
fertilizers [25]; C—CO; equivalent from fertilizers in total; D—CO, equivalent from plant protection
products [11]; E—CO; emissions from fuel combustion and electricity consumption [29]; F—CO,
emissions from soil and harvesting residue and from the mineralization of organic matter> [26,27].

G—Direct NpO emission from mineral fertilization [30]; H—Indirect N, emission related to
mineral fertilization [30]; I—CO, equivalent from direct N, emission; [ —CO, equivalent from the
indirect emission of N [15]; K—CO; equivalent from N, emission from the mineralization of harvesting
residue’ [26,27].

The obtained results were subjected to analysis of variance. The significance of differences in
mean values was determined with the Tukey test (« < 0.05) using the Statistica 13 (TIBCO Software
Inc.) software to statistically process the results.
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The presented work compares the total GHG emissions for various fertilization strategies within
the assessment system adopted at taking inventory of their sources. The results of the calculations
demonstrate a significant differentiation of the total GHG emissions in terms of CO; equivalent for
the adopted system boundary. The adopted unit of account was 1 tonne of marketable product.
The marketable yield in the non-fertilized object was 15.46 t. Fertilization in the amount of 72 kg
N in the form of slow-release fertilizers and a full dose of phosphorus and potassium caused a
double increase in the marketable yield of plants (Figure 1). When using traditional fertilizers, at
100 kg-ha~! nitrogen, the marketable yield was approx. 56% higher compared to the unfertilized object.
The maximum yield was obtained in an object fertilized with slow-release fertilizers, at 144 kg N, and
it amounted to 44.02 t of marketable yield~ha_1 [31,32]. Niemiec [31], and Niemiec et al. [32] report a
reduction in celery yield after applying slow-release fertilizers directly under the root. These authors
stated that the reason for the decrease in yielding may be increased salinity of the soil solution directly
under plant root zone. In this experiment, slow-release fertilizers were used below the planting level,
which could limit the negative impact of soil solution salinity, especially at the initial stage of plant
growth. To achieve the yield at the level observed when using 144 kg N in a slow-release fertilizer,
200 kg of nitrogen in conventional fertilizers was required. Due to the relatively low content of mineral
forms of nitrogen in the soil, a strong reaction of plants to mineral fertilization was observed.

< marketableyield
O residual crop

25 T T T . T r : r

a0

40
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a5 | b
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30 -[
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20+
15 a
e
L Ode
o Hcd Hcd Bb o
gbe Oab
ar Ha
D 1 1 1 1 1 1 1 1
1 2 3 4 5 B 7 control

Object number

Figure 1. Amount of marketable and residual crop.

The experiment results indicate a significant impact of the proposed fertilization strategies on
the development of GHG emissions, both from direct and indirect sources. Total GHG emissions,
given as CO, equivalent ranged from 78.9 to 120.3 kg CO,-t! fresh weight of marketable product
(Figure 2. The lowest value of this parameter was obtained for an object fertilized with slow-release
fertilizers at 108 kg N~! fresh mass of the marketable product (option 3). For all facilities fertilized
with conventional fertilizers, the emission factor was above 110 kg CO,-t™! fresh weight of marketable
product. The value of GHG emissions for a nonfertilized object was 111.8 kg CO,-t~! product. There
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were no statistically significant differences between individual fertilization variants with the use of
the slow-release fertilizer. In relation to the reference object, fertilized in accordance with production
practice, a reduction of GHG emission level of 30% was achieved per functional unit of the product
(Figure 2). From the point of view of environmental efficiency, this is an important technological
achievement. In modern agricultural systems, improving efficiency by up to several percent can be
problematic [33-35].

o Total emissions
o Emissions from fertilizers and plant protection products
160

140 | 1

A O U

100 |

Tp b b -

201

a |
0- %

1 2 3 4 5 6 7 control
Object number

CO » Mg marketable vield
2" Mg wn

Figure 2. Total GHG emissions and emissions related to the use of fertilizers.

The share of mineral fertilizers in shaping GHG emissions is presented in Figure 3. In the object
fertilized in accordance with production practice, the amount of GHG emissions associated with
the use of mineral fertilizers and plant protection products was 73 kg of CO, equivalent-t~!. When
applying slow-release fertilizers, this value was 36.7 kg CO, equivalentt~!. The obtained research
results indicate that the level of mineral fertilization efficiency is the most important element related to
the optimization of plant production. This has been confirmed by studies of other authors [14,17,36].
Figure 3 presents the percentage share of individual GHG sources in the total emissions for the adopted
system boundaries. The sources were divided into three groups:

1.  Agricultural treatments and irrigation;
2. Production and use of fertilizers;

3.  Greenhouse gas emissions from soil result from decomposition of harvesting residue and soil
organic matter.
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20 B fuel combustion emissions from agricultural treatments and
irrigation
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B emissions from fertilizers and plant protection products
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[ emissions from soil organic matter
60

U1
o

'S
(e

(O8]
o

N
o

[y
o

o
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Object number

Figure 3. Structure of GHG emissions from individual sources [%].

Irrigation and agricultural treatments are another source of agricultural emissions included in the
research. For the production technologies used, the level of GHG emissions associated with energy
consumption was 1303.7 kg CO,-ha™! (Table 4). In objects fertilized only with conventional fertilizers,
this value was slightly higher, which results from the double application of the fertilizers (Table 4).
According to the technology used, the application of slow-release fertilizers during planting did not
cause additional GHG emissions. Energy consumption for irrigation and agricultural treatments
was constant for all fertilization variants and is not correlated with production effects. However, it
has a significant impact on the level of GHG emissions per unit of account. Very high values of this
coefficient testify to the low efficiency of the use of production potential, while low values indicate
unreasonable fertilization. In the conducted experiment, the share of emissions of GHG from fuel
combustion and electricity consumption ranged from 26.70% to 76.60% (Figure 3). The lowest value of
this parameter was found in a non-fertilized object, while the largest share of GHG emissions from
energy consumption was found in the object fertilized with conventional fertilizers at the highest
dose of 200 kg N-ha™!. In the experimental object fertilized with slow-release fertilizers, at 108 kg
N, the agricultural and irrigation GHG emission rate was 38% (Figure 3). The amount of fertilizer
GHG emissions is largely influenced by the total amount of fertilizers used, both organic and mineral,
as well as the degree of nitrogen utilization by plants. Nitrogen not used by plants is dispersed in the
natural environment and is a source of GHG. In the experiment, in the object where the lowest GHG
emission rate was obtained, the GHG share associated with the use of fertilizers was 46%. Increasing
the nitrogen dose increased the value of this parameter. In an object fertilized with conventional
fertilizers, at 200 kg N, it was observed that over 60% of emitted GHG came from fertilizers and
plant protection products (Figure 3). The factor that most affected the result of the GHG emission
assessment was the unreasonable use of nitrogen from mineral fertilizers. The total nitrogen uptake of
the cultivated Chinese cabbage in an object fertilized according to production practice amounted to
approx. 30% of the nitrogen dose introduced with mineral fertilizers. In the case of an object with
the slow-acting fertilizer at 108 kg-ha™! this value was more than twice as high. The most important
element in reducing the value of the carbon footprint for the adopted system boundary was the
degree of utilization of nitrogen from mineral fertilizers. The object with the highest level of nitrogen
fertilization was the reference for individual experiment variants. The share of GHG emissions from
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soil organic matter and the distribution of harvesting residue ranged from approx. 10% to over 20%
of total GHG emissions. For individual fertilization variants, this value was slightly different and
resulted from the amount of harvesting residue and its nitrogen content.

4. Discussion

The compared production technologies differed only by the use of an innovative nitrogen fertilizer.
No modifications were made to other agricultural treatments. Fertilization is a very important element
of agricultural production technology. It shapes the size of the crop and the efficiency of using other
means of production, such as plant protection products, water used for irrigation and energy used for
growing and harvesting products. The effectiveness of fertilization ultimately affects the efficiency of
the use of production acreage and the energy efficiency of production. Unreasonable use of fertilizers
results in a decrease in nutrient utilization efficiency. Plant nutrients not absorbed during the growing
season significantly increase the impact of agriculture on GHG emissions. An important source of GHG
is the soil environment. Optimizing the use of nitrogen introduced with fertilizers is one way to reduce
GHG emissions. Liang [37] report that the use of biochar significantly increased the yield and nitrogen
utilization in reed. Reduced losses of fertilizer elements as a result of the addition of biochar were
also reported by Niemiec [38]. These authors stated that the fertilizers supplemented with biocarbon
demonstrate the functional characteristics of slow-release fertilizers. Xiao [39] reported that the use
of slow-release fertilizers in peach cultivation resulted in a reduction of the crop’s impact on GHG
emissions by 25%, while nitrogen emissions from fertilizers decreased by 50%. In turn, [36] report
that the use of fertilizers with slow release of nutrients has allowed the reduction of nitrogen oxides
directly from bamboo crops at approx. 20% to 80%. These values depended primarily on the pattern of
weather conditions. In our own research, in an object optimally fertilized with slow-release fertilizers,
the amount of nitrogen oxides emitted was 45% lower compared to an object fertilized in accordance
with production practice in the area of research. In gaseous form, these elements are emitted from the
soil surface in the form of carbon dioxide, nitrogen oxides and methane. Their amount results from
the intensification of mineralization of organic matter and the level of nitrogen fertilization. Nitrogen
compounds from organic and mineral fertilization are very important from the point of view of shaping
the level of GHG emissions [24-26]. Each experiment was treated as a separate farm, functioning in
a specific environment. Literature reports lots of data related to the calculation of the life cycle for
agriculture in a broader perspective, both spatial and temporal [5,14,29].

The results presented by these authors relate to the general values of the impact of agriculture on
the environment using specific production technologies. Life cycle assessment for strict experiments
carried out is not a commonly used element of the assessment of the environmental impact of
a production technology [39-45]. Vegetation experiments are conducted to optimize production
technology or to assess the actual effectiveness of the use of a factor of production or production
technique. Nowadays, for experiments using new fertilizers, the literature presents results related
primarily to fertilization efficiency, the amount of ingredients dispersed in the environment or the
quality of the crop. Fertilization is one of the factors impacting the level of GHG emissions and should be
considered in a broader context, along with all elements of agricultural treatments. The paper attempts
to scale the methodologies used in calculating GHG emissions for strict vegetation experiments.
The compared production technologies differed only by the use of an innovative nitrogen fertilizer.
Other elements and conditions remained unchanged. This approach allowed estimating the actual
impact of using a fertilizer characterized by a slower release of nutrients. The level of GHG emissions
is now a strategic element of agricultural characteristic and their emission from nitrogen fertilizers is
significant. Agriculture is characterized by a very low level of efficiency in the use of nutrients derived
from fertilizers, both mineral and organic. No modifications were made to other agricultural treatments.
However, introducing modifications related to fertilization technologies is problematic. Reducing
the total amount of elements introduced into the soil environment raises the risk of reducing yields,
which agricultural producers fear [7]. Liang [37] has indicated the high effectiveness of subsidizing
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technological innovations in agricultural production in terms of limiting the negative impact on the
environment [46-54]. Linking subsidies with pro-environmental measures in agriculture can bring
positive effects in reducing GHG emissions.

5. Conclusions

The use of slow-release fertilizers resulted in a greater marketable yield of cabbage compared to
conventional fertilizers. From the environmental and production point of view, the most favorable
variant is the one with 108 kg N-ha~! slow-release fertilizers. At a higher dose of this element, no
increase in crop yield was observed. Fertilizing Chinese cabbage with slow-release fertilizers at 108 kg
N-ha~! resulted in a 30% reduction in total GHG emissions per functional unit, compared to fertilization
in accordance with production practice. With slow-release fertilizers, fertilization GHG emissions were
reduced by approx. 50% per functional unit of the produce. Efficiency of fertilizer nitrogen use is an
important element shaping the level of agricultural GHG emissions.

The use of slow-release fertilizers should be promoted in agricultural production, since, if used
rationally, they can reduce GHG emissions and climate change.
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