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Abstract: The intensification of agricultural production is increasing environmental pollution in rural areas.
A significant contribution to air pollution in this respect comes from the combustion of fuel by tractor engines that
drive agricultural machinery and equipment. The most important pollutants from this source, which have a negative
impact on the atmosphere as well as on human health, include diazotium oxide (N,O), carbon dioxide (CO,), and
carbon monoxide (CO). Determining emissions is not an easy matter, if only because of their great diversity in terms of
age, operating time, technical condition, as well as the type of operations performed, agrotechnical procedures. The
paper attempts to estimate the emission of pollutants from fuel combustion by agricultural tractor engines in West
Pomeranian Voivodeship. The basic source of energy on farms is the energy from the combustion of conventional
fuels - mainly diesel - by engines of tractors and machines enabling the majority of field work to be carried out. The
most common engines used in these tractors are diesel engines, mainly turbocharged with direct injection (DI). On the
basis of the developed load cycle, data from the Central Register of Vehicles and Drivers database and laboratory tests,
spatial maps of emissions of individual toxic components of exhaust gases were obtained in all the districts of the
region. Analysis of the results showed, among other things, that the Gryfice district is the most heavily burdened with

these pollutants and the Police district the least.
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INTRODUCTION

The growth of the world’s human population is forcing an
increasing need for food production. The significant intensification
of agriculture results in a continuous increase in the emission of
pollutants into the environment, including greenhouse gases
(GHG). Mainly GHG emitted from agriculture are: methane
(CH,), diazotium oxide (N,O), carbon dioxide (CO,). The emis-
sion sources are: livestock enteric fermentation (CH,), livestock
manure (CHy and N,O), agricultural soils (N,O), crop residue
combustion (CH, and N,0) and a separate sector attributed to land
use, land use change and forestry (Kolasa-Wigcek, 2012; EC, 2025).

According to World Health Organisation (WHO, 2016) air
pollution is the largest environmental health risk in the European

Union (EU). Air pollution results in ~400,000 premature deaths
in the EU each year and large financial expenditures related to the
effects of treatment (EEA, 2017).

The state of the air in the areas of rural municipalities is
influenced by emissions from various sources. One of them,
although not directly related to agricultural activities, is emission
from linear sources, located along transport routes running
through the areas of these municipalities (Konieczna, Roman and
Rzodkiewicz, 2023).

The primary source of energy on farms has been, and
continues to be, energy from the combustion of conventional
fuels - mainly diesel — by engines in tractors and machinery
enabling most field work to be carried out (Singh, 2006; Kowalski,
2012). These typically use diesel engines mainly turbocharged
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with direct injection (DI). Low fuel consumption and low
emissions are characteristics of the diesel engine, where the
exhaust gas composition is only slightly affected even after “heavy
duty”. The problem with diesel engines is the significant NO, and
particulate matter (PM) emissions, which are 5-8 times higher
than in spark engines (Merkisz, 1999).

For non-road vehicles like agricultural tractors, in the EU,
there are emission standards (Regulation, 2016). Non-road
vehicles are subject to the limits for the standard designated
Stage V (EU 2015/96 and 2000/25/EC) (Antosik, 2018).

In order to meet increasingly stringent exhaust emission
standards, it is no longer sufficient to change the regulation of the
parameters of the injection system (Wasilewski ef al., 2020), but it
is necessary to introduce changes in the construction of the diesel
engines. Although the reduction in exhaust PM between new and
old engines is significant, the rate of tractors replacement on
farms plays a decisive role. It is estimated that there are currently
around 10 mln tractors in use in EU countries (as of 2014), of
which around 3 miln units are tractors up to 15 years old in
continuous use on farms. However, the remainder, aged between
15 and even 70 years, operate sporadically for about 5-10% of the
time of what is newer. Studies show that tractors up to 15 years
old are responsible for as much as around 70% of total PM
emissions and it is their replacement that should be encouraged.
With estimated annual tractor sales in the EU of up to 200,000
units, it could take at least 15 years to make a significant
reduction in exhaust emissions (Staniszewski, 2014).

There is limited information in the available literature on
the scale of environmental pollution resulting from the combus-
tion of fossil fuels during the use of agricultural tractors. The
value of the total emissions of harmful exhaust compounds from
agricultural vehicles from across the country cannot be
determined directly. Currently, measuring exhaust emissions
during field work is not difficult but require specialised and
expensive measuring equipment (Lovarelli and Bacenetti, 2019;
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Saetti et al., 2021) or use of engine data in the Controller Area
Network (CAN) system (Mattetti et al., 2021; Gotz et al., 2025). In
this aspect, it is much easier to equip and create a power profile
for an electric tractor (Angelucci and Mattetti, 2024). Besides, for
the results of such tests to be reliable, each tractor would have to
be equipped with an exhaust gas analyser.

Some estimations can be made on the basis of energy
consumption in agriculture, especially of fuels. Already in 2000,
energy consumption in Polish agriculture was 5.561-10'° kWh
(7.1% of national consumption). At the same time, the share of
agriculture was the highest in diesel consumption (27% of the
national direct consumption) (Pawlak, 2002).

The study “Carbon-neutral Poland 2050” (Engel et al., 2020)
estimated that in 2017, agriculture was responsible for 11% of the
country’s CO, emissions (44,000 Mg). Methane and nitrous oxide
accounted for 75% of this total, mainly as a result of the use of
inorganic fertilisers in crops, the cultivation of organic soils and
the enteric fermentation of dairy and meat cattle. Carbon dioxide
from fuel combustion by agricultural equipment accounted for
the remaining 25%.

In addition to continuously updated air quality information
(GIOS, 2025a), data on emissions: PM10 and PM2.5 from
agricultural tractors also appear in the form of overview maps
(Fig. 1). They only describe the location of these emissions,
without detailing their values. Agriculture was responsible for
43,919.7 Mg NOy and 482.9 Mg CO emissions from the Polish
area. This compares with 231,150.7 Mg NO, and 502,358.9 Mg
CO from road transport (Wahlig, 2019).

The soils of the West Pomeranian Voivodship are
characterised by great typological diversity, different soil quality
classes and agricultural suitability complexes. It is the compact-
ness of the soil that has the greatest influence on the energy
intensity of soil cultivation and the correct choice of tractor
power. Differences in ploughing efficiency of different soil types
(heavy, light) can be as much as 50% (Muzalewski, 2015).
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Fig. 1. Location of particulate matter (PM) emissions from agricultural tractors in the West Pomeranian Voivodeship: a) PM10,

b) PM2.5; source: own elaboration based on Wahlig (2019)
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Within the area of the West Pomeranian Voivodeship with
an area of 22,902 km? (7.3% of the country’s area) there are 114
communes in 18 rural and 3 urban districts (Koszalin, Szczecin,
Swinoujécie). Agricultural land makes up 48.7% of the total area
of the region (arable land - 38.5%, meadows - 6.6%, pastures —
3.4%, orchards - 0.2%) (GIOS, 2025b).

Based on literature review and own research, it was
concluded that the information on the number, power and age
of tractors in use, their operating time per year, and the area and
type of land used for agriculture in a given region is sufficient to
determine exhaust emissions from the agricultural sector,
together with the precise location of their sources.

In this paper, the spatial distribution of emissions of selected
components of exhaust gases (CO, CO,, NOy) from agricultural
tractors was determined and presented on a map of the West
Pomeranian Voivodship. The quantitative distribution of exhaust
emissions between individual districts of the province was also
indicated. An innovative method was used to calculate these
emissions on the basis of a proprietary load cycle.

MATERIALS AND METHODS

The first stage of the research consisted in determining
a regionally appropriate model of agricultural tractor operation.
A ten-phase test tractor was selected, which was developed on the
basis of a faithful time simulation of the load states of a tractor
engine operating under the conditions of the studied region
(Koniuszy and Nadolny, 2007; Koniuszy, 2010). Similar methods
were used in other countries (Ettl et al., 2018; Kim and Kim,
2023).

The second stage was the implementation of tests on
a dynamometer bench, according to the proposed load cycle
(Fig. 2), allowing the ecological properties of the tractor engine to
be accurately determined. In doing so, it was recognised that the
large variation in loads during the dynamometer tests must be
reflected in the level of exhaust emissions and fuel consumption.

The areas presented in the diagram are proportional to the
share of the individual phases, and the obtained values of the
emission of selected components of the exhaust gases of the tested
engines served as representative values for the two sets, into
which the agricultural tractors registered in the voivodship were
classified in the following part of this study.

The tests were carried out on a dynamometer bench in the
laboratory of the Vehicle Operation Department — Faculty of
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Fig. 2. 10-phase tractor load cycle; M, = engine torque, My = engine
torque at rated power, n; = engine speed, ny = engine speed at rated
power; source: own study

Mechanical Engineering and Mechatronics, West Pomeranian

University of Technology in Szczecin (Pol.: Katedra Eksploatacji

Pojazdéw - Wydzial Inzynierii Mechanicznej i Mechatroniki,

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie).

Due to the wide variety of tractor engines found in
agriculture in terms of age, it was considered that the research
would be carried out on two representative engines. The test
subjects were therefore two diesel engines (Photo 1):

a) Andoria 4CTi90-1BE6 (engine A) — an older generation en-
gine with a traditional fuel injection system (Andoria-Mot,
2005),

b) Fiat 1.3 JTD MultiJet (engine B) - a high-tech engine with
a common rail (CR) injection system (Fiat, 2025).

The basic technical parameters of the engines are shown in
Table 1.

Ekodiesel Ultra, a diesel produced by Orlen S.A. with the
addition of 7% fatty acid methyl esters (FAME), was used in the
experimental tests. The fuel contained the following additives:
detergents, lubricity additives, anticorrosive additives, additives
improving oxidation resistance, increasing the cetane number,
deemulsifiers, depressants, anti-foaming, biocidal additives and
a fuel tracer.

Exhaust gas analysis was carried out using a Capelec CAP
3201 multi-component analyser on a dynamometer bench
according to a fixed load cycle. The analyser is capable of
measuring carbon monoxide (CO), carbon dioxide (CO,),
hydrocarbons (HC) converted to hexane equivalent (CgHi4)
and oxygen (O,) concentration in the exhaust gas. It is also
equipped with a kit for measuring NOy levels.

Photo 1. View of test bench; I = Andoria 4CTi90-1BE6, 2 = AVL Dynoperform 160 brake, 3 = Fiat 1.3 JTD Multijet, 4 = Elektromex EMX-100

electromechanical brake (phot.: J. Wojciech)
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Table 1. Technical data of tested diesel engines (4CTi90-1BE6, 4CTi90-1BE engine manual, Fiat MultiJet 1.3 engine manual)

Characteristics depending on the engine type

Specification

A B
Engine type description four-stroke turbodiesel four-stroke turbof}ilzeglez’i;}; fg‘;‘; geometry turbo-
Fuel injection indirect, into the vortex chamber direct, common rail
Cylinder number and arrangement 4, vertical 4, vertical
Engine volume (dm”) 2,417 1,248
Compression ratio 20.6 18.1
Rated power (kW) 66 51
Rotational speed at rated power (rpm) 4,100 4,000
Maximum torque (Nm) 205 145
Speed at maximum torque (rpm) 2,000-2,500 1,500
tS(})):qcilc( glke‘lNc}?fiiumption at maximum 270 nd

Explanations: DPF = diesel particulate filter, nd = no data.
Source: own study.

Prior to measurement on the dynamometer bench, the
engine warmed up to nominal operating temperature (oil
temperature of at least 80°C). Then, after placing the analyser’s
measuring probe in the engine’s exhaust system, the aspirated
exhaust gas flowed through a tube to the measuring chambers
(CO, NO,, HC, CO,) or sensor (O,).

The values of engine speed, usable torque and hourly fuel
consumption were recorded at the individual measuring points.

The third stage of the research consisted in calculating and
assigning annual emissions to the individual districts of the
province on the basis of data obtained from Central Register of
Vehicles and Drivers (Pol: Centralna Ewidencja Pojazdéw
i Kierowcow).

The following tractor parameters were analysed: make, type
and model, year of manufacture, engine capacity and power.
Assignment of the tractor to the appropriate engine category
(A or B) was carried out on the basis of the power and year of
manufacture of the registered vehicle.

The Central Register of Vehicles and Drivers database
contains 22,764 tractors registered in the province. However, due
to the occurrence of formal deficiencies preventing the identifica-
tion of the agricultural vehicle, 22,056 items, or 96.88% of the
population, were finally accepted for further elaboration.

RESULTS AND DISCUSSION

After determining a regionally appropriate equivalent load cycle
and performing tests on a dynamometer bench, the energy and
environmental parameters of the tested engines were obtained
(Tabs. 2, 3). The determined weighted averages over the 10-phase
cycle enabled the subsequent test stages to be carried out.

After analysis of the data (second stage of the study), the
proportion of tractors older than 20 years was found to be over
70%. This environmentally unfavourable share does not only
apply to the study area. For Poland as a whole, the average tractor
replacement rate is 3-4% per year, which means that most
tractors are in use for more than 20 years (avg. age 25 years)

(Lorencowicz and Uziak, 2020). Similar insights were obtained by
Osuch et al. (2017) after analysing a random selection of 30 farms
in the Krotoszyn district. Majority of the tractors tested there
(more than 63%) did not meet exhaust emission standards.

It is generally accepted that it makes economic sense to
purchase an agricultural tractor for those farms where the annual
operation will be a minimum of 500 h, up to almost 800 h. With
such use, the expected use time of the tractor is 15-20 years or
10.000-12.000 operating hours. The annual use of tractors
depends on the amount of work carried out on farms and
increases with increasing farm area and engine power (Maciu-
lewski and Pawlak, 2014). According to Parafiniuk, Kocira and
Sawa (2012), tractors are used annually between ~350 h and
400 h. Similar values are described by Maciulewski and Pawlak
(2014) - the average annual use of tractors on the farms they
studied ranged from 199 h to 582 h (avg. 422 h). Similarly,
Koniuszy (2010) claims, defining the length of tractor operating
time per year as no more than 500 h, mostly 300 h, with an
average tractor load of 60-70% of rated power.

In comparison, in north-western Turkey, annual tractor is
used on farms with an area of 10 ha or less averaged 384 h, while
on farms with an area of 40 ha or more - avg. 551 h (Saglam and
Akdemir, 2002). In China, the annual use of agricultural tractors
was put at 276 h (Ai et al., 2021) and 430 h (Fu et al., 2013).

Analysis of the data has shown that Pyrzyce district stands
out both in terms of the highest number of agricultural tractors in
relation to a given area (5.6 units per 100 ha agricultural land)
and the actual power of agricultural tractors (300 kW). This may
be mainly due to the higher power demand required to cultivate
compact soils. On the other hand, the smallest number of such
vehicles is in the Szczecinek district, with an average of 2.5 units
per 100 ha agricultural land.

The realisation of the third stage of the research made it
possible to obtain the final values of emission of selected
components of exhaust gases from agricultural tractors from
the area of particular districts. The annual exhaust emissions from
agricultural tractors were: 1,062 Mg NO,, 563 Mg CO and
341,486 Mg CO,. The variation in NO; and CO emissions
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Table 2. Exhaust gas content and specific fuel consumption (g,) determined over a 10-phase cycle for engine A (ny = 4,100 rpm,

My = 154 Nm)
Phase number
Parameter
1 2 3 4 5 6 7 8 9 10

ng (rpm) 3,772 3,485 3,157 2,911 2,788 2,214 2,009 1,476 1,025 943
M, (Nm) 52.2 118.8 165.6 50.4 113.4 81.0 41.4 27.0 54.0 9.0
Weight factor 0.19 0.1 0.11 0.11 0.09 0.08 0.1 0.08 0.09 0.05
NO, (gkWh™) 4.77 2.97 1.38 2.81 2.14 1.95 2.78 3.32 2.96 11.50
- min. 1.38

- max. 11.50

- median 2.89

- SD 2.75

- average 3.40

CO, (gkWh™) 1,086 | 767 | 475 | 921 | 671 | 756 | 1,091 | 1,439 | 974 | 4,359
- min. 475.00

- max. 4,359.00

- median 947.50

- SD 1,065.42

- average 1,087.00

0, (gkWh™) 3,147 | 1,061 | 829 | 3,473 | 1,253 | 1,945 | 4,566 | 7,387 | 3,184 | 34,121
- min. 829.00

— max. 34,121.00

- median 3,165.50

-SD 9,524.93

- average 4,486.00

CO (g-’kWh™) 0.4 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 2.4 | 6.1 | 0.1 | 26.1
- min. 0.00

- max. 26.10

- median 0.05

-SD 7.75

- average 2.11

g (gkWh™) 437 | 289 | 270 | 381 | 276 | 279 | 377 | 463 | 315 | 1,440
- min. 270.00

- max. 1,440.00

- median 346.00

-SD 335.64

- average 406.00

Explanations: ny, My, n, and M, as in Fig. 2, SD = standard deviation.
Source: own study.

between counties is shown in Figure 3a, while CO, emissions are
shown in Figure 3b. The Gryfino district emits the most
pollutants, which may be related to its largest area of agricultural
land of all the counties in question. From the agricultural area
(95,370 ha) of this most emitting county, agricultural tractors
produced annually: 104.5 Mg NO,, 55.8 Mg CO and 33,600 Mg
CO,. The Police district (21,945 ha agricultural land) has by far
the smallest share of environmental pollution from exhaust gases.

Annual emissions are: 15.9 Mg NO,, 8.79 Mg CO and 5,100 Mg
CO,. In relation to the average annual NO, emissions (15,000
Mg) from industrial plants located in the voivodship, emissions
from agricultural tractors account for only 7.1% of this value.
However, compared to CO emissions (2,500-5,000 Mg~year’1)
from industry, emissions from tractors account for 11.3-22.5%.
The percentage share of the districts in the voivodship’s CO,
emissions is shown in Figure 4. The Gryfino district has a share of
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Table 3. Exhaust gas content and specific fuel consumption (g,) determined over a 10-phase cycle for engine B (ny = 4,000 rpm,

My = 122 Nm)
Phase number
Parameter
1 2 3 4 5 6 7 8 9 10

ns (rpm) 3,680 3,400 3,080 2,840 2,720 2,160 1,960 1,440 1,000 920
M, (Nm) 23.2 52.8 73.6 22.4 50.4 36.0 18.4 12.0 24.0 4.0
Weight factor 0.19 0.1 0.11 0.11 0.09 0.08 0.1 0.08 0.09 0.05
NO, (gkWh™) 1.76 2.02 3.08 3.25 1.83 1.82 2.56 2.48 4.33 17.18
- min. 1.76

- max. 17.18

- median 2.52

-SD 4.45

- average 3.25

CO, (gkWh™) 1,283 | 599 | 568 | 861 | 593 | 712 | 979 | 1,280 | 993 | 4,200
- min. 568.00

- max. 4,200.00

- median 920.00

-SD 1,028.91

- average 1,071.00

0, (gkWh™) 1,392 | 544 | 314 | 2,148 | 648 | 978 | 2,507 | 3,445 | 1,596 | 28,450
- min. 314.00

- max. 28,450

- median 1,494.00

-SD 8,135.36

- average 2,819.00

CO (gkwh™) 0 | 0 | 0 | 0 | 0 | 0 | 0 | 0 | 0 | 0
- min. 0

- max. 0

- median 0

-SD 0

- average 0

2 (gkwh™) 312 | 240 | 226 | 306 | 232 | 242 | 261 | 350 | 282 | 1,530
- min. 226.00

- max. 1,530.00

- median 271.50

-SD 379.24

- average 338.00

Explanations: as in Tab. 2.
Source: own study.

almost 10%, in contrast to the Police district with 1.5% of
emissions. The differentiation of CO, emissions between
individual districts in the case of the two districts emitting the
most, namely Gryfino and Stargard may be related to their largest
area of agricultural area, which is further confirmed by the largest
number of agricultural tractors used in their area, respectively:
4,056 units and 3,838 units.

The following counties, in terms of CO, emissions, no
longer showed a close correlation with the area of agricultural

land, so it must depend on other factors, such as locally differ-
ent soil types and therefore different energy demand. The
Pyrzyce district, which is twelfth in terms of the agricultural
area in the study region, is fourth in terms of CO, emissions
(7.2% share in the region). The juxtaposition of the number
and power of tractors per 100 ha of agricultural area in the
districts of the voivodship definitely confirms the greatest
involvement of the number of tractors and their power in the
Pyrzyce district.
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Fig. 3. Annual emissions of greenhouse gases from agricultural tractors in districts of the West Pomeranian Voivodship: a) nitrogen oxides (NOy) and

carbon monoxide (CO), b) carbon dioxide; source: own study

Fig. 4. Percentage of carbon dioxide (CO,) emitted annually from
agricultural tractors in relation to the area of the districts analysed; source:
own study

The total amount of fuel burned per year by agricultural
tractors engaged in work in the province is shown in Figure 5.

Analysing the share of agricultural tractors not subject to
any emission standard, also in this aspect, the Pyrzyce district is
dependent on the energy intensity of cultivating compacted soil,
as the increased emissions are not due to the use of outdated and
uneconomical tractors. Slightly higher emissions occur in the
Choszczno district (7.4%), which is ranked sixth in terms of the
agricultural area and has 84 more registered tractors than the

STARGARDZKI
12.81

PYRZYCKI
10.80

SKI-_ IMYSEIBORSKI
9.45

Fig. 5. Variation in annual demand for fuel used to power agricultural
tractors performing work in a specific district; source: own study

Pyrzyce district. The compactness of the soil is the factor that
most influences the performance of soil working machinery and
the traction class of the tractor working with the machine,
resulting in higher emissions of harmful compounds from
exhaust gases into the atmosphere.

After analysis, it can be concluded that the amount
of harmful exhaust compounds emitted is directly related to the
amount of fuel used to drive internal combustion engines (Fig. 5).
The highest demand for fuel to drive agricultural tractors is in the
Gryfino district (~15 mln dm3~year_1) and the lowest in the Police
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district (~2 mIn dm’year™'). The highest fuel consumption

occurs in the south-western area of the West Pomeranian

Voivodship.

The differences in fuel consumption and exhaust emissions
between individual districts are mainly due to agricultural
production profiles. In districts located closer to large cities,
agricultural production is much lower, as shown in the results.

Based on the results of the study, the following conclusions
were drawn:

- the annual emission of exhaust compounds from agricultural
tractors from the area of the West Pomeranian Voivodship is:
1,062 Mg NO,, 563 Mg CO and 341,486 Mg COy;

— the highest amount of pollutants from fuel combustion by trac-
tors engines engaged in agricultural work in the West Pomer-
anian Voivodship is emitted in the Gryfino district, while the
smallest negative emissions were found in the Police district;

- tractors that have been in use for more than 20 years are
responsible for the highest emissions of harmful compounds
in exhaust gases.
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