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Abstract: The agricultural machinery is making a considerable negative contribution to the accel-
eration of global warming. In this study, we analyzed the impact of combine harvesters (CHs) on
the global warming potential (GWP) by evaluating the telematics data from 67 CHs operating in
Lithuania and Latvia between 2016 and 2020. This study examined the use of their technological
operations and the associated impacts on ambient air and performed field tests using the same
CH model to determine the composition of exhaust gases and the impact of different technological
operations on GWP. The data confirmed the release of significant GWP during indirect operation,
and it was estimated that considerable lengths of time were spent in idle (~20%) and transport (~13%)
modes. During these operations, over 13% of the total GWP (~27.4 t year−1 per CH), affected by
emissions, was released. It was calculated that a GWP reduction exceeding 1 t year−1 per machine
can be achieved by optimizing the idling and transport operations. The dual telematics/field test
data approach facilitates a comprehensive assessment of both the impact of CH exhaust gases on
GWP and the methods for reducing the negative impact on the environment.
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1. Introduction

One of today’s critical challenges is to meet the needs of a growing human population
with limited resources, while prioritizing both global food security and sustainability
(based on increasing crop yields) within the context of reducing environmental impacts [1].
Simultaneously, the potential for the efficient use of soil by future generations must be
increased [2]. The urgent threat of climate change requires specific action, especially by the
main emitters of greenhouse gases (GHGs), like agriculture, which is closely associated
with environmental pollution. Agricultural activities are responsible for around 24% of
GHGs [3], which often lead to water quality deterioration, wastage of water resources, and
loss of biodiversity [4]. According to the latest Food and Agriculture Organization reports
on agricultural GHG emissions, the world has almost doubled GHG in the last 50 years, and
this amount could increase by another 30% by 2050 [5]. In terms of agricultural technologies,
diesel fuels and fertilizers account for most of the energy consumed [6,7]; furthermore,
fertilizers and pesticides have been identified among the most important secondary sources
of CO2 emissions [8]. It is estimated that harvesting accounts for up to 30% of the total cost
of using agricultural machinery. Reductions in fuel consumption, air pollution, and the
associated costs incurred by farmers [9] can be realized by the optimization of work and
the correct operation of combine harvesters (CHs). In 2017, the global agricultural sector
produced CO2eq emissions of 11.1 gt year−1 [10], with Lithuania alone responsible for
4387.0 kt year−1 [11]. As an EU member state, Lithuania participates in the global climate
change mitigation process, contributes to EU commitments, prepares national documents,
participates in the formation of climate change policy, and is one of the 195 countries that
have ratified the United Nations Framework Convention on Climate Change.
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Rapidly increasing concentrations of atmospheric GHGs, including CO2, CH4, and
N2O, are contributing to unprecedented changes in the earth’s atmosphere. Collectively,
these three GHGs account for over 90% of anthropogenic global warming [12]. GWP is a
widely used, convenient, and quantifiable measure of environmental impacts. Thus, this
paper uses GWP as a clear indicator of the unified concept. It should be noted that the
impact of CH exhaust gases on GWP is primarily influenced by the direct use of diesel
fuel and its conversion to CO2 within internal combustion engines. Other emissions,
including N2O and CH4, can be reduced by different engine technologies, (e.g., clean-
up catalysts, NO control by selective catalytic reduction [13], and CO/HC emissions
control by diesel oxidation catalysts), and a direct correlation has been noted between
CO2 emissions and fuel consumption. In order to reduce engine emissions, the following
engine improvement systems can also be useful: cylinder shut-off [14,15], start–stop [16,17],
and speed reduction [18,19]. Emissions can also be reduced by switching to alternative
fuels, such as compressed natural gas (LNG) and liquefied petroleum gas (LPG) [20], or
by installing electric hybrid engines into the agricultural machinery [21–23]. However,
overall, emissions can only be reduced if less fuel is used [24–26]. Other researchers are
also looking at ways to reduce fuel consumption and air pollution when harvesting with
CHs [27,28]. In their 2019 research, Špokas et al. revealed that leaving longer-length stubble
in the field when harvesting is an acceptable way of reducing fuel consumption (and thus
emissions) while preserving the driving speed. They achieved a reduction in hourly fuel
consumption of 6.2 l h−1, which in turn resulted in 16.3 kg h−1 less CO2, by increasing the
stubble height of oilseed rape from 0.2 to 0.4 m (equating to 7 t h−1 less stem mass being
fed into the CH). However, research on the environmental impacts (in terms of GHGs or
the GWP) of CHs is still lacking.

Thus, this study aimed to evaluate the GWP of the exhaust gases of CHs by assessing
different technological operations and to identify methods for its reduction. We substantiate
the benefits of the telematics data and field test data analysis method for a comprehensive
economic and environmental assessment. We also propose an improved model of a
continuous process to achieve economic and environmental goals, presented in a previously
published article [29].

2. Data and Methods
2.1. Telematics Data Collection and Analysis

This study analyzed telematics data from CHs (one of the most popular models in the
region with a tangential threshing apparatus) operating in Lithuania and Latvia between
2016 and 2020. Access to the relevant databases required a username and password.
Such access was obtained from the manufacturer’s representative. In order to be able to
objectively compare the telematics data with the data obtained during the field tests, a
set of telematics data was selected only for CHs of the same model. In total, our filtering
conditions were met by 67 different machines (from an array of 239 different machines). The
information was then organized into a unified database to statistically process the collected
data. In this study, the data for each individual machine for each year were downloaded to
a personal computer; these were then imported into a data array for further processing.
Only the information needed for the study was selected from the large telematics database,
including working time and fuel consumption in different operational modes. A machine’s
working time (h year−1) can be categorized as follows: idle with a partially full grain tank
(T1), idle with a full grain tank (T2), unloading and not harvesting (T3), harvesting and
unloading (T4), harvesting (T5), headland turn separator engaged (T6), transportation
below 16 km h−1 (T7), and transportation above 16 km h−1 (T8). The categorizations for
fuel consumption (l year−1) were as follows: idle with a partially full grain tank (F1), idle
with full grain tank (F2), unloading and not harvesting (F3), harvesting and unloading (F4),
harvesting (F5), headland turn separator engaged (F6), transportation below 16 km h−1

(F7), and transportation above 16 km h−1 (F8).



Appl. Sci. 2021, 11, 8662 3 of 13

In the analysis, the T1 and T2 times were obtained during the CH’s idle mode, T7 and
T8 were collected during the transport mode, and T3, T4, T5, and T6 were acquired during
the CH’s working mode. Fuel consumption was calculated: F1 and F2 represent the fuel
consumed at idling, F7 and F8 are the quantities of fuel consumed during the transport
mode, and F3, F4, F5, and F6 represent the fuel consumed during direct work.

2.2. Calculation Methodology for Greenhouse Gases and Global Warming Potential

For the GHG and GWP calculations, this study converted the fuel consumption data
from the telematics database from l year−1 and l h−1 to kg year−1 and kg h−1, respectively.
A diesel fuel volume-to-mass conversion factor of 0.832 kg l−1 [30–32] was then employed.

The GHG emissions in the telematics data analysis were not measured directly but
were assessed using the methodology outlined in Chapter 1.A.4 of the EMEP/EEA’s Air
Pollutant Emission Inventory Guidebook [33]:

E pollutant = FC fuel type × EF pollutant, (1)

where E pollutant denotes the emission of a specified GHG (CO2, N2O, and CH4), FC fuel type
denotes the fuel consumption, and EF pollutant denotes the emission factor of the pollutant
(g t−1 or kg t−1) of the consumed diesel fuel (Table 1).

Table 1. Greenhouse gas (GHG) emission factors in agricultural transport using diesel fuel.

GHG Emission Factors

CO2, kg t−1 N2O, g t−1 CH4, g t−1

3160 139 13

The GHG impact on GWP was estimated using Equation (2) [12,34–37]

GWP = ECO2 + 25 × ECH4 + 298 × EN2O. (2)

The GWP in CO2 equivalents is such that 1 kg of CO2 equates to 1 kg of CO2eq, 1 kg
of CH4 equals 25 kg of CO2eq, and 1 kg of N2O corresponds to 298 kg of CO2eq.

2.3. Field Test Measurement Device for CO2, O2, and NO

Concentrations of CO2, O2, and NO in the exhaust gases of the CHs during harvest-
ing were analyzed using a hand-held AUTOplus 5-2 (Kane, Welwyn Garden, UK) gas
analyzer, which has been used in previous research to analyze the emissions from mobile
vehicles [38–41]. Table 2 provides the measurement range and resolution of the analyzer.

Table 2. Measurement range of the individual components of exhaust gases.

Component Resolution Accuracy Measurement Range

CO2 0.1% ±5% of reading
±0.5% volume

0–16%
Over range: 25%

O2 0.01% ±5% of reading
±0.1% volume

0–21%
Over range: 25%

NO 1 ppm ±5% of reading
±25 ppm of volume

0–5000 ppm
Over range: 5000 ppm

At the time of the measurements, the analyzer had a valid calibration passport. Cali-
bration was performed using a reference calibration gas. In the field tests, the measuring
device was connected to the exhaust pipe via a flexible hose. After the speed (engine load
factor) of the CH was modified, the exhaust gas composition was allowed to stabilize for
1 min. Then, 20 measurements were recorded, which were stored in the measuring device
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at 10 s intervals. The received data were then transferred to a personal computer via KANE
LIVE software for further processing.

2.4. Combine Harvester and Test Site Specifications

In 2019 and 2020, field trials were conducted on the land of an agricultural company
engaged in crop production. The Wideband Global SATCOM system field coordinates
of the study site in 2019 and 2020 were 54.7970, 23.0079. The 2019 study used the winter
wheat variety Ada for harvesting, whereas Balitus was used in 2020. Five samples were
collected from 0.25 m2 areas in five randomly selected field locations to determine the
weight of 1 m2 of the crop. The Ada variety weighed 1702.9 ± 209.1 g m−2 (grain moisture:
12.2% ± 1.1%), while the weight of the Balitus variety was 1370.2 ± 154.6 g m−2 (grain
moisture: 13.5% ± 1.3%).

The wheat flow mass delivered to the CH was calculated using the following formula:

q = CS × HW × WM, (3)

where q denotes the wheat mass fed to the CH (feed rate) in kg s−1, CS denotes the CH
speed during harvesting in m s−1, HW denotes the CH header width in m, and WM
denotes the mass of the wheat in 1 m2.

The same CH was used for the 2019 and 2020 field studies. There are already newer
and higher environmental standards (i.e., Tier5) CHs. However, we chose to examine one
of the most popular machines in the region at the moment. It should also be emphasized
that the life cycle of a CH in the field is long, and this type of CH will work for many years
to come. Table 3 presents the precise measurement specifications.

Table 3. Combine harvester characteristics.

Indicator Measurement Unit Value

Manufacturer - John Deere

Model - T670i

Year of manufacture Year 2016

Emission level - Final Tier 4

AdBlue© - No

Header (cutter bar) width M 9.14

Threshing cylinder diameter M 0.66

Threshing channel width M 1.67

Concave area m2 1.35

Cleaning shoe separation area m2 6.3

Grain tank capacity l 11,000

Engine power kW 292

Engine operational hours during the 2019 study h 620

Engine operational hours during the 2020 study h 828

In the field tests for both years, fuel consumption and engine load of the CHs were
recorded using data from the machines’ on-board computers. For each technological
operation or change in harvesting speed, 10 on-board computers display values were
recorded at equal 10 s intervals.

2.5. Statistical Analysis

The data were analyzed using Statistica 10.0 (TIBCO Software, Palo Alto, CA, USA)
statistical software with a level of 0.05 as the significance criterion.
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3. Results and Discussion
3.1. Results of the Telematics Data Analysis

Table 4 provides the summarized results of the telematics data analysis.

Table 4. Combine harvester operating time structure and global warming potential (GWP) in various
engine modes.

Year
1 Machine

Utilization, h Year−1
1 GWP, kg h−1 1 GWP, kg Year−1

Idle mode

2016 20.1 ± 9.0 23.9 ± 1.6 493.0 ± 243.8
2017 40.1 ± 17.7 25.1 ± 1.2 1039.1 ± 522.1
2018 39.7 ± 30.8 22.7 ± 0.9 863.1 ± 384.5
2019 69.2 ± 22.5 22.1 ± 1.1 1354.2 ± 374.0
2020 61.8 ± 13.8 22.2 ± 1.0 1233.5 ± 213.2

2 2016–2020 57.2 ± 9.3 22.5 ± 0.5 1166.2 ± 154.0

Transport mode

2016 22.3 ± 14.6 69.5 ± 9.4 1489.7 ± 952.9
2017 29.4 ± 8.6 64.6 ± 6.1 1849.0 ± 439.2
2018 26.8 ± 6.30 60.2 ± 4.5 1609.7 ± 323.5
2019 41.1 ± 8.83 63.4 ± 2.9 2654.4 ± 596.9
2020 38.0 ± 5.38 64.4 ± 2.7 2488.6 ± 376.2

2 2016–2020 35.9 ± 3.71 63.8 ± 1.6 2319.0 ± 253.2

Working mode

2016 97.5 ± 60.0 138.3 ± 7.4 13,618.9 ± 8442.6
2017 154.8 ± 51.7 134.9 ± 7.7 20,301.4 ± 5474.0
2018 147.5 ± 38.1 121.7 ± 5.7 17,833.1 ± 4032.2
2019 202.2 ± 47.7 125.1 ± 3.6 25,131.5 ± 5832.7
2020 209.6 ± 28.7 128.8 ± 2.9 26,828.7 ± 3660.7

2 2016–2020 189.0 ± 20.3 127.7 ± 2.0 23,932.0 ± 2516.6

All modes

2016 140.0 ± 82.0 107.7 ± 9.6 15,601.6 ± 9586.4
2017 224.3 ± 74.5 105.9 ± 8.2 23,189.5 ± 6269.6
2018 214.0 ± 54.9 95.5 ± 6.0 20,306.0 ± 4618.2
2019 312.5 ± 77.3 96.2 ± 3.7 29,140.1 ± 6704.7
2020 309.5 ± 47.0 101.2 ± 2.7 30,550.8 ± 4189.1

2 2016–2020 282.2 ± 32.5 99.7 ± 2.0 27,417.2 ± 2879.2
1 The arithmetical means of working time and global warming potential were obtained from the telematics
database containing data from 67 CHs. 2 2016–2020: averages of parameters over 5 years.

The study revealed the following key results:

• On average, each CH spent 68.2% ± 1.1% of its time in direct harvesting work between
2016 and 2020. Accordingly, in this mode, a GWP of 87.2% ± 0.7% was released into
the environment via the exhaust gases. In the other modes (idle/transport), the
emission of air pollutants occurred while the CH was engaged in indirect work. A
similar value was calculated in previous studies and for other CH models [42].

• The maximum recorded engine operation time of a single CH per year (in all modes)
was 1036.9 h year−1 with a minimum of 18.1 h year−1.

• The highest total annual GWP (in all modes) of a single CH was 94,262.7 kg year−1,
while the lowest was 1974.7 kg year−1.

• Despite significant differences in absolute values between individual machines, the
overall proportions of time spent engaged in direct work and in idle/transport modes
were deemed comparable. The calculated correlation coefficient between the work (TW)
and the idle (TI) modes was R2 = 0.88 (TW = 2.03TI + 72.87), whereas the coefficient
between the work and the transport (TT) modes was R2 = 0.75 (TW = 4.73TT + 18.88).
The calculated correlation coefficient between the GWP emitted in the work (FW)
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and idle (FI) modes was R2 = 0.81 (FW = 14.72FI + 6761.8), while the coefficient
between the GWP emitted in the work and transport (FT) modes was R2 = 0.75
(FW = 8.61FT + 3961.1). These strong correlations indicate a stable relationship be-
tween the different modes (idle, transport, and work); however, they can also suggest
that implementing changes to reduce both indirect working time and GWP emissions
can be problematic.

The data analysis revealed the potential to reduce both the duration of indirect work
and the associated negative environmental impacts. However, previous research has
identified the influence of poorly organized work, inappropriate operator practices, and
lack of knowledge and skills in the inefficient use of agricultural machinery [43,44].

3.2. Influence of Technological Operations on the Global Warming Potential in Idle, Transport, and
Harvesting Modes

It can be concluded from the telematics data that during idling, the length of time
spent in this mode (20.3%) and the GWP released (4.3%) account for fairly significant shares
of the totals. By comparison, the idle time of other non-road machines can be between 20%
and 70% [45–47]. The 2019 field tests explored the impact of fuel consumption on the GWP
and the use of various technological operations at the idle speed of the CH engine. Figure 1
presents the obtained results.
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Figure 1. Hourly global warming potential (GWP) of a combine harvester (CH) in idle mode engaging
different operational units (Eng = engine, Thr = threshing unit, Cho = straw chopper unit, Cut = cutter
bar unit, and Unl = grain unloading unit, where n = engine crankshaft speed) in the 2019 tests. The
value of each column is derived from an average of 20 replicates.

These results confirm that engine speed had the most significant impact on the hourly
GWP in idle mode. An increase in engine speed from 1200 to 2200 min−1 represented a
very significant 2.7-fold increase in GWP emissions. However, other operations produced
lower increases in GWP emissions, as follows:

• Cereal threshing unit: 7.5%
• Straw chopper unit: 20.3%
• Cutter bar unit: 10.2%
• Grain unloading unit: 0.3%
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Generally, maximum reductions should be made in the duration of idling; however,
where this is not possible, engine speed should be reduced, and unused technological
operations should thus be terminated.

During the transport mode, the length of time and the GWP accounted for 13.2% and
8.8% of the totals, respectively. In 2019, the same field tests explored the relationships
between engine speed, the use of technological operations, driving speed, and GWP.
Figure 2 provides the obtained results.
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Figure 2. Relations between combine harvester (CH) speed in transport mode and global warming
potential (GWP) in the 2019 tests (stubble height, 15 cm; soil moisture, 16.2%): B1—All gears are
switched off. Engine crankshaft speed n = 1690 min−1 B2—Gears engaged: header, threshing unit,
and straw chopper. n = 1690 min−1 B3—All gears are switched off. n = 2340 min−1 B4—Gears are
engaged: header, threshing unit, and straw chopper. n = 2200 min−1 P1—All gears are switched off.
n = 1690 min−1 P2—All gears are switched off. n = 2340 min−1 The value of each point was obtained
from an average of 20 replicates.

According to the outcomes of the 2019 field test study, the absolute numerical value
of the GWP increased commensurately with driving speed, while the GWP per km was
reduced. The graphs in Figure 2 indicate that when the CH moves between fields, it is
preferable to terminate any technological operations, reduce the engine speed, and increase
the driving speed.

The telematics data collected over a 5-year period from 67 CHs of the same model
were compared with data from a specific CH obtained during field research. From the
results given in Table 4 and Figure 1, the hourly GWP in idle mode can be potentially lower
and equal to the 14.29 kg h−1 achieved during the tests, although an analysis of the 5-year
data revealed the value to be 22.54 kg h−1. Considering that each CH spends an estimated
average of 57.18 h year−1 in idle mode, a potential GWP reduction of 471.7 kg year−1 per
machine is possible. This figure is even higher for the transport mode, for which the 5-year
data provide an average hourly GWP of 63.84 kg h−1. Switching off all technological
gears, reducing the engine speed to 1690 min−1, and driving at a speed of 8 km h−1 can
achieve a GWP of 44.91 kg h−1 (Figure 2). The average time spent in the transport mode
is 35.94 h year−1, which allows for a potential GWP reduction of 680.3 kg year−1. By
optimizing the operation of CHs during their idling and transport modes, a potential GWP
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reduction of 1.15 t year−1 per machine is achievable. It should be stressed that reductions
in GWP will not only produce positive environmental impacts but also have direct financial
benefits for farmers.

The GWP per ton of wheat processed (Figure 3) was barely affected by changes to
the speed of the threshing cylinder during threshing, particularly when the CH reached
its optimal working speed (approx. 4–5 km h−1). At a harvesting speed of 1 km h−1 with
threshing cylinder rotational speeds of 850 and 950 min−1, a 12.42% difference was noted in
GWP. However, after reaching a maximum (and typical) harvesting speed of 5 km h−1, the
GWP difference was 3.88%. A decrease in GWP per ton of wheat processed was realized
by significantly increasing the running speed of the CH during harvesting; a comparison
between running speeds of 1 and 5 km h−1 at a threshing cylinder speed of 950 min−1

resulted in a significant decrease in GWP by 60.08%. In fact, the driving speed during
harvesting (or, more precisely, the supplied wheat crop flow in the threshing apparatus
and the engine load) is the most important economic and environmental factor. If the
selected driving speed is too low, the GWP per ton of raw material processed will be very
high. Conversely, if the speed is too high (at the same time overloading the engine), we
will lose part of the crop due to grain damage and grain separation losses. The latest CH
models have built-in technologies that automatically select the driving speed (at the same
time, the supplied crop in the threshing apparatus and the engine load) in order to achieve
optimal fuel consumption and reduce the environmental impact. In our study, assessing
these factors and making decisions depend on the CH driver. That is why it is important to
research and publicize research results and properly educate CH drivers.
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3.3. Link between Global Warming Potential in Threshing Mode and Exhaust Gas Concentrations
and Engine Load

Figure 4 presents the results of the integrated field research conducted in 2020. The
data show a connection between the GWP per ton of wheat processed, the exhaust gas con-
tent/concentration, the driving speed during harvesting, the feed rate, and the engine load
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factor. The most obvious result is that both NO content and CO2 concentration increased
commensurately with harvesting speed (and thus engine load), while the concentration of
O2 decreased. When comparing the values obtained at the slowest and fastest harvesting
speeds (1 and 4.5 km h−1, respectively), the following differences are noted:

• O2 concentration decreased by 23.4%
• CO2 concentration increased by 26.7%
• NO concentration increased by 118.9%
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global warming potential (GWP) per ton of wheat mass processed, and exhaust gas concentrations
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These variations are attributed to the fact that, as the speed of the CH increases, the
amount of wheat flow per unit of time also increases. Simultaneously, there is an increase
in engine load and corresponding rises in both gas compression and temperature inside
the internal combustion engine’s cylinder. Increases also occur in the interactions between
N, O, and C in both ambient air and diesel fuel. The consequences of heat and pressure
cause O2 in the exhaust gases to decrease and CO2 and NO levels to rise [48].

Despite the research estimates indicating that the lowest GWP per ton of wheat
processed during harvesting is achieved at top operational speeds (Figures 3 and 4), there
is no definitive conclusion or solution. Furthermore, when a CH reaches a certain critical
speed during harvesting, there is an increase in both grain damage and grain separation
losses [32]; therefore, other researchers indicate the need to include evaluations of both
grain damage and grain loss [49]. Future research should investigate the determination
of optimal harvesting speeds by comprehensively estimating GWP, grain damage, and
grain losses.

After analyzing the accumulated multi-year telematics data and conducting field
tests on a specific CH, we clearly see that there is potential for a more efficient use of
the machine. We can propose a process that would allow continuous improvement to
achieve economic and environmental goals (Figure 5). The proposed process has several
scenarios and may include both machine data analysis with and without field testing to
determine maximum measures to reduce fuel consumption, make optimal use of expensive
agricultural machinery, and reduce GWP. The process offers the possibility of data analysis
(only the data of a specific machine can be analyzed, or the whole array of machines of the
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same model can be compared), which shows the real situation in time and fuel consumption.
The data obtained during the field tests are compared with the values recorded in the
telematics system, and the possibilities of optimal work are analyzed. The analysis shall be
followed by specific measures affecting economic and environmental factors, including,
but not limited to, the training of CH operators, the regulation of machinery, and a better
organization of ancillary transport.
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4. Conclusions

During a CH’s relatively short annual operation (~282 h year−1), substantial quantities
of GWP (~27 t year−1) are emitted. This study estimated the GWP released during the idle
and transport modes to be significant (~1.2 and ~2.3 t year−1, respectively) and confirmed
that GWP can be reduced by 32.9% during idling and transportation by decreasing engine
speeds and disabling unnecessary process operations. Additionally, it was confirmed that
increasing the driving speed during the transport mode produces a reduction in GWP
per kilometer travelled; an increase in speed from 2 to 12 km h−1 can cause the GWP to
decrease from 27.4 to 6.7 kg km−1. Furthermore, a fuel consumption–exhaust emission
analysis revealed that the GWP per unit of wheat mass processed decreases significantly at
higher harvesting speeds, and an estimated speed of ≥3 km h−1 with a wheat feed rate of
at least 10 kg s−1 was proposed. It should be emphasized that driving speed, feed rate, and
engine load during harvesting are the most important economic and environmental factors.
Changes in the composition of exhaust gases are related directly to the driving speed
during harvesting; the latter is also closely correlated with the load factor of the engine.
This study also practically investigated the dependencies of changes in CO2 (6.1–7.7%) and
NO concentrations (65–143 ppm) on engine load (which ranged between 40% and 96%
during harvesting). As a result of the research, the authors propose a wider application
of the dual telematics/field test data analysis method. It makes it possible to pursue both
economic and environmental goals.
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