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Abstract: The aim of this study was to see how purchases of new agricultural machinery affected
fuel consumption on farms. This study, conducted in the Matopolska region in Poland, covered
two reporting periods (before and after the purchase of machinery). The analysis included factors
relevant to the indicators analyzed, including changes in fuel consumption, changes in the area
of agrotechnical treatments, changes in working time, and changes in installed power. To study
how fuel consumption evolves under different conditions, the following variables were used as
grouping variables: area of farms, power of the largest tractor, index of technological modernization
(ITM), groups of crops, groups of agrotechnical treatments, and groups of machinery. Statistical
analysis showed significant differences between the analyzed groups. The research showed that the
purchases of new agricultural machinery increased fuel consumption on farms. In the population
studied, the volume increased by 8% compared to the initial period. The increase in consumption
after modernization was mainly due to the purchase of more powerful tractors, while the increase in
productivity and the changes in technology due to more modern ones did not compensate for the
increase in power demand.

Keywords: farm modernization; machinery fleet; fuel consumption; tractor power

1. Introduction

Agriculture in Poland is an important part of the national economy. EU membership
allows it to develop and compete on an international level. The purpose of the dynamic
development of agriculture in Poland is not only to enter new markets but also increase
production potential. This was possible due to the introduction of very dynamic technolog-
ical changes in recent years. However, before accession to the EU, Polish agriculture was a
laggard in technological innovation, impacted by the strong fragmentation of the farm area
structure, low productivity, insufficient access to capital, and a high degree of wear and
tear on fixed assets [1].

As noted by Balawejder [2], Poland ranks ninth out of twenty-seven EU member
states in terms of the percentage relation of agricultural land to the country’s area. Many
authors emphasize that the high fragmentation of agricultural land puts Poland at the
forefront of countries that urgently need land consolidation in rural areas [3—6]. The
problem of significant agrarian fragmentation currently affects many countries. In their
work, Balawejder cited many authors to emphasize that it occurs in Bulgaria [7,8], the
Republic of Belarus [9], Cyprus, the Czech Republic [10], Estonia, Finland [11], Hungary,
Latvia, Lithuania, Slovakia, Spain, the Netherlands [12], and Ukraine [13], among others.

The growth of the global population and the increase in income are driving global food
demand. Sustainably accelerating agricultural productivity to meet the growing demand for
food despite land degradation is a major task for the global agricultural sector [14,15] since
economic growth, social equity, and environmental protection are the three basic elements
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of sustainable development [16]. In agriculture, the goal of sustainable development is to
improve land productivity, ensure food security, reduce poverty and malnutrition, and
protect natural resources, while taking into account economic efficiency, social benefits,
and environmental sustainability [17]. Please note that improving land productivity and
promoting sustainable agricultural development is a priority for developing countries with
higher rates of food insecurity, malnutrition, and rural poverty [18,19].

Sustainable agricultural development does not exclude the introduction of technical
and technological progress. It is important to rationally implement solutions to replace
human labor with objectified labor. However, the technical equipment of the farms is a
factor that determines the use of the potential land resources from the point of view of the
demand for agrotechnical procedures. In the context of sustainable development, technol-
ogy is also associated with a reduction in environmental risks by increasing productivity,
reducing ma-territory and energy consumption, and reducing the failure rate of machinery
and equipment. As Wang [20] pointed out, in light of the continuous reduction in labor
availability in rural areas and given that the vegetable harvesting process, for example, is a
labor-intensive technology, accelerating the introduction of smart harvesting machinery is
of great importance to reduce production costs and labor intensity [21].

The purchase of a new machine generally increases the productivity of fieldwork
at the cost of increased tractor power. Whether the effect is beneficial (a change in fuel
consumption) depends on whether the increase in productivity compensates for the increase
in power demand. An upgrade in technology, resulting from the introduction of new
machinery, should eliminate the demand for some agrotechnical treatments (through the
use of machine aggregates) and also result in an increase in power demand. Purchasing
more powerful tractors and coupling them with existing machinery results in an increase in
the power demand, with no (or just a slight) increase in productivity. The purchase of new
machinery can also increase the cultivated area, which, on a farm-wide basis, will result in
higher fuel consumption.

Agriculture is an economic sector that significantly affects climate change, contributing
to greenhouse gas emissions. Any practice that reduces emissions should not have a nega-
tive impact on farm productivity and economics, as this would limit its implementation,
against the high global demand for food and feed and sectoral competition [22].

Although calculating the change in fuel consumption is possible and easy for a single
purchase of a machine or tractor [23,24], it is difficult to determine the changes in fuel
consumption for farms as a whole [25]. The result depends on a number of conditions,
which include the parameters of machinery already available on the farm and the new ones,
changes in technology that the replacement of equipment entails, changes in crop structure
and acreage, the farmer’s preferences not necessarily based on technological factors, and
economic and political conditions. Consequently, it is difficult to develop theoretical models
that calculate how purchases (including subsidies) affect fuel consumption in a group of
farms and the region as a whole. To study this, field research is needed, based on a large
amount of data acquired from farmers [26].

During a literature review, the authors did not find a scientific paper in which the
impact of farm modernization on changes in fuel consumption on farms was analyzed.
This indicates the need for research on the effective implementation of technical and
technological changes in agriculture, taking into account the impact on the energy inputs
incurred, mainly fuel consumption. This factor, in addition to the heavy financial burden
on the farm, also has a huge environmental impact. Increased financial outlays affect only
the farmer, but the associated emissions affect society as a whole.

Therefore, the main purpose of this study was to analyze the impact of modernization
(the purchase of new agricultural machinery) on fuel consumption. For full inference, the
analysis also took into account the change in selected production factors. These factors
included the level of power installed in tractors and self-propelled machinery, the time to
perform agrotechnical procedures, and the area of agricultural land.
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2. Materials and Methods
2.1. Research and Calculation Methodology

The necessary data came from surveys of farms that had purchased new tractors and
agricultural machinery using funding from the EU-financed Agricultural Development
Program in the years 2013-2020. The research sample included 248 farms with different
areas, production profiles, and equipment. The research was conducted in the Matopolska
province, located in southern Poland. Objects with a total of 3555 machines and equipment
on their equipment were qualified for the calculations. During the analyzed period, farmers
purchased 796 machines and tractors; the database collected data on the parameters of
1388 types of machinery.

The collected information included the characteristics of the machinery and equipment
owned and the parameters of the equipment purchased. In addition to the area of the farm,
data were collected on the area of individual crops (sowing structure), livestock density,
type of soils, and location of the facility. Special attention was paid to the technologies of
fieldwork used by farmers. The data collected covered the period before the purchase of
machinery and the period after the purchases. The research concerned fieldwork and did
not include transportation, livestock production work, and general farming activities. The
parameters of the machines were determined on the basis of information provided by the
manufacturers. The data obtained made it possible to determine the fuel consumption of
individual fieldwork, using different machines and agricultural tractors. When calculating
fuel consumption for individual agrotechnical treatments, data on specific fuel consumption
(by tractor or self-propelled machine), tractor horsepower, and power requirements of the
machine, as well as machine operating time, were collected.

The time scope included two periods, i.e., before modernization (the purchase of
technical means of production) and afterward, i.e., Poland’s recent accession period, in
which the surveyed farms purchased tractors and agricultural machinery under the Rural
Development Program. This study analyzed the level of change in the adopted two
time periods.

For the purpose of this study, a computer database was developed in MS Access, in
which data were collected. Calculations were performed using queries. In addition, for
the purposes of this study, a computer program was written in the Delphi language, using
the Embarcadero RAD Studio environment, to be used in the calculations. Data from MS
Access were exported, and final calculations and summaries were made in MS Excel and
Statistica 13.3 (StatSoft).

Area groups and tractor power groups were established based on the number of
observations, which is a consequence of the agrarian structure of farms in the region and
the power structure of tractors owned by farmers in the studied area. The calculations used
the following grouping variables:

e  Farm area—6 area groups were distinguished, up to 4.9; 5.0-9.9; 10.0-14.9; 15.0-19.9;
20.0-49.9; and over 50 ha, in the statistical analysis; the area groups were marked as
follows: 1,2,3,4,5, and 6.

o  Tractor power—tractors were divided into 7 groups, up to 25; 25-50; 50-75; 75-100;
125-150; 150-175; and over 175 kW, in the statistical analysis; the tractor power groups
were marked as follows: 1,2,3,4,5,6,and 7.

e Plant type—S8 groups were distinguished, i.e., Fabaceae; root crops; fodder; industrial;
grasslands; vegetable; and cereals, in the statistical analysis; the plant groups were
marked as follows: 1,2, 3, 4,5, 6,7, and 8.

e  Agrotechnical treatments—treatments were divided into 8 groups, i.e., mowing; fertil-
ization; spraying; plowing; tedding/raking; sowing/planting; field cultivation; and
harvesting, in the statistical analysis; the groups of agrotechnical treatments were
marked as follows: 1,2, 3, 4,5, 6,7, and 8.

e  Groups of machines—7 groups were distinguished, fertilization machinery, crop care
machinery, sowing and planting machinery, harvesters for root crops, harvesters for
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cereals, harvesters for green fodder, and tillage machinery, in the statistical analysis;
the groups of machines were marked as follows: 1,2, 3,4, 5,6, and 7.

e Index of technological modernization (ITM)—this indicator characterizes technologi-
cal changes resulting from the modernization of machinery [27]. The technological
modernization index (ITM) allows the investment, and consequently, the farm, to
be classified into one of 4 groups: 0—the farm does not buy machines; 1—the farm
buys new machines without having these types of machines before; 2—the farm re-
places machines with newer models without changing the technology; and 3—the
farm changes production technology by purchasing more advanced technological ma-
chines. Consequently, the value of the indicator corresponds to the level of innovation
introduced to the farm.

The presented analysis covers fuel consumption before modernization (C1) and after
modernization (C2).

The analysis of variance method was used to statistically evaluate the obtained results.
It is a set of statistical methods used to compare several population groups and a technique
of examining results (experiences, observations) that depend on several factors acting
simultaneously. The authors assumed that many factors determine fuel consumption,
which allowed them to explain how likely it is that the identified factors could be the reason
for differences between the observed group means. One-factor analysis of variance models
allowed the authors to determine the impact of each individual factor. Since compared
groups had to be distinguished, it was necessary to define independent variables (so-called
grouping variables) and dependent variables, which were compared in groups during
calculations. The Snedecor F test was used in the analysis of variance, which is the ratio
of two independently estimated variances. This method of calculation is used by many
authors [28-32].

In the one-factor analysis of variance, groups were separated among the independent
variables. This allowed the authors to determine the significance of the influence of
independent variables on dependent variables. If the one-factor analysis of variance
indicated the existence of significant statistical differences in the mean values of individual
indicators (dependent variables), Duncan’s test was used to determine in which groups
they occurred.

In the area of the above-mentioned grouping variables, quantitative variables calcu-
lated as the average value of changes (defined as a percentage change in the condition
before and after modernization) were verified as follows:

Changes in fuel consumption (ZG);

Changes in installed power in tractors and self-propelled machines (IP);
Changes in the time (duration) of agrotechnical treatments (ZT);
Changes in agricultural land area (ZF).

These indicators were calculated as the amount of change (difference between the
indicator after modernization and before modernization) related to the initial value (prior
to modernization).

2.2. Selection of Farms for this Study

The selection of farms for this study was purposeful. Individual agrotechnical treat-
ments, carried out on individual farms, with each crop and using a specific set of machinery,
were used as the foundation for the analysis. An individual case is one agrotechnical treat-
ment, performed on a particular farm for a particular crop. In total, 248 farms and 5416 such
cases were distinguished (Table 1) and assigned to the corresponding grouping variables.
In addition, the number of farms that belong to a particular group was determined for the
selected variables.
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Table 1. Number of analyzed cases for grouping variables.
Variable Values Cases Farms Variable Values Cases
up to 4.9 297 23 Fabaceae 89
5.0-9.9 1428 83 root crops 624
Area groups 10.0-14.9 1509 55 fodder 95
group 15.0-19.9 957 34 Plant groups industrial 59
20.0-49.9 899 35 grasslands 565
from 50 326 18 vegetables 897
up to 25 610 32 cereals 3087
26-50 647 30 mowing 140
51-75 1789 89 fertilization 622
Power groups 75-100 1404 52 spraying 695
101-150 637 28 Agricu]tural plowing 1373
151-175 57 4 treatments tedding/raking 145
over 175 272 13 sowing/planting 558
1 935 43 cultivation 1076
IT™ 2 2363 123 harvesting 807
3 2118 82 fertilization machinery 622
TOTAL 5416 248 crop care machinery 695
. sowing and planting machinery 558
Machine groups harvesters for root crops 185
harvesters for cereals 591
harvesters for green fodder 316
tillage machinery 2449

Prior to modernization, the average area of a farm before modernization was
16.75 hectares (ranging from 0.96 hectares to 205.65 hectares), and after modernization, it
increased to 17.49 hectares. At the same time, the average area of an analyzed case was
4.31 hectares (from 0.01 hectares to 210.00 hectares). The power of the tractor involved in
each activity averaged 62.5 kW (from 22 kW to 200 kW) in the first year and 72.6 kW in the
second research period. Taking into account self-propelled machinery, the power engaged
was 64.8 kW and 74.5 kW, respectively. A single treatment required 270 kWh, and after
modernization, the value increased to 301 kWh.

Please note that after purchasing new machinery, farmers changed not only production
technology. The changes also included the size of the farm, sowing structure, and livestock
density (this part of production was not included in the analysis). Some of these changes
were triggered by the arrival of new equipment, but not all. Moreover, some of the
purchasing decisions were due to the farmer’s plans to change the size of the farm and the
structure of production.

3. Results and End Discussion

The main indicator studied was the fuel consumption of the farms surveyed before and
after modernization. Research showed that after machinery purchases, the volume of fuel
consumption on farms increased by 6% compared to the initial period. The analysis, which
was carried out with different levels of grouping, showed how this indicator changes under
different conditions. In addition to the change in fuel consumption, the authors investigated
how the other relevant indicators changed. These included the area of cultivation, the
power involved in fieldwork, and the working time. The foundation of the analyses is
the individual agrotechnical treatments performed on each farm with each crop. Selected
indicators were also converted per farm, per hectare, and per hour of labor.

The analysis of variance performed in a single classification allowed the authors
to answer the question of whether the independent (grouping) variables differentiate
the mean values of the dependent variables studied. On the other hand, the results
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of the applied Duncan’s test revealed the independent variables that had statistically
significant differences in the mean values of individual dependent variables. The following
groups were used as grouping variables: area, installed power, plants, agrotechnical
treatments, agricultural machinery, and ITM index, while the following were used as
dependent variables: changes in fuel consumption (ZG), installed power (ZP), duration of
agrotechnical treatments (ZT), and area of agricultural land (ZF).

To verify the relationship as to which grouping variable has a statistically significant
effect on the listed changes, an analysis of variance in a single cluster was performed
(Table 2).

Table 2. Results of an analysis of variance for quantitative variables, depending on grouping variables.

Grouping Variable Sum of Squares Mean of Squares Test F P
7G
25.24 5.0473 2.71047 0.01881 *
7P
*
Area groups of agricultural land 87.027 17.4054 - 25.5142 0.00000
13.432 2.68648 3.63877 0.00274 *
ZF
18.640 3.72797 7.10708 0.00000 *
7G
134.162 22.3603 12.1369 0.00000 *
7P
1664.024 277.3373 709.7399 0.00000 *
Installed power groups 7T
86.290 14.38161 19.8378 0.00000 *
ZF
103.586 17.2644 33.9225 0.00000 *
ZG
16.98 2.82969 1.518058 0.167810
7P
28.605 4.7675 6.8785 0.00000 *
Plant groups 7T
10.452 1.742062 2.357381 0.02820 *
ZF
11.883 1.980508 3.766012 0.00095 *
7G
17.38 2.48336 1.33207 0.230441
7P
*
Agrotechnical treatment groups 28.605 4.7675 - 6.8785 0.00000
28.605 4.7675 6.8785 0.00000 *
ZF
6.086 5.0473 2.71047 0.01881 *
7G
22.12 3.15936 1.69547 0.105231
zP
. . 35.525 5.0750 7.3343 0.00000 *
Agricultural machinery groups 7T
8.498 1.214008 1.641705 0.118816
ZF

5.834 0.833472 1.58122 0.135922
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Table 2. Cont.

Grouping Variable Sum of Squares Mean of Squares Test F p
zG
5.40 2.69834 1.44700 0.235366
zpP
177.4 72 133.4084 . *
Value of the WMT indicator 60 882T98 33.408 0.00000
3.688 1.84377 2.49264 0.082787
ZF
0.615 0.30749 0.58283 0.558351

*—significant difference at o = 0.05.

The analysis of variance showed that the adopted grouping variables statistically
significantly differentiated the mean values of the quantitative variables. This observation
applies to the specified area groups, the installed power groups, the plant groups, and
the agrotechnical treatment groups. Within the listed grouping variables, only in the case
of a change in fuel consumption did the last two of the listed variables not prove to be
statistically significant. In the other cases, the average values differed significantly. The
smallest impact on the mean values of the quantitative variables was observed for the
group of agricultural bryophytes and the WMT index. Within these variables, statistically
significant mean values were recorded within the separated groups only for the change in
installed capacity.

Figure 1a shows the fuel consumption of each area group for the two study periods
analyzed. The same arrangement is maintained in the following graphs. Fuel consumption
obviously increases with an increase in the area of farms, which is due to a larger area of
fields and, consequently, a larger area of agrotechnical treatment. Also, the change in fuel
consumption is more significant on farms with a larger area (Figure 1b). It can also be seen
that a similar relationship is found in the case of a change in the area of cultivation and also
a change in the time of performing a single agrotechnical treatment. The power increase in
the two groups with the largest area was smaller than in the other cases. One of the factors
that influenced this is the structure of purchases. Large farms invest in new machinery,
often having the right tractors in their inventory, in contrast to smaller farms, where a
new tractor is often purchased without an appropriate set of machinery. The increase in
fuel consumption, resulting from the higher power requirements of the new machine, is
partially compensated for by higher work efficiency. If these factors are combined with
an increase in the surface area of the crop, this results in an increase in fuel consumption
for a given agrotechnical treatment. In the studied area groups, only the smallest farms
(Group 1) showed cases of reduction in fuel consumption rates, while cases of reduction in
working time were recorded in Groups 1 and 3.

Upon analyzing the average values of the quantitative variables, it can be observed that
the changing size of the farmland, up to the limit value of 20 hectares, significantly increased
the average value of all the quantitative variables (Figure 1b). In the case of farms larger
than 20 hectares, the average values of quantitative variables decreased slightly. It should be
assumed that this was due to the increase in agricultural areas and the use of more efficient
agricultural machinery for agrotechnical procedures. Duncan’s test allowed the authors to
determine the directions of production where there were statistically significant differences in
the forms of operation. Significant differences in average values occurred within the grouping
variable for area groups in terms of the qualitative variable change in fuel consumption,
excluding the relationships of the 4th and 6th area groups (Table 3). In the case of other
quantitative changes, relationships with significantly static differences prevailed. The majority
of cases of significant statistical differences occurred between area Group 6 and the other area
groups (this includes, for example, the average values of the grouping variable time change
and the area change).



Sustainability 2024, 16, 52

8 of 18

liters of diesel

250

200

150

100

50

0

|
1

0.6

0.5
0.4 { %
03

0.2

nlll I h i 1

6 0.1
& G
02 9 P
EGl mG2 : 1 2 3 4 5 6 )

zF

(a) (b)

Figure 1. Values of indicators in area groups: (a) fuel consumption before (G1) and after farm mod-
ernization (G2), in liters of diesel oil per agrotechnical treatment, (b) average values of quantitative
indicators depending on the grouping variable. Area groups were marked as follows: 1 (up to 4.9);
2 (5.0-9.9); 3 (10.0-14.9); 4 (15.0-19.9); 5 (20.0-49.9); and 6 (over 50 ha).

The area of farmland is the basic resource of agricultural production, so it is important
that the size of the land parcels allows for efficient management. As emphasized by
Janus [33] and Siedlarczyk [34], land consolidation processes in Poland focus not only
on the geometry and location of the farm but also, to a greater extent, on economic and
ecological aspects. Such measures are in line with the directions of the European Green
Deal and will certainly help reduce energy consumption and reduce our carbon footprint.

Balawejder et al. [2,35] emphasize the importance of the tendency to increase the area
of agricultural parcels in both Poland and Finland, taking into account the energy benefits
of the change. The authors point out that land consolidation in rural areas leads to an
increased energy efficiency of agricultural production through reduced energy demand,
especially fuel for agricultural machinery.

Table 3. Results of Duncan’s test for quantitative variables for the grouping factor—land use.

zG
1 2 3 4 5 6
1 0.568083 0.376819 0.03714 * 0.187834 0.00108 *
2 0.568083 0.708197 0.112771 0.408086 0.00630 *
3 0.376819 0.708197 0.198539 0.609386 0.01586 *
4 0.03714 * 0.112771 0.198539 0.391279 0.220478
5 0.187834 0.408086 0.609386 0.391279 0.04786 *
6 0.00108 * 0.00630 * 0.01586 * 0.220478 0.04786 *
ZP
1 2 3 4 5 6
1 0.171789 0.00276 * 0.00269 * 0.00002 * 0.611867
2 0.171789 0.087841 0.081800 0.00000 * 0.076030
3 0.00276 * 0.087841 0.948603 0.00000 * 0.00055 *
4 0.00269 * 0.081800 0.948603 0.00000 * 0.00057 *
5 0.00002 * 0.00000 * 0.00000 * 0.00000 * 0.00011 *
6 0.611867 0.076030 0.00055 * 0.00057 * 0.00011 *
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Table 3. Cont.
ZT
1 2 3 4 5 6
1 0.473568 0.825829 0.04627 * 0.303583 0.00313 *
2 0.473568 0.381117 0.172460 0.702639 0.02194 *
3 0.825829 0.381117 0.03111 * 0.234278 0.00172 *
4 0.04627 * 0.172460 0.03111 * 0.285282 0.307079
5 0.303583 0.702639 0.234278 0.285282 0.04705 *
6 0.00313 * 0.02194 * 0.00172 * 0.307079 0.04705 *
ZF
1 2 3 4 5 6
1 0.858991 0.231003 0.176524 0.842565 0.00002 *
2 0.858991 0.281210 0.149807 0.971493 0.00001 *
3 0.231003 0.281210 0.01458 * 0.265201 0.00000 *
4 0.176524 0.149807 0.01458 * 0.156003 0.00259 *
5 0.842565 0.971493 0.265201 0.156003 0.00001 *
6 0.00002 * 0.00001 * 0.00000 * 0.00259 * 0.00001 *

liters of diesel

400
350
300
250
200
150
100
50
0

T
1

2

*—significant difference at o = 0.05.

Fuel consumption in power groups is shown in Figure 2a. Again, an increase in fuel
consumption can be seen with an increase in the power of tractors, with the exception of
the largest models, whose fuel consumption is lower than tractors with lower power. This
is because the largest machines are better matched to the tractors, which results in better
utilization of their power.

2.2

2.0
18 ¢
16
14
12 ]
|
038
06 3
- 04
Il I RERE
1 00 %H i fe s faq1 iﬁ !
3 4 5 6 7 " s
04 L®
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Figure 2. Values of indicators in installed power groups: (a) fuel consumption before (G1) and after
farm modernization (G2), in liters of diesel oil per agrotechnical treatment, (b) average values of
quantitative indicators depending on the grouping variable. Power groups were marked as: 1 (up to
25); 2 (25-50); 3 (50-75); 4 (75-100); 5 (125-150); 6 (150-175); and 7 (over 175 kW).

Although fuel consumption increased in the study population, there was a decrease
in fuel consumption for Group 1 (Figure 2b). This decrease was influenced by a reduction
in working time, in part due to a slight decrease in the area of agrotechnical treatment.
The largest change occurred in the group that consumed the most fuel per agrotechnical
treatment (Group 6). This group, despite the small increase in horsepower, also had the
largest increase in crop area and work time.

An analysis of the mean values of the quantitative variables within the adopted power
groups showed that an increase in installed power had an impact on the mean value of the
change in fuel consumption. This was confirmed by Duncan’s test, where for this grouping
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variable, there were significant differences in their mean values within the quantitative
variables (Table 4). The mean values of change in fuel consumption, change in power,
change in time, and change in powertrain in Group 6 were significantly different compared
to the other groups.

Table 4. Results of Duncan’s test for quantitative variables for the grouping factor—installed power.

ZG
1 2 3 4 5 6 7
1 0.03132 * 0.317462 0.336754 0.03379 * 0.00000 * 0.00612 *
2 0.03132 * 0.211160 0.192060 0.982416 0.00000 * 0.519540
3 0.317462 0.211160 0.978647 0.221852 0.00000 * 0.071104
4 0.336754 0.192060 0.978647 0.212815 0.00000 * 0.067775
5 0.03379 * 0.982416 0.221852 0.212815 0.00001 * 0.503975
6 0.00000 * 0.00000 * 0.00000 * 0.00000 * 0.00001 * 0.00000 *
7 0.00612 * 0.519540 0.071104 0.067775 0.503975 0.00000 *
ZpP
1 2 3 4 5 6 7
1 0.00000 * 0.00000 * 0.00000 * 0.00000 * 0.00001 * 0.00000 *
2 0.00000 * 0.00000 * 0.00000 * 0.00000 * 0.00000 * 0.00001 *
3 0.00000 * 0.00000 * 0.423983 0.079566 0.060486 0.131312
4 0.00000 * 0.00000 * 0.423983 0.292419 0.00940 * 0.02769 *
5 0.00000 * 0.00000 * 0.079566 0.292419 0.00030 * 0.00144 *
6 0.00001 * 0.00000 * 0.060486 0.00940 * 0.00030 * 0.638103
7 0.00000 * 0.00001 * 0.131312 0.02769 * 0.00144 * 0.638103
ZT
1 2 3 4 5 6 7
1 0.104956 0.461185 0.248098 0.04449 * 0.00000 * 0.00013 *
2 0.104956 0.328935 0.583255 0.648377 0.00000 * 0.02837 *
3 0.461185 0.328935 0.621035 0.174776 0.00000 * 0.00186 *
4 0.248098 0.583255 0.621035 0.347240 0.00000 * 0.00767 *
5 0.04449 * 0.648377 0.174776 0.347240 0.00001 * 0.065353
6 0.00000 * 0.00000 * 0.00000 * 0.00000 * 0.00001 * 0.00000 *
7 0.00013 * 0.02837 * 0.00186 * 0.00767 * 0.065353 0.00000 *
ZF
1 2 3 4 5 6 7
1 0.01459 * 0.426350 0.275743 0.318614 0.00000 * 0.00000 *
2 0.01459 * 0.085475 0.142032 0.128116 0.00001 * 0.01160 *
3 0.426350 0.085475 0.699000 0.787336 0.00000 * 0.00002 *
4 0.275743 0.142032 0.699000 0.884467 0.00000 * 0.00010 *
5 0.318614 0.128116 0.787336 0.884467 0.00000 * 0.00007 *
6 0.00000 * 0.00001 * 0.00000 * 0.00000 * 0.00000 * 0.00000 *
7 0.00000 * 0.01160 * 0.00002 * 0.00010 * 0.00007 * 0.00000 *

*—significant difference at o = 0.05.

As shown by Duncan’s test performed for the grouping variable “installed power
groups,” there were significant differences in their mean values within the quantitative
variables (Table 4). The average values of changes in fuel consumption, time, power, and
area in Group 6 of installed power differed significantly in relation to the other groups of
installed power.

The ITM indicator characterizes investment in technical equipment. It also shows
the extent to which the new purchase is innovative and introduces new technologies.
However, obtaining a better product, reducing working time, improving ergonomics,
etc., is associated with the involvement of more power and, consequently, higher fuel
consumption (Figure 3a). Studies confirm that successive levels of ITM are associated
with higher fuel consumption. This relationship is evident not only for fuel consumption
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per agrotechnical treatment but also when this indicator changes over successive research
periods (Figure 3b).
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Figure 3. Values of indicators for the ITM index: (a) fuel consumption before (G1) and after farm mod-
ernization (G2), in liters of diesel oil per agrotechnical treatment, (b) average values of quantitative
indicators depending on the grouping variable.

As the level of ITM increases, the increment of installed power increases, but the area
of cultivation does not change, and the duration of the treatments decreases. Facilities
with the highest ITM have the lowest increase in operating time due to the introduction of
qualitatively new technological solutions. This made the increase in fuel consumption not
as significant as it could be due to only a more than 50% increase in power.

A statistical analysis of the average values demonstrated that as the value of the ITM
index increased, the value of the change in installed power increased. This was the result
of the implementation of modern tractors and self-propelled machines with increased
capacities and, as a result, machines with higher energy requirements on farms.

The analysis of the significance of differences in the mean values of quantitative
variables within the ITM grouping variable showed the occurrence of statistical significance
for each case (Table 5).

Table 5. Results of Duncan’s test for quantitative variables for the grouping factor—ITM.

zr
1 2 3
1 0.00000 * 0.00001 *
2 0.00000 * 0.00000 *
3 0.00001 * 0.00000 *

*—significant difference at o« = 0.05.

Figure 4a shows fuel consumption per individual crop. The highest value of the index
occurred with grasslands, and this is due to the relatively larger area of these crops. When
converting the fuel consumption per hectare, the highest value occurs with root crops
(30.9 L/ha) and the lowest with grassland (8.5 L/ha).
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Figure 4. Values of indicators for plant groups: (a) fuel consumption before (G1) and after farm mod-
ernization (G2), in liters of diesel oil per agrotechnical treatment, (b) average values of quantitative
indicators depending on the grouping variable. Plant groups were marked as follows: 1 (Fabaceae);
2 (root crops); 3 (fodder); 4 (industrial); 5 (grasslands); 6 (vegetable); and 7 (cereals).

The highest increase in fuel consumption per treatment occurred for root crops
(Figure 4b), while the lowest occurred for forage crops and grassland. Farmers grow-
ing root crops purchased combines for harvesting these crops, which significantly reduced
human labor inputs. However, these were relatively low-capacity machines, which in-
creased energy inputs. On the other hand, in the case of grasslands and forage crops, the
purchase of machinery increased labor productivity, which, with a slight reduction in the
area of these crops, resulted in a reduction in labor time.

The lowest numerical variability in statistically significant mean values of quantitative
variables was recorded for the grouping variable “plant groups.” These dependencies
occurred only in the case of average values of changes in installed power (Table 6).

Table 6. Results of Duncan’s test for quantitative variables for the grouping factor—plant groups.

ZP
1 2 3 4 5 6 7

1 0.994370 0.00005 * 0.303661 0.363727 0.00427 * 0.113243
2 0.994370 0.00006 * 0.320478 0.392188 0.00497 * 0.094757
3 0.00005 * 0.00006 * 0.00229 * 0.00152 * 0.223928 0.00000 *
4 0.303661 0.320478 0.00229 * 0.849333 0.052470 0.01111 *
5 0.363727 0.392188 0.00152 * 0.849333 0.04291 * 0.01618 *
6 0.00427 * 0.00497 * 0.223928 0.052470 0.04291 * 0.00001 *
7 0.113243 0.094757 0.00000 * 0.01111 * 0.01618 * 0.00001 *

*—significant difference at o = 0.05.

The change in fuel consumption for agrotechnical treatments (groups of treatments) is
shown in Figure 5a. Treatments requiring the most fuel included harvesting crops, plowing,
and mowing (due to the large area of treatments). Per hectare, farmers used the most fuel
for harvesting (25.2 L/ha) and plowing (22.4 L/ha).
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Figure 5. Values of indicators for agricultural treatments: (a) fuel consumption before (G1) and after
farm modernization (G2), in liters of diesel oil per agrotechnical treatment, (b) average values of
quantitative indicators depending on the grouping variable. Agricultural treatments were marked
as: 1 (mowing); 2 (fertilization); 3 (spraying); 4 (plowing); 5 (tedding/raking); 6 (sowing/planting);
7 (field cultivation); and 8 (harvesting).

The most significant change was observed for cultivation and plowing (Figure 5b).
It was the machines designed for these treatments that were most frequently purchased
by farmers. However, new tillage units and plows required significantly more power
than previously owned machinery. The increase in power requirements was not offset by
increased productivity or the elimination of some of the treatments (by combining them
into a single treatment). Farmers mostly apply plowing, but no-till farming could have a
significant impact on reducing fuel consumption [36].

The only instances of treatments in which a reduction in fuel consumption occurred
were mowing and tedding/raking in grasslands. In these cases, a reduction in operating
time was noted with an increase in installed capacity. However, please note that these
treatments have the highest graph scatter.

The results of Duncan’s test showed significant differences in the mean values of the
grouping variables within the variable grouping of the group of agrotechnical treatments.
The average value of the change in installed power for activity Groups 3 and 4 differed sig-
nificantly in relation to the remaining activity groups. There were no significant differences
for the quantitative variable change in fuel consumption (Table 7).

Table 7. Results of Duncan’s test for quantitative variables for the grouping factor—agrotechnical
treatments.

ZP

IO U= WN -

1

0.179840
0.193626
0.187197
0.04881 *
0.172867
0.374588
0.352499

2
0.179840

0.00976 *
0.01035 *
0.481899
0.948542
0.579559
0.625357

3
0.193626
0.00976 *

0.948836
0.00102 *
0.00898 *
0.03624 *
0.03189 *

4
0.187197
0.01035 *
0.948836

0.00116 *
0.00975 *
0.03563 *
0.03275 *

5
0.04881 *
0.481899
0.00102 *
0.00116 *

0.490921
0.237115
0.263345

6
0.172867
0.948542
0.00898 *
0.00975 *
0.490921

0.556052
0.606340

7
0.374588
0.579559
0.03624 *
0.03563 *
0.237115
0.556052

0.915642

8
0.352499
0.625357
0.03189 *
0.03275 *
0.263345
0.606340
0.915642
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Table 7. Cont.
ZT
1 2 3 4 5 6 7 8
1 0.114559 0.462261 0.03457 * 0.617526 0.661001 0.00331 * 0.081680
3 0.462261 0.337686 0.147138 0.775375 0.721597 0.02586 * 0.272501
4 0.03457 * 0.550974 0.147138 0.093993 0.083507 0.387900 0.669070
5 0.617526 0.243134 0.775375 0.093993 0.922549 0.01364 * 0.187861
6 0.661001 0.226093 0.721597 0.083507 0.922549 0.01149 * 0.170976
7 0.00331 * 0.173664 0.02586 * 0.387900 0.01364 * 0.01149 * 0.225598
ZF
1 2 3 4 5 6 7 8
3 0.291543 0.318103 0.667951 0.715575 0.583505 0.01510 * 0.01371 *
4 0.490288 0.524467 0.667951 0.923507 0.878146 0.03970 * 0.03749 *
5 0.450731 0.486178 0.715575 0.923507 0.816467 0.03491 * 0.03237 *
6 0.564627 0.596883 0.583505 0.878146 0.816467 0.050151 0.04855 *
7 0.130004 0.130733 0.01510 * 0.03970 * 0.03491 * 0.050151 0.947540
8 0.136473 0.129497 0.01371 * 0.03749 * 0.03237 * 0.04855 * 0.947540

250

200

150

100

5

o

0

1

0.0
I - 0.2
0.4
2 3 4 5 6 7

*—significant difference at o = 0.05.

Many authors [36-38] emphasize that in agriculture, the issues that need improvement
are energy consumption and environmental pollution. The results of their studies confirm
the results obtained in this study, indicating that cultivation technologies are among the
most energy-intensive and costly technological treatments. Reverse tillage technologies
consume between 29% and 59% of total diesel fuel in the technological process [39].

Figure 6a shows the fuel consumption of each group of machines. The highest con-
sumption was observed for harvesting machinery, especially for root crop harvesters. This
group is also by far the worst performer on a per-acre basis, which is due to the relatively
low productivity of these machines.

1.0

0.8

& zG

0.8 T

EGl mG2 1 2 3 4 5 6 7 TF
(a) (b)

Figure 6. Values of indicators for machine groups: (a) fuel consumption before (G1) and after
farm modernization (G2), in liters of diesel oil per agrotechnical treatment, (b) average values of
quantitative indicators depending on the grouping variable. Machine groups were marked as follows:
1 (fertilization machinery), 2 (crop care machinery); 3 (sowing and planting machinery), 4 (harvesters
for root crops), 5 (harvesters for cereals), 6 (harvesters for green fodder), and 7 (tillage machinery).

The group of root crop harvesters is also characterized by the largest increase in
fuel consumption (Figure 6b). The machines purchased do not significantly increase
productivity but require significant energy inputs. Such results were largely influenced
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by the purchase of vegetable harvesters. Root crops (including vegetables) are a very
labor-intensive group, although quite profitable, so farmers investing in new machinery
simultaneously increased the area under cultivation, which increased labor time. It can
be noted that fuel consumption increased significantly when tillage, sowing, and planting
machinery were used. The lowest increase in the index was observed in the case of green
fodder harvesters (which corresponds to the results presented in Figures 4 and 5).

The grouping variable “machine groups” did not turn out to be a variable that sig-
nificantly differentiated the average values of quantitative variables. These dependencies
occurred only for the following quantitative variables: change in installed power and
change in time (Table 8).

Table 8. Results of Duncan’s test for quantitative variables for the grouping factor—machine groups.

VA
1 2 3 4 5 6 7 8
2 0.176211 0.086220 0.636771 0.794551 0.735037 0.842639 0.01774 *
3 0.665071 0.086220 0.03339 * 0.054266 0.140629 0.115798 0.469757
4 0.080200 0.636771 0.03339 * 0.805468 0.449085 0.528305 0.00496 *
5 0.120041 0.794551 0.054266 0.805468 0.577301 0.668940 0.00950 *
6 0.258136 0.735037 0.140629 0.449085 0.577301 0.869056 0.03490 *
7 0.223846 0.842639 0.115798 0.528305 0.668940 0.869056 0.02652 *
8 0.278724 0.01774 * 0.469757 0.00496 * 0.00950 * 0.03490 * 0.02652 *
ZT
1 2 3 4 5 6 7 8
6 0.425639 0.569856 0.275076 0.227412 0.253613 0.04967 * 0.939427
7 0.216217 0.142685 0.346503 0.391644 0.370313 0.04967 * 0.04463 *
8 0.405061 0.547908 0.259009 0.210039 0.236194 0.939427 0.04463 *

*—significant difference at o« = 0.05.

Calculating the cost of crop energy is a critical factor in the general assessment of
agricultural sustainability [40]. Fuel consumption of agricultural machinery and tractors
is a financial burden on the farmer and a burden on the environment, so reducing fuel
consumption is in the interest of society as a whole [41,42]. One of the ways to reduce
fuel consumption and, thus, greenhouse gas emissions, can be Agriculture 4.0 techniques,
especially precision agriculture [22,43,44]. However, the application of modern technologies
requires adequate management and adequate funding, including subsidies [45].

However, studies show that the purchase of modern machinery, without a corre-
sponding change in technology, can negatively affect farm finances and the environment.
Consequently, although purchases of technical means improve ergonomics of work, yield
quality, productivity, introduce pro-environmental solutions, and are often even necessary
to continue production (when the old equipment no longer meets the requirements), they
often decrease the energy balance of the farm.

4. Conclusions

The research showed that the purchases of new agricultural machinery increased fuel
consumption on farms. In the study population, the volume increased by 8% compared
to the initial period. The increase in consumption after modernization was mainly due to
the purchase of more powerful tractors, while increased productivity and the changes in
technology to more modern ones did not compensate for the increase in power demand.
Additional factors that influenced the change in fuel consumption were changes in the
cultivation area and sowing structure.

In most of the cases studied, farmers did not move away from plow cultivation but
bought new plows with higher efficiency and power requirements. This approach of
implementing new technical solutions, in the absence of significant technological changes,



Sustainability 2024, 16, 52 16 of 18

consequently, has the unfavorable effect of increased fuel consumption and thus increased
costs and higher emissions.

The division into groups allowed the authors to determine how the value of the
fuel consumption index changes in each group. Statistical analysis showed significant
differences between the groups. Thus, it was shown that the listed grouping variables sig-
nificantly statistically differentiated the mean values of the adopted quantitative variables.
Based on the statistical analysis, it can be concluded that the average values of changes in
fuel consumption and changes in installed power; that is, the basic indicators characterizing
the level of input in the mechanization of agricultural production, were impacted most
significantly by changes in the area of agricultural land.

This study included fuel consumption in quantitative terms. These indicators can be a
point for further analysis involving economic analysis or CO, emissions, and, consequently,
the environmental impact of farm modernization. Further research in this area should
include an examination of how farm modernization and, in particular, the analyzed factors,
affected the productivity of the studied facilities. These analyses should address both
quantitative and value-based approaches.
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