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EXPERIMENTAL METHODOLOGY ON AGRICULTURAL
TRACTOR EMISSIONS AND CONSUMPTION ANALYSIS
BY MEANS OF LABORATORY TESTS
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ABSTRACT

The exhaust gases generated by tractors do not only pollute the air but also
damage agricultural products in the vicinity. They are also carried to
agricultural lands by wind or rainfall, causing negative effects on soil and
water resources. This situation reduces the quality and yield of agricultural
products, leading to both economic losses and negative consequences on food
safety. Taking into account all these factors, this study includes a test campaign
conducted on a classic narrow-track vineyard tractor. The aim of the study is
to characterize the performance, consumption and pollutant emissions
produced by the engine. Considering the engine's operating capacity and
emission gas production capacity, different test points were designed. Various
operating points of the engine were tested at different rates at partial load and
the data were then subjected to statistical analysis. The results are presented
through Brake Specific Fuel Consumption (BSFC) and (Brake Specific
Emission Level) BSEL maps. Such mapping provides useful information for the
evaluation of pollutants emitted as engine operating parameters change.

Keywords: Tractors, pollution, consumption, dynamometer, BSFC

INTRODUCTION

AFOLU (Agriculture, Forestry, and Other Land Use) sector is responsible for the 18% of
gas emission (United Nations Environment Programme, 2024), largely due to the implements
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of tractors as mobile power plants in various agricultural activities.. Farm tractors are used as
mobile power plants in agricultural production and have an indispensable importance in a
wide range of agricultural activities such as planting, irrigation, fertilization and harvesting.
Almost all agricultural machines and equipment have to be operated by the traction power,
the mechanical power (as torque on the PTO output shaft) and/or by means of hydraulic
systems, all three available on of these powerful vehicles. However, the high-power output of
tractor engines comes with it a significant amount of diesel fuel consumption, which causes a
high rate of spread of unsatisfactory emission gases in the atmosphere (Bacenetti et al., 2018)
(Han et al., 2021) as carbon monoxide (CO), nitrogen oxides (NOx) particle matters (PM) and
hydrocarbons (HC). Considering the increasing environmental awareness and sustainability
goals through the world in recent years, minimizing the effects of this pollution, especially in
agricultural areas, has become extremely considerable. In the last decades both European
Union and corresponding US Environmental Protection Agency have been introduced
regulations as 2016/1628(EU) to limit the pollution levels forcing the manufacturers to
introduce emission control systems also in No Road Mobile Machinery (NRMM). It is also
important to define strategies to analyse the engine emissions’ level under a certain load and
engine speed. Since mapping all the possible working condition of the tractor engine creating
proper BSFC and BSEL is time and money consuming, many studies has been carried out in
real conditions exploiting the data continuously coming from electronic control unit recording
engine revolutions and fuel injection quantity with the aim methodology to understands how
real life factors influence pollution emission (Januleviius et al., 2017) or using Portable
Emissions Measurement Systems (PEMS) installed directly on the tractor (Merkisz et al.,
2017)(Kim et al., 2024). Some study trying to analyse the amount of exhaust emission trying
to replicate real field condition performing indoor test (Ettl et al., 2022) (Galli et al., 2024).

This study wants to describe the methodology applied evaluating the consumption and
level of emission measured during an experimental campaign performed indoor by the
AFILab of the Free University of Bolzano located in the NOI Techpark on a narrow-track
vineyard tractor. The aim of the work is to create BSFC and BSEL maps to be used for future
evaluation. Since the fleet of this type of tractor in Italy has an average age of over 20 years
(Bietresato et al., 2015), it was decided not to use a newly manufactured tractor.

MATERIALS AND METHODS

The tractor used for this test was a New Holland TN75V registered in 1999 and with more
than 5000 workings hours to date whose specification are reported in Table 1.

The tractor engine test bench consists in a Sigma 50 PTO Dynamometer manufactured by
Froment Ltd (Stamford, UK) to measure torque power and rotational speed, a scale Kern DS
30KO0.1L to measure the fuel consumption, a gas analyser MRU MGA PrimeQ, an Opacimeter
MRU Optrans 1600 for the exhausts, a datalogger Datataker DT85M Series 3 used just for
thermocouples and an exhaust vacuum system. The gas analyser probe is provided with a
thermocouple. The gas analyser is a EN 15267-4 certified one and equipped with a
paramagnetic sensor for measuring O, and with 8 Non-Dispersive Infrared Sensors (NDIR)
for measuring pollutions as CO, CO,, NO, NO, and HC as CH4 C3Hs.The tractor is equipped
with an ISO 500 PTO Type 1 having a nominal speed of 540 rpm.
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Table 1. Datasheet of the tractor New Holland TN75V used for the test (CNH Industrial,

1999)
Engine Turbo Diesel
Engine Type IVECO 8035.25.529
Number of cylinders 3
Engine displacement 2931 cm?
Maximum Power 53 kW @ 2300 rpm
Maximum Torque 293 Nm @ 1400 rpm
PTO/Engine rpm ratio 565/2300
Unladen Mass 2355 kg
PTO Type 1 540 rpm

The engine is connected to the Dynamometer by the tractor PTO. Thermocouples are
connected to the fuel lines, engine thermostat, oil pan and exhaust manifold. All instruments
are equipped with serial communication ports so that they can be connected directly to the
data acquisition laptop. Opacimeter and gas analyser probes are inserted in an exhaust
manifold located downstream of the tractor exhaust. To avoid modifying the tractor's original
fuel line, it was decided to use an auxiliary tank resting on the scale and connected to the
tractor's original tank via a fuel hose and a modified tank cap (Figure 1). The strategy for
measuring consumption involves filling the tractor's original tank completely and measuring
the change in the amount of diesel fuel in the auxiliary tank over time. All the data recorded
from the equipment are sampled at 1 Hz by a Laptop Dell Latitude 5424 Rugged 17 with 32GB
of RAM equipped with a NI LabView interface specially developed for this test (Figure 2)
(Bietresato et al., 2019).

=

Figure 1. Engine Tractor test bench and modified tractor tank cap
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Figure 2. NI LabView interface for the tractor engine acquisition data

Tests were carried out at both maximum and partial load. To have a reliable value of the
accelerator pedal position during partial loads tests and to avoid altering the factory settings
of the injection pump, an additional adjuster has been inserted on the injection pump to limit
the stroke of the governor lever (Figure 3). In this way, the operator only had to hold down
the accelerator pedal at any partial load. The Dynamometer applies loads on the tractors’ PTO
to prevent its rotational movements. The control logic of the dynamometer allows different
types of tests: automatic, constant speed, constant power, and direct.

N o
T = N4y =

Figure 3. Additional adjuster on the fuel injection pump

1h
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At idle speed, the PTO is engaged, and the throttle is moved to the desired position. When
the automatic mode is selected, the dynamometer will start braking the engine progressively,
automatically obtaining the torque and power curves. In constat speed mode, the logic control
brakes the engine to keep the selected rotational speed constant. In constant power the logic
control keeps the selected power value constant. Before carrying out the tests at constant
rotation speed, the tractor engine was correctly started and brought to operating temperature.
After some preliminary tests on the statistical significance of the data collected, it was agreed
that to have statistically acceptable values, especially for pollutant emissions, each individual
test should have a duration of at least 150 seconds. For the pollutions’ evaluation it was
decided to consider just the last 40 seconds of each test, 150 seconds for the consumptions’
evaluation.

A total of 46 different steady-state operating points were chosen to describe the engine's
entire operating map, and among these were all the points specified by the OECD's Code
2(OECD, 2024) for official tractor engine testing.

Post data processing was performed under Spyder environment with a code developed in
Python 3.13 by the authors.

In the absence of an air flow meter during the test run, the operating value from the air/fuel
mass ratio was derived from the values measured with the exhaust gas analyser using the
combustion reaction balance equations (Ferrari, 2008; Heywood, 1988).

The overall combustion reaction can be written as:

n
CoHmOy + %(02 +3.773N,) =

np(Zc,p, CaHp + %coCO + Xc,CO, + %o, 05 + Ty, Ny + ZnoNO + %o, NO, + 4,0 H, 0 + Xy Hy ) (1)

Where ¢ is the fuel/air equivalence ratio, X; is the mole fraction the i-species and ng, is

the number of 0, molecules required to complete the combustion.
m r
ng,=n+——- 2

0 4 2 (2)

The equation (1) has seven unknowns: ¢, Xy, X, 0, ¥y, N2, np, @, b. All the other values

are obtained from the gas analyser. To solve for the seven unknows, considering that for

unburned HC it is possible to assume that b/n=m/n, it is necessary introduce additional

equations to balance the mole number of carbon, hydrogen, oxygen, nitrogen and adding up
all the molar fraction to 1.

The balance equation of the dissociation of CO, and H, into CO and H, O can be described
by the following equation:

XcoXnu,0 —K 3)
Xco,Xu,
Where K is 3.5 (EU Commission, 2017).

For this study the value of unburned hydrocarbons X5, are neglected and diesel fuel has
been assimilated to C;gHsy.
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RESULTS AND DISCUSSION

Tractor performance data are showed in Figure 4 and summarized in Table 2

Table 2. tractor performance data from experimental data
Maximum power 56.02 kW @ 2550 rpm
Maximum torque 244 Nm @ 1800 rpm
Rated engine speed 2730 rpm
Rated torque 188 Nm
Rated power 53.88 kW
Constant power range 533 rpm
Torque rise 29.80 %
Engine speed drop

34.09 %

Engine’s performance values slightly differ from those declared by the manufacturer.
Maximum power has a higher value and maximum torque a lower value both of them reached
at a higher engine speed.
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Figure 4. Engine Power and Engine Torque varying Engine Speed
In Figure 5 engine efficiency is reported. At full load with the rotational speed between

the max torque value and the max power value the engine presents an efficiency of more than

35%. This value is also reached at low load. Considering that the tractor is equipped with a
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direct injection engine fed by a conventional mechanic rotary pump and a turbocharger
without intercooler, it demonstrates the good health of the engine.

Global efficiency
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Figure 5. Global engine efficiency varying the engine rpm
Figure 6 shows the engine maps for brake specific fuel consumption and emissions. Values
are expressed in g/kWh. These maps explain for each engine operating point the level of fuel

consumption and specific emissions and are obtained by interpolating the various
experimental data. A grid of 800 x 800 points has been set to create the maps.
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Figure 6. Brake Specific Fuel Consumption, NOy, CO», and CO maps [g/kWh]
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The upper border of the map represents the shape of the torque curve at maximum load.
The lowest specific consumption for this engine has a value of approximately 226 g/kWh and
it is not achieved at maximum load but at partial load as also showed by the corresponding
high efficiency values in Fig. 5. The efficiency in this point reach 36.8% The specific CO;
graph obviously has a similar trend to the specific fuel consumption graph. The highest
specific CO value is 66 g/kWh, and it is reached under high load and low RPM conditions,
i.e. with very high resistant torque or high tractor drag such as a steep climb or high
transported load. At higher speed the amount is reduced to less than 3g/kWh. The highest
specific NOx value is 26 g/kWh, and it is reached in those conditions where the engine has
very low loads while they have a minimum value of 5 g/kWh at low-speed engine and high
load.

CONCLUSIONS

Exhaust gases generated by internal combustion engines have a direct impact on
environmental pollution. In an agricultural context that makes use of agricultural tractors with
an average age of 20 years, it is necessary to understand their level of emissions released in
the atmosphere.

This study presented an experimental methodology used to map the specific fuel
consumption and pollutant emissions of an agricultural tractor engine registered in 1999 by
means of tests in a laboratory. The tested tractor, even tough is not recent, still present a high
fuel conversion efficiency. The engine performance slightly differs from the data released
from the tractor builder. These maps can be used to develop strategies with the aim to optimize
the engine performance during the various agricultural activities and to evaluate numerically
the emissions released into the environment during field activities.
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ABSTRACT

Tractors generally work on uneven and sloped fields, which leads to safety
problems. Rollovers are caused by these conditions and account for more than
half of all tractor accidents. In lItaly, from 2002 to 2012, 43.7% of fatal
accidents related to mechanization involved tractors, with 57.4% of them
resulting from rollovers. Even if they are not fatal, financial losses due to both
damage to equipment and interruption of activity are inevitable. The study of
this topic through simulation and experimental activities is therefore very
important. It is plausible to characterize the stability in every operative
condition and develop more adequate active and/or passive safety systems. In
this study, a vineyard tractor has been tested. Two different methods were used:
1. Multibody dynamics (MBD) simulations and 2. Rollover tests performed
using tilt table. First, an MBD model was created with the software
Adams/View. Then a test-rig was exploited to measure the position of the
centre-of-gravity (CoG). A series of rollover test were then carried out
considering different CoG configurations and orientations with respect to the
line of maximum slope on MBD environment. As a result, various stability
maps are obtained for comparison. This is a graphic tool that represents the
behaviour of the machine in each configuration with regards to stability.
Results showed that the stability behaviour of the machine has no linear
relationship with the CoG shift in lateral and vertical direction.

Keywords: Tractor Rollover Stability, Agricultural Vehicles, Multi Body
Dynamics, Stability Test, Tilting Platform
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INTRODUCTION

Tractors have been evolving since the beginning of agricultural mechanization. Since they
currently serve as a power source for different agricultural machines in addition to their
primary functions such as pulling and carrying, they have become an indispensable part of
agricultural mechanization. Although tractors consist of four wheels and a body like a vehicle,
they show some differences from traditional vehicles due to their features. One notable
difference lies in their safety concerns, as tractors often operate in challenging environments
such as slippery or soft surfaces, narrow pathways, and sloping terrain. These harsh conditions
increase the possibility of vertical level differences between the wheels is higher compared to
vehicles operating on flat roads (Wong, 2001). Such differences may prevent all wheels from
sustaining contact with the ground and increase the risk of tractor rollover.

Most accidents in the agricultural sector still occur during tractor use, and more than half
of tractor-related deaths are known to be caused by rollover accidents. A study revealed that
the average of 1310 fatal accidents per year occurred worldwide in the past decade due to
tractor rollovers (Togaev and Shermukhamedov, 2023). Considering the difficult terrain
conditions where tractors operate, it is stated that the main causes of rollover accidents are
sloping terrain and sudden, sharp turns (Felaco et al., 2023). Improper use of protective
equipment such as seat belts and ROPS also increases the risk of fatal accidents (Micheletti
Cremasco et al., 2020). A study on accidents in agricultural fields in Turkey revealed that
almost 35% of all accidents are caused by tractor rollovers (Algayir and Haciseferogullari,
2017). Considering the variety of possible accidents, this rate is quite high and reveals the
need to increase precautions against tractor rollover accidents. Jang et al. (2024) found that
rollover accidents are the most influential reasons of these accidents are unbalanced centre-
of-gravity (CoG), poor ground conditions and high speeds. Therefore, it is vital to examine
the stability behaviour of tractors depending on the change in the CoG position. Majdan et al.
(2021) explored the effect of a rear ballast weight on tractor lateral stability by comparing the
experimental data with the theoretical standards. They proved that a rear ballast improves the
lateral stability of a tractor as the ballast level is lower than the CoG position of the tractor
which results in the decrease of the overall CoG level. Koo (2022) highlighted the effect of
the rear implements on rearward rollover of a tractor while optimizing the efficiency of the
rotary-base rear implements. Jang et al. (2022) utilized Multibody dynamics (MBD)
simulations to understand the lateral and backward rollover behaviour of a tractor with a
multifunctional front implement. They specifically examined the effect of different obstacles
with various shape and height, and different road inclination angles. Results showed that the
backward rollover is most likely to happen when the ground slope is lower while lateral
rollover occurs with the higher inclination. Bietresato and Mazzetto (2022) introduced the
possibility of testing implemented machines by using a specific test-rig designed for the
evaluation of the rollover performance of agricultural vehicles. Franceschetti et al. (2021)
developed a kinematic model for the lateral stability of an articulated narrow-track tractor and
validated the accuracy of the model with lateral stability tests. The study showed that not only
the roll angle but also the yaw angle between two solid bodies of an articulated tractor
influences the lateral stability angle. Zhou et al. (2023) composed an MBD model of a half-
track tractor to investigate the dynamic performance of the vehicle on soft and hard surfaces
and validate the accuracy of the model with experimental and theoretical data. They evaluate
the vehicle in terms of straight-line driving offset, average speed, front wheel steering and
articulated steering.
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In the scope of this study, the applicability of MBD analysis as a computer-aided method
for the evaluation of the rollover stability of tractors in case of an implement attachment was
examined. The main purpose was to investigate the influence of the CoG position change of
the tractor stability and propose a tool to estimate the potential risk of some certain
implementations. Firstly, the CoG position of a vineyard tractor was determined by a stability
test-rig according to ISO standards. Afterwards, a realistic MBD model was composed, and
different implements were mounted to the tractor to understand the possible range of the CoG
position shift in every direction of the tractor. To investigate the effect of these changes on
stability, the range between the maximum and minimum values was divided into equal
intervals with specific step sizes, and analyses were conducted on the values within this range.
The results were visualized using stability maps. Realistic mechanical features, such as the
front pivot axle geometry and degrees-of-freedom (DoFs) of the platform, were simulated in
the MBD analyses, which were validated through experimental test results. In addition to the
rollover test methods defined in ISO standards (only pure lateral), this study evaluated the
tractor stability behaviour across all orientation angles. The obtained results provide important
data in terms of understanding the effects of changes in the CoG position on stability and
encouraging the use of alternative evaluation methods in tractor design.

MATERIALS AND METHODS

In traditional tractors, pivotal front axle construction is employed in order all four wheels
to remain in contact with the ground regardless of the conformation of the land. When one of
the wheels encounters a bump or pothole and falls to a different plane from the others, the
connection of the four wheels to the ground continues without interruption up to a certain
limit due to the mechanical behaviour of this specific structure. The axle construction consists
of a rigid axle, two bumpstops positioned symmetrically along the lateral axis on the axle that
determine the mechanical rotation limit of the body, and a revolute joint located at the centre
of the axle. The rigid axle and the body can rotate relative to each other around the longitudinal
axis of the vehicle until one of the bumpstops is activated (Previati et al., 2014). This value is
+5° for the tractor discussed in this publication. The schematic representation of the front axle
geometry can be seen in Figure 1.a.

Wheel-ground
contact points

L\

Pivotal
joint

/L

a. b.

Figure 1. a. Scheme of the front axle and the axis system of the tractor and
b. Stability region for Phase 1 instability
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This construction leads to a different evaluation of tractor stability than traditional
vehicles. While the axle and the body retain rotational DoF relative to one another, the stability
zone is determined not by the contact point of the front wheels but by the kinematic rotation
centre of the pivot joint. In other words, there is a mechanical and fixed instant rotation centre
determined for stability. Consequently, the stability zone is not a rectangle formed by the
ground contact points of the four wheels, but a triangle formed by the pivot centre of the front
axle and the ground contact point of the rear wheels, and the overturning moment occurs
around the axes of this triangle. This instability phase of the tractor is referred to as Phase 1
instability and causes a partially unstable stability phase. Especially during an instant
manoeuvre on an inclined road, a sudden momentum change may occur which leads to a high
risk of overturning (Newton, 1999). The corresponding stability zone for Phase 1 instability
is given in the Figure 1.b. With the activation of one of the bumpstops, the relative instability
between the body and the axle is restrained and the stability zone of the tractor is now
determined by a quadrilateral since the relative movement between the axle and the body is
completely restricted. In this phase, the overturning moment occurs around the edges of the
trapezium formed by the contact point of the three wheels lying in the same plane and the
pivotal joint. This instability phase is called as Phase 2 instability (Previati et al., 2014).

Both stability modes work depending on the certain parameters of the tractor. In other
words, the angle at which the instability begins is directly related to physical properties of the
tractor. Hence, the mechanical properties of the vehicle that affect its dynamic behaviour,
such as wheelbase, track width and mass, must be known to be able to evaluate the stability
behaviour of the tractor. Within the scope of this study, a vineyard-orchard tractor with a
narrow track-width is examined. This tractor has a rigid body with a pivotal front axle and is
powered by a 55 kW, 3-cylinder engine. The characteristics of the tractor in question (Figure
2) are summarized in Table 1.

Table 1. The basic dimensions and the mass of the examined tractor New Holland TN75V

Properties Symbol Value
Mass m 2355 kg
Front trackwidth ft 940 mm
Rear trackwidth rt 860 mm
Wheelbase wb 2060 mm
Front tire size - 280/70R16
Rear tire size - 360/70R28
Pivot angle limit - +5°

In addition to these features, the CoG position of the vehicle must also be known. 1SO
789-6 determined some guidelines for measuring CoG positions of agricultural vehicles. To
determine the lateral and longitudinal position of it, the tractor is positioned in a flat surface
and tire forces are measured by force sensors. For the vertical position, one of the axles is
positioned elevated than the other and by using basic moment equations, the exact value can
be obtained. During the measurements, tire pressures should be within nominal values and
fuel tank should be full (1SO, 1982).
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] ]

Figure 2. Basic dimensions of the tractor

The test-rig, as depicted in Figure 3.a, currently available at AFILab facilitates CoG
measurements performed. The platform has a load capacity of 10 tons and its dimensions of
approximately 6x4 meters allow a wide variety of tractors to be tested. The platform, which
can rotate up to +175° of 3 orientation angle around the vertical axis, can successfully perform
an o tilt angle of up to 55°. While the 0° orientation angle gives longitudinal and forward
tilting, +90° represents right and -90° left tilting scenarios. These rotational DoFs of the
platform are depicted in the Figure 3.b. To prevent the tractor sliding on it, the platform
surface has a grid structure which increases the grip capacity of the tires on the platform
surface. The test platform is divided into four sections, one for each wheel. The vertical load
measurements of the wheels can be easily performed thanks to the load cells located under
each section. Vertical level difference between the axles is satisfied by this tilting ability of
the platform as required by 1SO standards. In order to ensure the accuracy of the CoG
measurement results, a series of experiments were carried out by incrementally changing the
orientation angle of the platform. The vertical force values of the wheels were measured for
different orientation angles, and the CoG position is calculated according to ISO standards as
aresult of a series of mathematical operations by using wheel loads for each step (1SO, 1982).
The CoG value is considered as the average of these results to ensure the accuracy of its real
position. The detail of the method is widely explained in (Carabin et al., 2023).

a. - b.

Figure 3. a. Stability test-rig and b. its rotational degrees-of-freedom
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Tractor stability is evaluated by lateral rollover tests as defined by 1SO 16231-2 standard
(IS0, 2015). Nevertheless, since tractors operate in all orientations on sloped terrain, they are
not only exposed to the risk of overturning in the lateral direction. Hence, it is of great
importance to characterize the stability behaviour in each orientation scenario. However,
when the impact of individual parameters needs to be examined separately, it is a very labour-
intensive and time-consuming process. Using alternative methods that allow for preliminary
analysis of specific parameters is quite essential. In addition, it is highly practical and useful
to use such a method to estimate the effect of variables at the prototype stage. At this point,
MBD analysis method becomes highly relevant to estimate the influence of a certain
parameter in a short period of time. MBD is a method that mathematically models the relative
motions and interactions of multiple interconnected bodies. It primarily examines dynamic
and kinematic effects of the system variables by using mass, CoG and inertia values of all the
bodies involved besides kinematics constrains among all the different bodies. Although it
assumes all the system elements as rigid bodies since it does not consider mechanical and
material properties of the elements, in these recent years, it also offers the possibility to
analyse also elastic bodies in dynamic environments. The DoF of the bodies are determined
by joints. Each object has three rotational and three translational DoFs when no boundary
conditions are defined joints. To consider inertia effects, each body is considered as a 6-mass
system consisting of two masses on each spatial axis. System modelling relies on the Newton-
Euler or Lagrangian equations (Harty and Blundell, 2004). Adams, which is utilized in this
paper, is a commercial software that is widely adopted particularly in vehicle design
applications.

The last information required for MBD analyses was provided by determining the CoG
position. Both the tractor and the platform geometries were composed in the Adams/View
2022.3 environment for the analyses. Realistically, the platform in the simulations allows for
an orientation angle of up to +180 degrees, while the front pivotal axle geometry acquires a
rotational DoF of up to £5 degrees. All system components were assumed to be rigid bodies.
The PAC2002 tire model used in the analysis assumes the dynamic friction coefficient
between the road and the tire as 0.9 by default on Adams environment. However, increasing
the friction allows rollover analyses at a wider orientation range as it limits the sliding of the
tractor on the platform before it reaches its instability angle. The “Magic Formula” used in
this tire model calculations relates the slip angle to the tire deformation, i.e. the tire stiffness
(Kuiper and Van Oosten, 2007). Therefore, increasing the friction coefficient to excessive
amounts will considerably affect the results. Hence, the friction coefficient is accepted as 1.
Unlike the actual-grid-designed platform surface, a flat surface was utilized in the simulations.
Since the tractor wheels were secured to the platform using loose chains to ensure safety and
prevent the complete rollover of the vehicle, the tractor in the simulations was also tied to the
platform by ropes that did not exert any force until the moment the tractor overturned (i.e.
when one of the wheels left the ground) which proves that using chains during the real
experiments does not influence the test results. The ability of the MBD model to perform
extensive and accurate tests is elaborated in detail in the cited reference (Karaca et al., 2024).
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Figure 4. The representation of the effect of the CoG position on rollover moment for
lateral instability in z (left) and y-axes (right)

Some implements are mounted symmetrically along the longitudinal axis of the tractor,
while others are mounted laterally, resulting in considerable shifts in the CoG position. This
is particularly important when operating on lateral or near-lateral slopes, where the instability
is at the highest level (Previati et al., 2014). Implements like a front shredder, used to clear
weeds and mounted at the front of the tractor, or the sprayer, used to spray vineyards/orchards
and mounted at the rear, do not significantly alter the CoG laterally. In contrast, equipment
such as the shoot remover, designed to clear weeds along the edges of vineyards and mounted
on the side of the tractor, causes a lateral shift in it. The effect of CoG shift on the stability on
different directions can be seen in Figure 4. Due to the symmetrical structure of the tractor in
question, the CoG position without any implement is also nearly symmetrical. This lateral
symmetry results in similar instability characteristic for both right and left tilting scenarios.
The vertical position of the CoG is also as critical as the lateral position in terms of stability.
As the vertical position increases, the distance to the stability axes will increase which
amplifies the overturning moment for the same weight. In other words, for a certain lateral tilt
angle, an elevated CoG position will lead to higher instability, as it reduces the distance to the
support point. Given that the location of the CoG is the critical factor influencing its position
is shifted in all three axes, and for each axis, 4 different scenarios were considered. It was
shifted in x-direction by +10% and +£20% of the wheelbase, in y-direction by +5% and £10%
of the front trackwidth, and +20%, -10% and +40% of the height of the real CoG position.

RESULTS AND DISCUSSION

For all these scenarios, MBD analyses were carried out in 5-degree increments across the
entire orientation angle range of the tractor and the critical moment when the vertical force
between either one of the wheels and the platform is zero has been identified. In simulations,
when the tractor reaches a certain orientation angle (approaching front or rear longitudinal
overturning, i.e., B<#25° or f>+135°), it is not possible to measure overturning angle values
since the tractor starts to slide on the platform before rolling over. In order to estimate the
stability angle outside of these angle values, stability models other than the methods used in
this paper should be utilized. Details of such a method are given in (Carabin et al., 2023).
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Table 2. The CoG positions of all investigated scenarios (X, Y, z)

Direction Positive shift Negative shift
« 10% 20% 10% 20%
(1022, 11,676) (1228, 11, 676) (610, 11, 676) (504, 11, 676)
5% 10% 5% 10%
y (805, 58, 676) (805, 105, 676) (805, -36, 676) (805, -83, 676)
, 20% 40% 10% 20%
(805, 11, 811) (805, 11, 946) (805, 11, 608) (805, 11, 541)
Real CoG (805, 11, 676)

All the CoG values of the scenarios can be seen in Table 2. Here, the values between
indents represents the x, y and z coordinates of the CoG position according to the cartesian
system in Figure 1.a respectively. The results obtained are depicted in stability maps that is
commonly used to characterize tractor stability in Figure 5. Here, the radial coordinate a
represents the rollover angle; the angular coordinate B represents the orientation angle. The
+90° value of the B angle indicates rollover to the right, -90° to the left, and +180° to the
backwards. Figure 5.a shows the results of the tests and MBD analyses for the real CoG value.
Figure 5.b presents the effects of the changes in the x direction specified in Table 2. As can
be clearly seen, similar change rate in forward and lateral instability observed while CoG
approaches the rear axle. However, in the case that CoG approaches to the front axle, the
effect of the percentage change is greater than the CoG change rate. Both forward and
backward change affects the backward rollover instability lower than the forward or lateral
rollover. Figure 5.c shows the effects of changes in the lateral direction. It was observed that
these shifts in y-axis created the most dramatic effects compared to the other axes. For all
change ratios, the change in stability increased more than threefold (e.g., an average of 15-
18% stability change for a 5% CoG position change and an average of 30% stability change
for a 10% CoG position change). Finally, Figure 5.d presents the effects of changes made in
the z-axis on stability. It is observed that the effect of the change in the vertical direction
decreases as the position of the CoG increases. For example, a 20% increase in height causes
a stability decrease of approximately 20%, while a 40% increase in height does not exceed
33% stability decrease. However, when the CoG is lowered by 20%, a stability improvement
of approximately 30% is achieved.

As confirmed by all scenarios, the highest risk of instability, i.e. the lowest rollover angle,
occurs in orientations near lateral rollover. This proves that the most critical rollover risk is in
the orientations closer to the lateral direction when the tractor is operating on sloped terrains,
either with or without implements. The effect of the deviations in the longitudinal axis on the
nearly forward rollover scenarios is greater than on the nearly backward orientations.
However, these results are only accurate for steady state conditions (i.e. constant speed,
stationary, etc.) and the load transfer between the axles caused by sudden accelerations while
climbing a hill may improve the possibility of backward rollover different than these rates.
While using a laterally asymmetrical implement, keeping the implement higher than the
tractor on the direction of the slope improves the stability of the tractor compared to the no
implement version. Similarly, using the implement lower than the tractor level dramatically
decreases the stability.
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Figure 5. Stability map comparisons of the a. MBD model and experiments,
b. CoG position change in x-direction, c. in y-direction and d. in z-direction

CONCLUSIONS

This study aimed to evaluate the rollover stability of tractors by analysing the effect of the
implements on the CoG position. Within the scope of the study, the effects of changes in the
CoG position on the rollover stability of the tractor were investigated by an MBD model
whose accuracy was confirmed in a previous study. Rollover behaviours of a tractor at all
orientation angles were evaluated in addition to the rollover tests defined in ISO standards. It
was observed that changes in the CoG position, especially lateral shifts, created the most
dramatic effects on stability. A 5% CoG shift in the lateral axis caused an average change of
15-18% in stability, while a 10% shift created effects of up to 30% in stability. Similarly,
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increasing the CoG in the vertical axis affected stability parabolically related to the shift range.
The rollover risk reached its highest level in all scenarios, not during full lateral rollover, but
in regions close to this situation. The use of MBD analysis has made it possible to quickly and
effectively evaluate the effects of changes in the CoG position on the stability of the tractor.
This method is very useful and practical, especially for estimating the effects of design
parameters at the prototype stage. The findings provide a comprehensive tool for evaluating
the rollover performance of agricultural machinery by using both experimental and numerical
methods. These approaches can lead to significant improvements in both safety and
efficiency.
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ABSTRACT

The article presents a possible solution for controlling the stability of
vehicles, based on the information received from strain sensors mounted on
rims. The solution is part of the modern solutions category for electronic
control of vehicle stability, very widespread at present in the field of
automobiles and, in our case, with special reference to vehicles and
agricultural units. The following are presented: a structural simulator for the
optimal choice of mounting locations for deformation sensors, the method of
calculating the reaction forces on wheels using the signals of the strain sensors,
the hypothetical form and the selection of the essential information from the
signals coming from the sensors in variable speed travel, the method of
estimating the risk of loss of stability and a scheme of the system of assisting
and controlling the stability of the vehicle. There are also a number of
developments necessary to define and put such a system on vehicles.

Keywords: vehicle, stability control, agricultural machines

INTRODUCTION

According to Stoicescu (1986), the manoeuvrability of a vehicle is defined as the whole
of its qualities that characterize the possibilities to change, in a stable way, the direction of
movement and the trajectory of the steering point, according to the requests of the driver. For
a vehicle to be manoeuvrable, it must be and remain stable during driver manoeuvres. This
means that the responses of the vehicle to possible road (travel) disturbances are reduced, thus
also reducing the sensitivity of the vehicle to control. According to Untaru et al. (1981), in the
language of transport specialists, the stability of vehicles means the ability of the vehicle to
withstand sliding, skating, skidding and turning. The notion of dynamic stability of vehicles
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is used in mechanics and characterizes the behaviour of the vehicle on a desired trajectory
under conditions of application of disturbances (stability in the Leapunov sense, for example Lazar
(1979)).

Improving the stability of vehicles is an activity of more than a century old, which
contributes to the increase of the driver control on the vehicle and to the traffic safety. One
way to solve these problems is to exploit the kinematic and dynamic relationships, starting
from the general statements to in-depth relationships, by optimizing components, devices,
introducing additional devices, etc., (Untaru et al., 1981; Sireteanu eta al., 1981; Karnopp,
2013; Rajamani, 2012; Eaton et al., 2009; Werner et al., 2020). Increasing the speed in traffic
or the productivity of cars working on rough terrain (more or less), caused the first type
solutions to be exceeded and replaced with stability control solutions by assisting the travel
regime, i.e. the real-time control of the operating parameters of the vehicle. This second
solution involves the use of appropriate sensors, which provide information convertible into
a calculation system in decision and warning parameters for the driver. It is reached the level
of electronic vehicle stability control (ESC) or electronic stability program (ESP) or dynamic
stability control (DSC), which is a computer technology that improves vehicle stability by
detecting and reducing traction or steering losses (Rédl et al., 2014). Some solutions go up to
the automatic control of the vehicle, without human intervention, which has been achieved.
The solution suggested by us in this article is part from the second category of solutions, and is
refer especially to agricultural machines and aggregates, a solution that goes only until the
warning stage on the level of risk of losing stability.

The study of vehicle wheel rims using complex numerical methods is already a routine
operation in designing these basic elements of the means of transport industry. The basic
problems studied are the behaviour of the wheels from the point of view of the resistance of
the materials and the resistance to fatigue (Biris et al., 2011; Panda et al., 2016; Machave et
al., 2015; Satyanarayana and Sambaiah, 2012; Venkateswara and Dharmaraju, 2014). Also
for wear analysis, wheel force sensors are used (Yan et al., 2018). For automobiles, concerns
such as those described in this article are recent (Garcia-Pozuelo et al., 2017a; Yunta et al,
2018; Garcia-Pozuelo et al., 2017b; Mendoza-Petit et al., 2019; Ute et al., 2015), the
deformation sensors can be mounted not only on the wheels but also on the inside of the tires.
In the United States, a solution similar to that suggested, is already patented (Neuman, 2018).
Obviously, the installation of such sensors can also be done on the deck, in the vicinity of the
wheel contact or on the corresponding suspension of the wheel, if it exists. An alternative
solution for wheel load control can also be tried using tire pressure sensors (Mendoza-Petit et
al., 2019; Ungureanu et al., 2015; Ungureanu et al., 2017). For tire monitoring, there are
relatively recent solutions, which use fibber optics (Roveri et al., 2015; Wang, 2023). For
railway rolling stock, similar concerns appear, for example, in Bracciali and Folgarait (2004).
Models of the type built more complex, partially, were considered in Cardei (2019) and Yan
et al (2022).

Appreciations regarding the limits of the measuring range with satisfactory sensitivity for
strain sensors are found, for example in Agilent Technologies (1999). In Garcia-Pozuelo et
al. (2017) is work with deformation sensors capable of measuring between -5000 and 5000
pe. In Yunta et al. (2018) and Garcia-Pozuelo et al. (2017), deformation sensors with a
resolution of 0.001 pe are used.
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MATERIALS AND METHODS

To estimate the behaviour of the strain field in the wheels of the vehicle, in this article we
consider a simple structural model, whose components are the axle and the two wheels
corresponding to it. Because we are interested, first of all, the road vehicles, the model of the
wheels are constructed of two flat plates in the form of a circular crown. The inner plate,
which connects the axle to the outer plate, shapes the rim. The outer plate shapes the working
tire as a whole with the pressure air in it.

Figure 1. The structural model of the axle with wheels (rims and tires)

Table 1. Specifications on the structural model in figure 1

i i material properties
Component Index in the structural model Thickness, Geometric prop

mm type E,Nm> v p kgm?
Axle Surfaces 1, 2,3,4,5,6,7, 8 15 surfaces 2.1-10"" 03 7850
rims (left, Regions R9, R11, R13, R15; . ol
right) RI.R3,R5, R7 5 regions 2.1-10 0.3 7850
tires (left, Regions R10, R12, R14, R16; . s 037
right) R2, R4, R6, RS 150 regions 9.5-10 5 125

The physical properties of the materials from which the model components are built appear
in table 1. The properties of table 1 characterize ideal linear, homogeneous and isotropic
elastic materials. For the axle and rim the material is metallic. As for tires, these are composite
materials that are difficult to describe in the complicated terms of this category of materials
(natural and synthetic rubber, reinforced with metallic or plastic fibbers, and a high-pressure
air volume). We preferred the description in table 1, assuming the linear elastic behaviour in
the request interval that interests us. For the study of the tires, especially under running
conditions, special models are built, whose properties result from very complex experimental
studies. Generally, the linear behaviour is not characteristic of the tires throughout the request
range (Untaru et al., 1981).

The structural model is fixed by cancelling all six components of the relative displacement
field, as in figure 1. The length of the curves on which the seven completely blocked knots
are inserted corresponds to the long axis of the tire contact patch (approximately 14 cm). The
load is only of inertial type: own mass of the structure (110 kg) and a useful mass load (2000
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kg), in nodal element 6453, visible in figure 1. In the case of rest or rectilinear displacement
with constant speed, the option of gravitational field analysis is applied. In the case of the
movements in the curve and / or accelerated, the same option is applied, maintaining the
gravitational acceleration and introducing new components of the acceleration. The structural model
contains 6453 elements and 3306 nodes, distributed like as shown in the table 2.

Table 2. The distribution of elements and nodes on the components of the structural model

Components Elements Nodes
axle 1-1280 1-660
rims 4193-6452 2445-3306
tires 1281-4192 661-2444
Authorised mass limit 6453 6
Static loading

Static loading is the reference load for the vehicle relative to the axle for which the
calculation is made, i.e. the recommended load from the manufacture. For our generic case, it
is assumed that the reference load is the one described numerically, above. For this data, the
structural analysis program used: COSMOS / M 2.8 correctly calculates the structure mass
and the total mass obtained by adding the load distributed to the middle of it. Table 3 gives
the vertical reaction forces at the support points of the wheels (contact with the rolling path).

Table 3. Reactions in the nodes in the contact patch of the wheels

Wheel nod Vertical reaction force (Oy), N Lateral reaction force (0Oz), N
1138 2192.38 -10.91
1137 1270.67 -0.50
1136 1161.42 -0.39
right 1135 1082.60 -0.34
1384 1164.26 -0.56
1383 1258.96 -1.38
1382 2219.97 -6.59
Total right 10350.26 -20.67
2035 2219.97 6.59
2036 1258.96 1.38
2037 1164.26 0.56
left 2038 1082.60 0.34
2216 1161.42 0.39
2217 1270.67 0.50
2218 2192.38 10.91
Total left 10350.26 20.67
Total axle 20700.52 0.00
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The centre of mass of the structure is located at the coordinate point: Xg=0 m, Y5=0.07109
m, Zg=0 m. The tread level corresponds to the plane Y=-0.4 m. The position of the centre of
mass at a distance of only 0.47109 m from the road, favours the vehicle and we expect a large
lateral acceleration to be necessary to overturn the vehicle.

Loads with lateral acceleration

Loads with lateral acceleration field simulate the behaviour of the axle (wheels and axle) in turns.
It can be estimated thus, how the state of deformation in the wheel rims changes depending
on the intensity of the lateral acceleration applied. With this information available, one can
choose the optimal area for the deformation sensors to be located, so that with the help of the
sensor indications a warning of risk of overturning or skidding can be issued.

Table 4. Vertical and lateral reaction forces in the two wheels of the axle

Lateral Vertical reaction, Lateral reaction, Vertical reaction, Lateral reaction,,
acceleration, a; Rya (Oy), right Rza (02z), right Rys (Oy), left Rz (02z), left
(axis Oz), m/s’ wheel, N wheel, N wheel, N wheel, N

0 10350 0.0 10350 0.0

1 11077 -1075.9 9619 -1034.3

2 11807 -2130.8 8868.4 -2089.4

3 12540 -3186.7 8160.3 -3144.4

4 13269 -4241.2 7430.8 -4199.8

5 13999 -5295.6 6701.1 -5254.4

6 14731 -6351.1 5970.2 -6759.9

7 15460 -7406.6 5240.5 -7365.4

8 16190 -8460.8 4510.8 -8420.3

9 16921 -9516.3 3780.8 -9474.7

10 17649 -10570.8 3050.9 -10531.1
11 18379 -11606.6 2320.9 -11586.1
12 19109 -12680.6 1591.0 -12640.1
13 19839 -13736.5 861.1 -13696.0
14 20569 -14790.5 131.14 -14750.9
15 21298 -15846.4 -598.71 -15805.8
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Table 5. The values of the radial and tangential strain in elements located in the high
intensity area on the right rim and on the left rim

acc‘::i‘et:;:‘llon Strain in element 5038 Strainin clement 5887 Recommended locations
a. (axis Oz), & & & & for placement of strain
m/s? sensors

0 0.000016 0.000010 0.000016 0.000010

1 0.001213 0.000331 -0.001190  -0.000310

2 0.002414 0.000651 -0.002391 -0.000631 O’Q

3 0.003615 0.000972 -0.003592 -0.000951 Py

4 0.004817 0.001292 -0.004793 -0.001271 %s E

5 0.006018 0.001613 -0.005995 -0.001592 5 =

6 0.007219 0.001933 -0.007196 -0.001912 % 8"

7 0.008420 0.002253 -0.008397 -0.002233 i g

8 0.009622 0.002574 -0.009598 -0.002553 ’g =

9 0.010820 0.002894 -0.010800 -0.002874 £ §0

10 0.012020 0.003215 -0.012000 -0.003194 =]

11 0.013230 0.003535 -0.013200 -0.003515 é g

12 0.014430 0.003856 -0.014400 -0.003835 £

13 0.015630 0.004176 -0.015600 -0.004156 |

14 0.016830 0.004497 -0.016810 -0.004476

15 0.018030 0.004817 -0.018010 -0.004796

ESTRN

0.015600
l...lSI 25
L8.811258

-®.983375

| ©.007568

_8.005625

8.983758
®.981875
0.990060

element 3887

element 3038

Figure 2. Typical distribution of the specific deformation in the two rims (the case of
lateral acceleration with the value of 15 m/ %)
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Figure 3. Dependence of the reaction forces by the lateral acceleration
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Figure 4. Dependence of the strain by the lateral acceleration

RESULTS AND DISCUSSION
Useful results in the field of vehicle stability

Direct relationships between the dynamic parameters of the vehicle

It is easy to observe the linearity of the relationships found by numerical simulation
(numerical experiment) on the structural model described in Tables 1-5 and graphically
represented in figures 2 and 3. These are direct consequences of the structural model
characterized entirely by linear laws (linear elastic materials and deformation equations of the
linear-elastic continuous body model). The introduction of some nonlinearity in the
calculation (especially regarding the tires) would require a considerable experimental effort
and a pronounced particular character for the model. For now, suppose that we can issue a
risk forecast working within a linear model. However, the simulation technique we give in
this article is similar to the calibration technique of a real model, in which the certain
nonlinearities will be processed in the same way in order to obtain the stability control of the
vehicle. Using the results of the numerical experiments (simulations) in chapter 1, the
following functions are obtained by linear interpolation:

Ryy (&2 &y) = 10329.23 + 134989.27¢,, + 1772039.07¢,,, (1)
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for the normal reaction force on the right wheel, depending on the strain indicated by the
strain sensors mounted on the rim of the same wheel in the optimal area (table 5, element
5038), respectively:

Ry (&1, &1y) = 10325.58 + 119705.13¢,, + 1827909.63¢,,, ()

for the normal reaction on the left wheel, depending on the specific deformations indicated
by the strain sensors mounted on the rim of the same wheel in the optimal area (table 5, item
5887). Similar formulas are obtained for the lateral thrust forces that appear at the contact
between the wheels and the rolling path due to the action of the lateral acceleration:

Ry, (&rx,&ry) = 63.17 + 1739150.49¢,, — 9812347.24¢,,, (3)

for the right wheel, respectively:

R (&1 €1y) = 125.15 + 7211396.67¢;, — 23750130.47¢,, 4)

for the left wheel. By the same procedure the lateral acceleration can be calculated, as a
function of the indications of the strain sensors, in case this acceleration is not known:

(e €y) = —0.027555 + 171.39669¢, + 2478.075427¢,,,. (5)

The calculation of the values of the dynamic parameters involved in the calculation of the
stability of the vehicle must be done with great care, considering permanently that we do not
have the guarantee of the bijection between the set of values of these parameters (the dynamic
state of the vehicle) and the state of deformation in the rim. Therefore, the possible use of
functions with several arguments for formulas (1) - (5) must be considered. This means that,
for example, the lateral acceleration could be modelled as a function of the eight indications
of two marks placed on four wheels or even more. We also do not exclude the placement of
more than two brands on each rim.

Through the physical calibration experiments, the functions (1) - (4) can be appreciably
different, especially if one reaches the non-linear operating area of the tires.

If in the indicated locations (the areas covered by elements 5038 and 5887), the strain
sensors are mounted and the data recorded, a fast data processing with the help of the functions
(1) - (4), leads to the knowledge of the loads on each one two wheels. With these data and the
knowledge of the state of the tread surface, as well as the limits imposed in force, for example,
warnings of risk of loss of stability can be issued.

Expectations on the form of signals received from strain sensors

The simulation or numerical experiment described in first part is based on a static model.
In dynamic mode, the wheels and consequently also the rims undergo complex movements
(orthogonal transformations) that also contribute to the deformation state, but essentially
contribute to the shape of the signal emitted by the strain sensors. During a rotation of the
wheel, the strain sensor goes through a lot of values, of which the interest for stability is the
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maximum absolute value. Therefore, it must be taken into account that the signal processor
will permanently take over the maximum absolute values of the sensors and on these will
perform the calculations of the risk of losing stability. About the way the signal curve provided
by the deformation sensors looks, it is difficult to make a hypothesis, especially as the speed
of rotation of the wheel can vary, sometimes even very much. For these reasons, we consider
that exact aspects of the phenomena can only be clarified by experience, and the exposition
in this chapter is only an attempt to anticipate, by the theoretical nature.

0.015 T T T

001 EE S sk Oy a
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£ o005 - K‘.\u |
gt i s \:74\/ I

—0.003 L L
"0 100 200 300 400

angle degree

Figure 5. Distribution of the three non-null components of the strain tensor, in the optimal
area of placement of a deformation sensor, around the axle

When the vehicle is moving, the strain sensor travels along a generally non-circular path
(due to wheel deformation, especially tire deformation), indicating a number of strain values.
Generally, we expect these values to take absolute maximum values when the sensor is located
between the centre of the axle and the centre of the tire contact area with the tread path. To
estimate the values indicated by the strain sensors, when they travel the above-mentioned
trajectory around the centre of the axle, we used the structural model defined in chapter 1. The
results are shown graphically in Figure 4. These results correspond to a static regime of
deformation of the wheel. For simplicity, we assume that the results differ negligible from
those obtained when the vehicle moves rectilinearly with the slow constant speed, the speed
we will call, the calibration speed, v.. Obviously, these simplifications can be a serious
impetus for considering a dynamic, complex, possibly nonlinear model. We do not adhere to
this option because it requires a lot of information that can be obtained only experimentally,
with very high efforts and low certainties. On the other hand, the structural model (dynamic
or static) should be subjected to a serious analysis of the convergence of the results (Kline,
2011; Zhao et al., 2019; Ciegis and Dapsys, 2022), knowing that the method of the finite
element does not excel in precision and especially if it is desired that the results reach
prediction rank. For a very complex theoretical model, the experiment would be mandatory
involved in two stages: estimating the model constants and then, validating the model. In
another order of ideas, at a higher level, is raised the critical problem of the bijection of
correspondence (Stefanoiu et al., 2012; Cardei et al., 2012) between the causes that produce
the state of deformation in rims and the set of values indicated by the system of strain sensors.
From a physical point of view, if the correspondence cause-effect bijection (one-to-one
application) does not work, it is possible that a decision to lose stability is made, when it is
not the case, either, the decision is not issued and yet the phenomenon of loss of stability
occurs. Obviously, this problem must also be taken into account in the case of a priority
experiential approach to the problem of vehicle stability. As a result, we opt finally, for the
experimental study, only oriented and initially guided by an elementary theoretical model.
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In order to be able to emit a prediction on the signals coming from the strain sensors
located on the rims, we collected the average values in space, of the specific deformation
COMPONENtS, &y, &y, £y, in the optimally chosen areas. These were graphically represented in
Figure 4, and then interpolated by Fourier series. It was assumed that the values shown in
Figure 4 were obtained in a low speed calibration movement, v, = 1 m/s. For example, for
the component &, the next formula is obtained:

e (6)
& () = % + Z(axk cos(wya) + by sin(wya))
k=1

where « is the radius angle of the centre of the strain sensor with the horizontal of the
forward direction (Ox axis, Figure 1), n is the number of terms considered in the Fourier

series development (6), and w;, is the string of the pulses (frequencies) considered in the
Fourier development (6):

_ 2km (7
Wk =7

in our case, T is even 2m. The coefficients a,y, by, are given in Table 6.

Table 6. Fourier series development coefficients for the €, component of the strain tensor

k Axk bxk

0 0.00315220 0.00000000
1 0.00048179 -0.00444650
2 -0.00179604 -0.00062252
3 -0.00055812 0.00009317
4 0.00040499 0.00057044
5 0.00009641 -0.00085083
6 -0.00055858 0.00009605
7 0.00017070 0.00018483
8 -0.00003368 0.00014430
9 0.00084792 0.00024361

For comparison, the samples collected according to the solutions of the model defined in
chapter 1 and the Fourier series of this signal, are graphically represented in figure 6. It is
observed that the approximation is sufficiently good and it takes over the extreme values,
which are of particular interest in the control of wheel and axle loading.
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Figure 6. Comparative representation between the sampled signal from a (virtual) strain
sensor and the Fourier approximation of the signal

Let R; now be the dynamic radius of the wheel and v, the frequency of the sensor signal
obtained when calibrating with the travel speed v,:

Vv, = —< ®)

T 2nRy

With these details, the frequency of the deformation sensor signal mounted on the rim, at
a certain speed, time dependence, v(t), and becomes:

v(t) )

v
v, ©

B(t) =

frequency, as observe, variable in time. With (6), (8) and (9), the hypothetical signal that
will be obtained from a strain sensor, located on the rim, will have the next form:

Gex (t) = &, (2mB()1) (10)

The Figure 7 graphically shows the influence of the speed of movement of a vehicle on
the signal emitted by strain sensors located on the rims, the influence being a hypothetical one
at this purely theoretical stage of development.
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=

—— strain gauge signal = = - vehicle velocity, m's

Figure 7. The influence of the speed of the vehicle's movement on the signal emitted by the
sensors located on the rims

Figure 8 graphically shows the influence of the speed of movement of a vehicle on the
frequency of the signal emitted by deformation sensors located on the rims. It can be observed
that the travel regime was chosen so as to contain moving parts with constant speed,
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acceleration and deceleration portions. It is observed that the frequency of the signal received
from the sensor is constant on the constant speed portions (but differs for different speed
levels), increases on the acceleration (positive) portions and decreases on the deceleration
portions. The simulation is done on a section of straight road with a length of approximately
84 m, considering the dynamic radius 0.75 m.
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Figure 8. Influence of vehicle speed on the frequency of the signal emitted by the sensors
located on the rim

Obviously, there is the possibility that the signal intensity of the deformation sensors will
suffer the variations with the intensity of the rectilinear displacement speed, but these can be
noticed on dynamic structural models and possibly considering some non-linear properties of
the tire. Acceleration and deceleration can also produce additional effects in the signal
intensity of the sensors, effects that can be simulated also on dynamic models, but very
expensive. The presence of shocks caused by passing the wheels over disruptive objects on
the road may induce the generation of strain sensor signals, which may cause false warnings,
or may induce opposite situations. The experiment and the simulation, of high resolution, the
dynamics simulation, can to a certain extent eliminate these phenomena. The provision of
filters to eliminate false warnings is a higher level activity, for the control systems already
built. All the considerations made on the component &,, of the tensor of the specific
deformation, are made similarly for the components €, and &,,,.

Use of theoretical-empirical relationships in the process of monitoring the stability of
the vehicle

Using the structural model defined in Tables 1-4 to estimate the values that the
deformation sensors located on the rims of vehicles can indicate. Thus we found a connection
with the wheel load (vertical and in the rolling plane). We used the simulation of the action
of lateral acceleration fields, in order to estimate the turning or skidding. Using such results,
simple relationships have been established that link the values of normal and transverse loads
on wheels, with the maximum values of the signals from the sensors. We used the simulation
with the structural model of the displacement to estimate the shape of the signal from the
sensors. Now we know that if from the received signal we select the extreme values, we can
estimate, in a range of fractions of seconds until to one second, the loads on wheels. By
default, by comparing them with preset limits, a signal of risk of loss of stability can be given.
The principle scheme is shown in figure 9. The main components of the system are grouped
in five blocks shown in figure 9.
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Figure 9. Principle scheme of the vehicle stability control system, based on deformation
sensors mounted on the rims of the vehicle on wheels

1- rim; 2- tire; 3-strain sensor; 4- strain sensor; 5- data acquisition block; 6- calculation block for
wheel load and acceleration; 7- control block and warning decision; 8- warning block

The first block is made up of the wheels (tires, rims and sensors mounted on the rims).
This first block provides the signals to the second, formed by the data acquisition block. This
block collects samples from the strain sensors, from the rims of all wheels. Because in the
calculating the load forces on the wheels, only the maximum values indicated by the strain
sensors are used, in this block a module for selecting the maximum values received from each
sensor should be integrated. The selection module can also be included in the third block, its
role being an intermediary between the main processes that take place in the second and third
blocks. The third block (denoted by 6 in figure 8) consists of relatively simple calculations
that give the values of the vertical and horizontal reactions on wheels as functions of the
maximum values of the signals provided by the deformation sensors, according to the relations
of type (1) - (4). Relationships can still be complicated, in the hope of increasing accuracy in
estimating reactions. The reactions can be considered as functions of a greater number of
arguments: from the minimum the main indications of the sensors on the corresponding wheel
rim, to the maximum values of all the sensors on the wheel or on the axle, or even on all the
wheels of the vehicle. The dependence of each component of the wheels reactive force on
each sensory signal will be studied through the correlations between them in order to adopt
rational and optimal computation relationships. The data calculated in the third block should
be used to test the stability conditions in the fourth block of the system (number 7 in figure 9).
When the conditions of stability approach the limit of the risk of losing stability, the fourth
block emits a specific signal, transformed by the fifth block (number 8 in figure 9), into a
video and audio signal for the driver.

An important problem will be that of the delay time of issuing the warning, in relation to
the production of the risk phenomenon not allowed to lose the stability.

All the problems briefly described in this subchapter, the construction of each block and
the modules, are separate chapters in works that will be developed if the proposed method has
prospects of application. We also mention that the estimation of the signal frequency from the
deformation sensors may be related to the speed of movement of the vehicle.
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Using the calculated data starting from the maximum values provided by the strain
sensors, in aim to evaluate the stability of the vehicles

According to (Untaru et al., 1971), in the general widespread acceptance, the stability of
the vehicle means the ability of the vehicle to withstand slipping, sliding, skidding and turning.

Also in (Untaru et al., 1971), it is shown that, depending on how the movements occur
with respect to the main axes of the vehicle, the longitudinal stability and the lateral stability
are distinguished, each of them being able to refer to reaching the adhesion limit or to the
overturning. The conditions of loss of stability are defined in terms of the normal and
tangential reactions to the running path, i.e. in terms that the method presented in the previous
chapters, them calculates directly from the data collected from the wheels of the vehicles on
wheels.

Longitudinal stability of vehicles on wheels

According to (Untaru et al., 1971), the longitudinal stability of the vehicle is the ability of
the vehicle to withstand longitudinal sliding or skidding as well as overturning in relation to
a transverse axis.

Longitudinal stability when overturning

In (Untaru et al., 1971) (p. 211, (7.1)), for a two-axle vehicle, moving in the direction of
the highest slope, the longitudinal overturning condition is that the reaction at one of the deck
(usually the upstream one) will cancel. The relationships of type (1) - (4), calculated for both
bridges, can detect the unauthorized approach of cancelling the total reaction on one of the
decks. The rest of the relationships that appear in the specialized literature, regarding the
longitudinal stability at the turning, are deduced from this condition. In the terms used in this
paper the condition is expressed by the next equality:

Ry(grx' gry) = Rry(grx'gry) + Rly(glx' gly) =0 (11

which must be made for one of the decks, in case of overturning. We noted with R,,, the
reaction on the deck.

Longitudinal stability when skating or sliding

Also in (Untaru et al, 1971), and also for a vehicle with two axles, the rear being engines,
the condition of lack of skating is:

Rx(grx’ Sry) = Rrx(grx' gry) + Rlx(slx' gly) < (pRy(grx' gry) (12)

where the forces having the index x are the longitudinal reaction forces on the wheels, and
@ is the coefficient of adhesion between the tires of the wheels and the running path
(considered here, hypothetically the same for all the wheels). The longitudinal reaction forces
can be calculated, at least theoretically, in the same way as the vertical and lateral ones. The
correlation between these and the signals of the deformation sensors must be studied very
well.
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The transverse stability of wheeled vehicles

According to (Untaru et al., 1971), the transverse stability is the ability of the vehicle to
withstand sliding (transverse sliding) or transverse overturning, in relation to the right line
joining the centres of the wheel contact spots on the same side of the vehicle.

The transverse stability at slip

When the reactions in the plane of the driveway reach the adhesion limit, under the effect
of the transverse forces the skid starts to occur. According to (Untaru et al., 1971), skidding
does not occur if:

13)

Ryiyy = Rglx + R?lz = <pRr1y' Rigyz = R$2x + R?Zz = <pRr2y

for the overturning on the right side, the relationship for the left side is similar. Indices 1
and 2 represent the reaction forces that appear on the wheels on the same side of the vehicle
(1-front, 2-rear).

Therefore, fundamentally, the condition of transverse stability at slip is put entirely in
terms of reactions to the vehicle wheels. The only term to be estimated by the human operator
and introduced in the calculation program is the coefficient of adherence. The automatic
detection of the coefficient of adhesion is a problem in work already (Yunta et al., 2018; Singh
and Taheri, 2015).

The transversal stability at overturning

According to (Untaru et al, 1971), the transversal turning occurs when the wheels on the
same side of the vehicle begin to lose contact with the driveway. The authors define the
overturning condition for a rigid vehicle, without suspension, also in terms of reactions to the
vehicle's wheels:

Rry = ery + Rr2y (14)

for the overturning on the left side, similar instead of r appearing the index [, for the
overturning on the right side.

The consideration of the suspension contribution complicates things theoretically, being
necessary to know some geometric and physical characteristics of the suspensions. In the case
of agricultural vehicles, the suspensions are less important and often very rigid. However, in
the calculation presented in the proposed model for the evaluation of the reactions on wheels
and axles, the above mentioned characteristics of the suspensions automatically enter (due to
the experiments on the real subject).

CONCLUSIONS

In addition to the conclusions obtained from the results, conclusions regarding the form
of information that can be exploited for the purpose of monitoring the stability of vehicles, as
well as details about the large amount of complementary results that can still be obtained for
the same purpose.
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First of all, it should be noted that, due to the rotation of the rim in motion, the signal
generated by the specific deformation sensors will be received as a dynamic signal, partially
quasi-periodic (periodically only for the sections of trajectory with constant speed, and
rectilinear speed). Therefore, in order to use this signal for the purpose of obtaining a forecast
of risk of loss of stability, effective and rapid processing is required to be able to issue the risk
warning in time. For these reasons, the reception, processing and issuing of the risk forecast
form a chapter that must be treated very seriously, separately.

The structural model presented in this paper is an elementary, generic one (a very general
geometric and physical scheme, and not specific to a particular vehicle). This model shows
that changes in vehicle dynamics produce changes in the state of deformation of the wheels.
The changes in the state of deformation in the rims will be used to estimate the risk of loss of
stability (skidding, overturning, loss or unevenness in traction) and to issue useful warnings
to the driver of the vehicle for the purpose of restoring the proper road condition.

When a stability control system will be created, concretely, for a given vehicle, all the
operations described in this article by simulation will have to be performed experimentally,
and the dependency curves between variables will have to be deduced experimentally. The
system will be calibrated for the given operating conditions (preset tire pressure, complying
with the speed and acceleration limits imposed by the manufacturer, the certain geometry of
the rim). Tire pressure matters a lot, with the possibility that in the vicinity of the stability loss
points, the tire behaviour becomes nonlinear.

For now, the method proposed only theoretically (by simulation), shows that certain
aspects of vehicle stability can be controlled and the risk of losing stability can be evaluated,
using the indications of strain sensors mounted on the rims.

Advanced simulators for evaluating the information given by strain sensors located on
rims

In order to evaluate the usefulness of the strain sensor information located on the wheels
of the vehicle wheels, more complicated models can be developed than the one presented in
this article. The purpose so far includes only the evaluation of the use of information from
strain sensors located on wheels, in order to control the stability of vehicles on wheels. Among
these general models, we mention:

M1 - model of two-axle vehicle, with the position of the known centre of mass (static,
linear and non-linear dynamics);

M2 - vehicle model with more than two axles, with the position of the known centre of
mass (static, linear and non-linear dynamics);

M3 - model of vehicle with trailer or train of vehicles (tractor plus two trailers), which are
much more difficult as it is necessary to model as close as possible the reality of the connection
between components (one overturning may cause the other overturning);

M4 - models of the type considered in the chapter 1, M1, M2 or M3, with tires and rims
modelled structurally complex (curved surfaces, three-dimensional bodies).

Modelling and simulation must contain a convergence study that will specifically help to
maximize the accuracy of the strain in the locations where the sensors are located.
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The system of relations of data processing

The way we build the relationships that estimate the reaction forces is the same as the one
presented briefly in this article, but it must be taken into account that in reality we could have
at least two strain sensors on each wheel, so between eight and twenty, maybe even more
signals, or arguments of the reaction functions. For this reason, based on simulation data (if
possible experimental ones), the correlation between each reaction force at each wheel and all
signals from all sensors should be estimated. Only those signals strongly correlated with the
respective reaction will be retained as arguments for each component of the reaction.

Depending on the option of including manoeuvrability among the controlled stability
properties, the steering angle sensor (with angular velocity and its angular acceleration) can
also be considered.

Data processing systems that are obtained from strain sensors located on the wheels of
the wheels

The data processing system proposed in the article can still be greatly improved. The
fundamental study of this system will contain, however, the part of estimating its promptness
that is, estimating the delay in time of the warning against the moment of measuring the
specific deformation data that led to the achievement of limits of risk of loss of stability.
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ABSTRACT

The main agricultural soil-related operations carried out before sowing
spring crops are early spring harrowing and pre-sowing with or without
harrowing. In Bulgaria, pre-sowing is done with KPS or KPG cultivators or
RAU cultivator-combinators which have spring-cultivator and active rotary
working units and guarantee the structure of the plough layer is even and finely
grained. For the realization of this technological operation, a cultivator for
pre-sowing soil treatment “Lemken”, model “Korund 8.900” has been
imported and used for three years in our country. This machine is aggregated
with tractors with a nominal towing capacity of 50 kN (John Deere 8R280). The
efficient use of this machine-tractor aggregate required a comprehensive study
of its energy consumption by applying the tensiometer method. With reference
to this, this paper outlines the basic scheme of the experiments performed, the
order and methods of determining the most important energy indicators, as well
as the findings of this study. In addition, the study provides results as to the
appropriate combination of the machines comprising the aggregate for spring
pre-sowing tillage and ensuring the optimum towing and speed work modes
when operating on sloping terrain, on carbonate chernozem soil.

Key words: energy indicators, tensometric method, combination of
machines, cultivation

INTRODUCTION

Throughout the world, as well as in our country, agricultural producers use various
systems of pre-sowing soil operations against winter and spring crops. Spring pre-sowing
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operations aim to level the soil surface and to loosen the surface layer to preserve the moisture
accumulated during the autumn-winter period, and to destroy the grown-up weeds. These
operations also aim to create compacted seedbeds which provide good contact between the
seeds and the soil and allow good access of water and air for rapid and simultaneous
germination and growth of crop plants (Stoynev, 2004). Decisions about these treatments are
made based on the specific characteristics of the area and the state of the field, and there are
mainly two issues to consider, i.e. their timing and depth of implementation. The selection of
appropriate machines to ensure quality work with minimum use of labour and production
costs is also essential (Vassilev, 2012). The main processes carried out before sowing spring
crops are early spring harrowing and pre-sowing tillage with or without harrowing (Todorov
et al.,1982). In Bulgaria, spring pre-sowing tillage is done with KPS and KPG cultivators or
RAU cultivator-combinators, which have spring cultivating working elements and active
rotating working parts and guarantee the structure of the plough layer is even and finely
grained (Beloev and Dimitrov, 2019).

Three years ago, in our country, the German company “Lemken” imported the cultivator
System-Korund 900 L MARA, model “Korund 8” for pre-sowing tillage. This machine
(Fig. 1) consists of a frame, a multi-bar, working sections for soil loosening, working
sections (tines), a mechanism for regulating the depth of cultivation, rollers, and guide
wheels. Marathon tines are used for spring pre-sowing tillage. There are 16 tines, spaced
98 mm apart, arranged in 4 rows per section (harrow) and are suitable for breaking up the
soil. They can work at depths of 0,03 to 0,20 m. This machine, on the recommendation of
the manufacturer, is aggregated with tractors having a nominal towing capacity of 50 kN
(https://agronika.bg/kultivatori/lemken-korund.html).

However, combining these machines in an aggregate is not, unfortunately, based on
scientific research about the power requirements of the energy-source machines available in
our country. Agricultural producers rely solely on the recommendations of the agricultural
machine manufacturers and the technical specifications of tractors or other energy-source
machines currently used in Bulgaria.

Thus, the future mass application of this newly composed machine-tractor aggregate in
agricultural in Bulgaria and its effective use necessitated that the University of Ruse “Angel
Kanchev” carried out research in field conditions to study the appropriate combination of the
machines in the aggregate with reference to their energy consumption and, therefore, ensure
its optimal towing and speed working modes.

With reference to this, the purpose of this paper is to outline the procedure of conducting
the energy consumption assessment of the machine-tractor aggregate for spring pre-sowing
tillage, as well as to analyze the results obtained for its main energy consumption indicators.

MATERIAL AND METHODS

The energy consumption studies were carried out in 2023, on the agricultural lands of the
town of Kubrat, Rousse region, on an already ploughed field before sowing, on carbonate
black soil (chernozem) with an average slope of 5° (8.7 %). The research was done under
conditions of soil moisture of 17.90 % in the 0 — 1,50 m layer and soil hardness of 14.78 kg
cm? in the 0 — 0,40 m layer, according to the specific agrotechnical requirements for
performing the technological operation of spring pre-sowing tillage.
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The main energy indicators were determined for a machine-tractor aggregate consisting
of a “John Deere 8R280” tractor as an energy source and a “Lemken cultivator, model
“Korund 8.900” for spring pre-sowing cultivation (Fig. 1).

The tensiometer method was used to determine the energy indicators of the above-
mentioned soil-protecting aggregate. The speed of movement of the aggregate was determined
on experimental plots with length of 100 m. The scheme according to which the energy studies
were conducted is shown in Figure 2, while the measurements of the required indicators were
carried out by using a mobile tensiometer laboratory (PTL-1) with a set of multipurpose
tensiometer units (Dimitrov and Beloev, 2016; Dimitrov et al.,2020).

Figurel. A machine-tractor aggregate consisting of a “John Deere 8R280” tractor and
cultivator “Lemken®, model “Korund 8.

Figure 2. Scheme of the experiments determining the energy indicators:
1 — main tractor, 2 — second (towing) tractor, 3 — tensiometer unit for towing effort,
4 — sensor (converter) for the rotation frequency of the PTO, 5 — attached machine.

The total towing effort of the machine-tractor aggregate is measured with the help of a
second (towing) tractor and the wheelspin of the main tractor. The wheelspin of the main
tractor is also determined by the formula, specified in the Uniform Methodology for
Conducting Tests (1976), namely:

NPTOI -N

&= P102 100 | (1)

PTO1
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where:

6 — is the wheelspin of the main tractor, %;

Npro1 — the number of pulses from the sensor attached to the PTO when the aggregate
goes along the experimental plot with a working machine attached to it;

Nrroz — the number of pulses from the sensor attached to the PTO when the aggregate
goes along the experimental plot when the aggregate is in an idle time mode.

According to the technological requirements for the aggregate, three forward speeds were
used for the calculations. A general energy consumption balance was drawn up where the
consumed effective power of the tractor used during the work process was calculated
according to Uniform Methodology for Conducting Tests (1976) by applying the following
formula:

P. =Pt + Ppro + Pu + Pc + Ps + Px £P;, (2

where:

P. is e the effective power of the tractor engine, kW;

Pr =Fr.V - the towing capacity of the tractor, kW;

Fr — the towing resistance of the attached machine, kN;

V — the average forward speed of the aggregate, m s™';

Prro — the power for the PTO shaft, kW;

Py — the power for overcoming the mechanical losses in the transmission, PTO and
hydraulic drive mechanism, kW;

Ps = §.Pp.10 — the power consumed by the wheelspin of the wheel drive mechanism, kW;

6 — the wheelspin, %

Pc — the power of the tractor’s power take-offs, kW;

Px — the power taken from the hydraulic drive mechanism, kW;

Pi — the power needed to overcome a slope, kW.

In our cases, particularly, because there is not a hydraulic drive mechanism and a
longitudinal gradient, Px and P; are equal to zero.

In addition, the specific resistance per meter of working width in kN/m and the engine
load factor of the used tractor were also calculated, according to the Uniform Methodology
for Conducting Tests (1976) by using the following formula:

PC
K, = E.100 : 3)

where:

Kk is the engine load factor of the used tractor, %;
P, — the effective engine power, kW;
P, — nominal engine power, kW.

In this case, the “John Deere 8R280° tractor, which is included in the machine-tractor
aggregate for spring pre-sowing tillage, has a nominal engine power value P, =226.9 kW. A
specialized computer application was developed and used to calculate and register the
processed data of the general energy balance.
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RESULTS AND DISCUSSION

The results of the energy-consumption studies of the soil-protecting machine-tractor
aggregate for spring pre-sowing tillage that consists of a tractor “John Deere 8R280” and a
cultivator “Lemken®, model “Korund 8.900“ are presented in Table 1. The analysis of the
results from Table 1 show that this aggregate can operate on previously ploughed field, prior
to sowing with a speed ranging from 6.84 to 11.16 km h' (1.9 to 3.1 m s™").

Based on the built-in gearshift range of the “John Deere 8R280 tractor, the technological
operation of spring pre-sowing tillage can be carried out with the studied aggregate in terms
of the speed capabilities of this tractor. With reference to its towing and power capacity, the
“John Deere 8R280” tractor is also suitable for being used in the aggregate since its maximum
towing resistance when performing pre-sowing tillage on a ploughed field at a depth of 0.16
m reaches 17.40 kN. In comparison, the nominal towing resistance of this tractor is 50 kN.
The energy balance shows that the nominal power of the tractor (P, = 226,9 kW) is sufficient
to perform this soil-protecting operation. On a ploughed field before sowing the maximum
power consumption can reach up to 139.19 kW, with an engine load factor of 61.0 %. The
wheelspin of the tractor reaches a maximum of 12.50 % and is within the permissible range
of 17 — 18 % for wheeled tractors (Simeonov et al., 1986).

Table 1. Energy-consumption indicators of a machine-tractor aggregate for spring
pre-sowing tillage consisting of a tractor “John Deere 8R280”and
a cultivator “Lemken*, model ,,Korund 8%

Ne Indicators Units Indicator values
1 Gear shift 1 2 3
2 Forward speed ms’! 1.9 2.5 3.1
3 Towing resistance kN 15.20 16.50 17.40
4  Towing capacity kW 28.90 41.25 53.94
5 Wheelspin % 12.10 12.40 12.50
6  Wheelspin power kW 3.50 5.11 6.74
7 Resistance of the aggregate in an KN 13.40 13.60 14.10

independent movement mode
Power of the aggregate in an

8 . kW 25.46 33.75 43.71
independent movement mode

9 Power .for. mechanical losses in the KW 1931 26.70 34,80
transmission

10 Effective power kW 77.16 106.81 139.19

11 Engine load factor % 34.0 47.0 61.0

12 Working width m 9.0 9.0 9.0

13 Depth of tillage m 0.12 0.14 0.16
Specific resistance:

14 - per 1 meter working width kKN m"! 1.69 1.83 1.90

- per unit of the layer cross section kN m™ 11.08 13.07 11.88
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In contrast to the tensiometer method applied in this study, some authors use and research
an interesting method for determining the specific fuel consumption of a tractor by building
an artificial neural network model during the technological operation of deep tillage (Sager et
al., 2024). This method takes into consideration important parameters such as tractor power,
soil texture index, soil moisture, soil bulk density, etc. (Sager et al., 2024). However, it does
not study and provide information about the energy consumption balance in machine-tractor
aggregates for spring pre-sowing tillage.

The above-mentioned data, obtained from the tensiometer method used in our study, can
also be utilised when it is necessary to combine machines in aggregates for spring pre-sowing
tillage. With the proper selection of a power unit and a cultivator for performing this operation,
optimum towing and speed range, low engine load factor of the tractor and acceptable
wheelspin can be achieved.

CONCLUSION

Based on the conducted energy consumption studies and the obtained results, the
following conclusions can be drawn:

The chosen energy source in the newly assembled machine-tractor aggregate consisting
of a “John Deere 8R280” tractor and a cultivator for spring pre-sowing tillage “Lemken”,
model “Korund 8.900” is suitable due to its towing capacity and power capabilities. Its
maximum towing resistance, when preforming pre-sowing tillage on a ploughed field, reaches
up to 17.40 kN, with a nominal value of 50 kN for this tractor. In addition, its maximum power
consumption reaches up to 139.19 kW with an engine load factor of 61.01 %, when the
acceptable wheelspin is up to 12.50 % in the speed range from 1.9 to 3.1 m s\,

The “John Deere 8R280” tractor and the cultivator “Lemken®, model “Korund 8.900” are
properly combined in a machine-tractor aggregate in terms of energy consumption and this
aggregate ensures optimum towing and speed of operation when carrying out the
technological operation of spring pre-sowing tillage on the agricultural lands of the Republic
of Bulgaria, namely carbonate black soil (chernozem).

ACKNOWLEDGMENTS

This study is financed by the European Union-NextGenerationEU, through the National
Recovery and Resilience Plan of the Republic of Bulgaria, project Ne BG-RRP-2.013-0001-
Co1.

REFERENCES

Beloev, H., Dimitrov, P. (2019). Soil-protecting Technologies. Publishing Center at Ruse University
“A. Kanchev”, Ruse, 223, ISBN 978-954-712-757-9.

Vasilev, K. (2012). Technologies in agriculture. Academic Publishing House at the Centre for European
Integration and Culture of University of Agribusiness and Rural Development, Plovdiv, 286, ISBN
978-954-9498-64-6.

Dimitrov, P., Beloev, H. (2016). Technical and operational indicators of a system of machines for soil
protection agriculture. Publishing Center at Ruse University “A. Kanchev”, Ruse, 108, ISBN 978-
954-712-705-0.

58



Energy consumption studies of a machine-tractor aggregate for spring pre-sowing tillage

Dimitrov, P., Kangalov, P., Beloev, H., Stoyanov, K., Marinov, S. (2020). A study of the energy -
performance indicators of a machine - tractor aggregate for vertical mulching by importing organic
matter in the soil. 7th International Conference on Energy Efficiency and Agricultural Engineering
(EE&AE), 1-3, doi: 10.1109/EEAE49144.2020.9279075

Uniform Methodology for Conducting Tests. (1976). Energy indicators. Methods of measurement,
definition, and evaluation. The Bulgarian Institute for Standardization (BDS) -12949-75, Sofia, 20.

Sager, Al., Saleh, M., Saad, S., Almady, S., Marey, A., Saad, A., Hamed, Al., Aboukarima,. M. (2024).
"Prediction of Specific Fuel Consumption of a Tractor during the Tillage Process Using an Artificial
Neural Network Method" Agronomy 14, no. 3: 492. https://doi.org/10.3390/agronomy 14030492

Simeonov, D., Dimitrov, D., Tashev, A., Adam, J., Penkov, V., Jelyazkov, L., Dimitrov, P. (1986).
Energy-saturated tractors. Zemizdat, Sofia, 222.

Stoynev K. (1985). Effectiveness of Modern Tillage. Information, Agricultural Academy, Centre for
Scientific, Technical and Economic Information, Sofia, 79.

Stoynev, K. (2004). Ecological and technological aspects of modern agriculture. Ekoinovatsii EOOD,
Sofia, 52-76.

Todorov, F., Simeonov, B., Hristov, A., Stoynev, K., Rakov, K. (1982). Soil Tillage. Zemizdat, Sofia,
193.

59






ACTUAL
TASKS ON Expert paper
° AGRICULTURAL

ENGINEERING

THE ROLE OF MECHANIZATION IN INCREASING
EFFICIENCY IN PRE- AND POSTHARVEST MUSTARD
CULTIVATION

Ana MATIN', Ivan BRANDIC'", Jasmina RANILOVIC?, Tanja CVETKOVIC?, Ivana
TOMIC', Vanja JURISIC!, Bozidar MATIN?, Mateja GRUBOR*, Karlo SPELIC!

*E-mail of corresponding author: ibrandic@agr.hr

! Department of Sustainable Technologies and Renewable Energy Sources, University of Zagreb
Faculty of Agriculture, SvetoSimunska cesta 25, Zagreb, Croatia
2 Podravka Inc., Ante Staréevi¢a 32, 48000 Koprivnica
3 Institute for Materials Technology, University of Zagreb Faculty of Forestry and Wood Technology,
SvetoSimunska cesta 23, Zagreb, Croatia
‘Department of Mechanization and Autonomous Systems in Agriculture, University of Zagreb
Faculty of Agriculture, SvetoSimunska cesta 25, Zagreb, Croatia

ABSTRACT

Mustard is a widespread crop that is valued for its adaptability to different
agroclimatic conditions and its economic importance for oil production, animal
feed and culinary products. The growing demand for mustard and the need for
more efficient production have highlighted the importance of mechanizing the
entire cultivation process. This paper focuses on the role of mechanization in
mustard cultivation, with particular emphasis on post-harvest handling, while
also addressing sowing and harvesting processes. Techniques such as precision
farming, specialized mustard harvesters and optimized sowing methods are
examined for their potential to increase yields, reduce harvest losses and
increase overall efficiency. The study will also investigate post-harvest
methods, with a focus on mechanical drying and storage systems to maintain
seed quality. By integrating mechanized processes, mustard cultivation can
achieve higher resource efficiency, minimize manual labor and improve the
profitability and sustainability of the harvest.

Keywords: mustard, mechanization, preharvest handling, postharvest
handling
INTRODUCTION

Mustard is a very versatile crop grown in different regions of the world and is known for
its adaptability to different agroclimatic conditions and relatively high yields (Sharma et al.,
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2024). It thrives in temperate and subtropical climates and is mainly grown in countries such
as India, Canada, Russia and the United States. Mustard plants tolerate a range of soil types
and weather conditions, making it an important crop in various agricultural systems. Mustard
belongs to the Brassicaceae family, which also includes crops such as cabbage, broccoli and
rapeseed. Mustard seeds are produced for a variety of purposes. The oil extracted from the
seeds is rich in unsaturated fatty acids, especially omega-3 and omega-6 fatty acids, which are
important for human health. Mustard oil is also a staple in many culinary traditions,
particularly in South Asian and Mediterranean cuisine, where it is prized for its strong,
pungent flavor and high smoke point (Raghavan, 2006).

In addition, the mustard seeds are commonly ground to make mustard powder or mustard
paste, a popular condiment worldwide. The seeds also contain several bioactive compounds,
including glucosinolates, phenolic acids and flavonoids, which are thought to have
antioxidant, anti-inflammatory and potentially anti-cancer properties. These compounds
contribute to the health benefits of mustard, especially in traditional medicine (Grygier, 2023).

In addition to its culinary and nutritional uses, mustard is also an important forage crop,
providing a valuable source of protein and energy. The meal remaining after oil extraction
can be used as a protein-rich feed supplement for livestock and poultry.

In agriculture, mustard serves as an important rotation crop, often grown between other
crops to break pest cycles, improve soil fertility and reduce the risk of soil erosion. Its deep
root system can also help to break up compacted soil layers and improve soil structure (Shah
etal., 2021).

Overall, mustard is a valuable crop that offers numerous benefits, including high oil yields,
potential health benefits and environmental benefits, making it an important part of the agri-
food industry (Hagos et al., 2020).

Mechanization has been instrumental in optimizing mustard production, making it more
efficient and cost-effective, especially as the demand for higher yields and better seeds
continues to increase. As mustard is grown in many countries, mechanization has become an
integral part of the growing process, improving not only yield but also the overall quality of
the crop and reducing labor costs.

PREHARVEST PROCESSES

Although it is grown worldwide, the main producing countries are Canada, Nepal, the
USA, Russia, the Czech Republic, Romania, Slovakia, Germany, France and the United
Kingdom. Mustard is generally a cool season crop that is well adapted to short growing
seasons (Matin et al., 2024). According to Bharati et al., (2022) and Shekhawat et al., (2012),
it can also be grown in tropical and subtropical regions as a cold-hardy plant that can tolerate
annual precipitation between 500 and 4200 mm and temperatures between 6 and 27 °C.
Mustard can grow up to 150 cm tall, the young shoots are hairy, the stems are erect, the edges
can be serrated or whole, and it usually flowers from March to May and bears fruit from May
to June. The vegetation period is short, lasting around 30 days from sowing to harvest. The
optimum temperature range for mustard growth is between 12 °C and 25 °C, with the highest
yield being obtained at a temperature of about 20 °C, while higher temperatures have a
negative effect on the oil content (Jankowski et al., 2020).
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The authors Bala et al., (2011) conducted a study to determine the optimum sowing time
for mustard and analyzed the effects on seed and oil yield. Their results showed that the best
yields were obtained when sowing between November 4 and 15, while later sowing
significantly reduced yields due to unfavorable climatic conditions and a shortened growing
season. The authors also note that some varieties have better resistance to late sowing and
higher yields, while some varieties have a higher oil content. Uniform plant growth and
adequate plant density are key to a successful harvest, while later sowing increases production
costs due to additional investments in crop protection and irrigation. In addition, the use of
mechanized sowing techniques has revolutionized the way mustard is planted. Modern seed
drills and pneumatic planters allow for uniform seeding depth and planting density, which is
essential for maximizing yields. Adequate plant spacing and uniform growth are essential for
mustard crops, and machine seeding ensures this uniformity, which is difficult to achieve
manually. The introduction of minimum tillage and no-till has further improved productivity.
These methods help to conserve soil moisture, reduce erosion and promote root development,
especially in regions where water availability can be a problem.

There are several varieties, the most important of which are yellow or white mustard,
brown or oriental mustard and black mustard (Sharma et al., 2024).

Yellow or white mustard (Sinapis alba, syn. Brassica hirta Moench or Brassica alba) is
native to southern Europe but is now mainly grown in Australia, China, Chile, Denmark, Italy,
Japan, the United Kingdom, the Netherlands, North Africa, Canada and the USA (Farrell,
1985). It is an annual herbaceous plant that can grow up to 1.2 m tall. The plant produces
bristly, ribbed pods containing round, yellowish seeds that mature in 80—85 days.

Black or dark brown mustard (Brassica nigra), also known as true mustard, is an annual
herbaceous plant that can grow up to 3 m high. It forms small, light yellow, cross-shaped
flowers with four petals. The fruit is smooth, square and has a short beak, while the seeds are
about 2 mm or less in size, reddish-brown to black in color and ripen in 90-95 days.

One of the key elements is tillage and sowing technique. The optimal timing of mustard
harvest is crucial for achieving maximum yields and oil quality. Although harvesting at full
maturity gives a slightly higher oil yield, a longer harvest can lead to losses due to cracking
and difficult mechanization (Talukder et al., 2020).

Minimum and no-till have been shown to be particularly suitable for maintaining soil
moisture and thus creating better conditions for root growth and higher yields. Importantly,
no-till concentrates nutrients in the top soil layer, which facilitates mechanical seeding and
reduces the need for further tillage (Shekhawat et al., 2012). The authors note that seeding on
raised beds allows for better water flow and increases yields, especially in high salinity
conditions. On the other hand, by optimizing the harvest by timing the harvest so that the
seeds fall optimally, losses during the process can be reduced.

The introduction of special mustard harvesters further improves efficiency and reduces
seed damage. The application of integrated nutrient management systems significantly
increases the efficiency of resource use, reduces nutrient losses and ensures consistent yields,
which facilitates the mechanization of the harvesting process. In addition, precision farming
methods such as adjusting nutrient levels and improving soil structure create optimal
conditions for the use of mechanical machinery during harvest, reducing the risk of crop
damage and increasing overall productivity.
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Integrated nutrient management systems have been introduced to further improve the
mechanization process. These systems help to optimize the use of fertilizers, water and other
resources, reduce nutrient losses and ensure that the soil remains fertile and suitable for
growing high-yielding mustard. Precision farming, including adjusting nutrient levels based
on soil tests, helps increase soil fertility and crop yields. These practices ensure that crops
grow in optimal conditions, further improving the efficiency of mechanical harvesting through
uniform growth and reduced crop damage.

Proper application of potassium and sulfur during mustard cultivation not only
significantly improves post-harvest soil quality, but also ensures stable conditions for the
efficiency of mechanical harvesting methods and maintenance of productivity (Gajghane et
al., 2015).

Harvesting itself is a key process in mustard production, as proper execution ensures that
seed quality is maintained, and losses are reduced. Mustard is harvested when the majority of
the pods (80-90 %) have turned golden yellow or brown. The seeds in the pods should be firm
and fully ripe. The optimum humidity for harvesting is between 20 and 30 %, which prevents
the pods from bursting and the seeds from being lost. In Europe, mustard seeds are always
harvested by direct mixing or swathing, with the moisture content of the seeds being between
12 and 13% (Baifiuelos et al., 2013).

Mechanized harvesting with combine harvesters has made this process much more
efficient. However, the setting of the combine harvester is crucial in reducing seed damage.
The speed of the drum and blower must be carefully calibrated to avoid breaking smaller seeds
and causing excessive seed loss. The harvester uses fine sieves to retain even the smallest
seeds, which is important as mustard seeds are relatively small and can easily be lost if not
handled properly.

Harvesting can be done using direct or indirect methods. Direct harvesting with a combine
harvester is faster but carries a higher risk of seed loss due to the pods bursting open. Indirect
methods, such as row cutting, are slower but result in lower losses. With row cutting, the grain
is cut and dried in the field before the seed is harvested from the swath with a combine
harvester. This process allows the seed to dry evenly, reduces damage to the seed and reduces
the risk of the pods bursting prematurely. Immediately after harvesting, the seed is transported
to a drying or storage location.

By reducing the amount of manual work involved in sowing, irrigation and harvesting,
mechanization helps to reduce production costs. In addition, better resource management,
such as optimized irrigation systems and nutrient management, further improves overall
productivity. Mechanization also contributes to more consistent yields, allowing farmers to
predict crop yields more accurately. This predictability helps to meet market demand and
ensure food security.

POSTHARVEST PROCESSES

Mechanization plays an important role in the drying and storage of mustard seeds, as it
increases efficiency and ensures the preservation of quality and nutritional value. After
harvest, mustard seeds often have a high moisture content, which can make direct storage
problematic, as excess moisture can lead to mold growth, spoilage and loss of quality.
Therefore, drying is a crucial step before storing mustard seeds for long periods of time. This
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process can be achieved through various mechanical and thermal methods, each tailored to
optimize the efficiency and preservation of the seeds.

Drying is widely used in the food industry to remove moisture from cereals, vegetables
and fruit (Matin et al., 2023). Drying mustard seeds is essential to reduce their moisture
content to a safe level (below 8%) so that they do not spoil during storage. The two main
methods for drying mustard seeds are conduction drying and convection drying.

Conduction drying is the drying of raw materials by direct contact with a heat exchanger,
e.g. a heated surface or drum, through which the temperature is transferred to the raw
materials. This method is well suited for drying small quantities of seed and is particularly
useful when a fast, localized drying method is required. Conduction drying is often used on
smaller farms where precise temperature control is required.

Convection drying is the most common method for drying large quantities of mustard
seeds. In convection drying, heated air is blown over or through the seeds, causing the
moisture to evaporate. As the air flows over the seeds, it absorbs moisture, which is then
transported away. This method is more efficient when drying larger quantities of mustard
seeds and is therefore the preferred option for commercial and industrial operations.
Convection dryers, such as batch dryers or continuous dryers, can handle large quantities of
material and can be adjusted to achieve uniform results (Kannan and Kramer, 1994).

Both methods require careful temperature control to maintain the nutritional quality of the
seeds and avoid damage. Research has shown that the temperature range for drying mustard
seeds should be between 50 and 75 °C (Van Eylen et al., 2006). Higher temperatures can
affect the nutrient content of the seeds, so it is important to use the lowest possible temperature
that still ensures effective moisture removal. Thermal drying systems, whether conductive or
convective, are optimized to maintain this temperature range while achieving the moisture
reduction required for safe storage.

After drying, the mustard seeds must be stored for longer or shorter periods, depending on
how they are processed. For longer storage, particular attention should be paid to the
microclimatic conditions in the warehouse. The storage temperature influences the post-
harvest quality and the behavior of the fresh product (Matin et al., 2022; Matin et al., 2024).
The optimal storage temperature depends mainly on the type of product and is important for
maintaining freshness, nutritional quality and consumer acceptance. Mustard seeds can be
stored for a long time if their moisture content is below 8 % and the storage temperature is
less than 25 °C (Dayarathna et al., 2023; Xiao et al., 2016). Lowering the storage temperature
by 10 °C can slow down the metabolic activity of enzymes (Trierweiler and Weinert, 2019),
which means that storage at low temperatures reduces quality loss and extends shelf life by
reducing the respiration rate, tissue aging and the activity of microorganisms that can cause
product spoilage. However, excessively low temperatures can cause chilling damage to and
within produce during post-harvest or post-harvest storage (Rai et al., 2020).

The ideal temperature for mustard seed storage is below 25 °C, as higher temperatures can
accelerate seed decay. Storage at a lower temperature, especially at 10-15 °C, has been shown
to slow down metabolic processes, reduce the respiration rate of seeds and minimize microbial
activity (Sun et al., 2020). Maintaining a cooler environment extends the shelf life of the seed
and preserves its quality for longer.

In addition to temperature, controlling the relative humidity in the storage rooms is also
crucial. Mustard seeds should be stored in environments where humidity is kept low to prevent
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the reabsorption of moisture. Excess moisture can lead to mold growth, which spoils the seed
and makes it unsuitable for further use or processing (Ashworth, 2002).

The integration of mechanical systems into storage facilities has made it easier to monitor
and control microclimatic conditions in warehouses. Automated storage systems equipped
with sensors and climate control technology allow for continuous monitoring of temperature
and humidity in real time. These systems can adjust the environment within the warehouse to
maintain the ideal conditions for the preservation of mustard seed.

In addition, ventilation systems and air circulation within the storage units are crucial to
ensure that air flows evenly and moisture does not accumulate. Mechanized systems such as
air conditioning and humidifiers (or dehumidifiers) work together to stabilize the storage
environment and create optimal conditions.

Although lower temperatures can effectively slow down the metabolic processes of the
seeds, storing mustard seeds at very low temperatures also poses problems. Exposing seeds
to low temperatures can cause chilling damage, which damages the internal structure of the
seed. This can reduce the germination rate, and the seeds may not thrive when sown in the
next planting season.

As Turner et al., (2020) found, excessively low temperatures can damage both the seeds
and the tissue inside them. Therefore, while cold storage is beneficial for maintaining seed
quality, it is important to maintain an optimal temperature range to avoid cold damage. This
highlights the importance of temperature regulation and the role of mechanized cooling
systems in ensuring that mustard seeds are stored at safe, effective temperatures.

The mechanization of mustard drying and storage is a crucial aspect of modern agriculture,
ensuring that harvested seeds are processed and stored effectively. By using mechanical
drying systems such as conduction and convection dryers and implementing temperature and
humidity control systems in storage facilities, farmers can significantly extend the shelf life
of mustard seeds and maintain their quality over a longer period of time. Proper post-harvest
handling using mechanical equipment such as grain separators and seed cleaners ensures that
mustard seeds meet high-quality standards, contributing to both higher yields and better
product consistency on the market. As technology continues to develop, the mechanization of
mustard processing and storage is likely to play an even greater role in improving agricultural
productivity and sustainability.

CONCLUSION

The mechanization of mustard cultivation plays a decisive role in improving productivity
and reducing labor-intensive processes. Automated sowing techniques, precision cultivation
methods and the use of specialized mustard harvesting machinery are essential to maximize
yield and minimize losses during the cultivation and harvesting stages. Mechanized post-
harvest processes, including drying and storage, further increase efficiency by ensuring
consistent seed quality and extending shelf life. By taking advantage of technological
advances in mechanization, mustard farmers can reduce operating costs, improve crop
management and ensure better resource utilization, ultimately leading to greater profitability
and sustainability in mustard production. As mechanization continues to evolve, its
integration into mustard production will continue to be critical to meet the growing global
demand for this versatile crop.
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By reducing the amount of manual labor involved in sowing, irrigation and harvesting,
mechanization helps to lower production costs. In addition, better resource management, such
as optimized irrigation systems and nutrient management, further improves overall
productivity. Mechanization also contributes to more consistent yields and allows farmers to
predict crop yields more accurately. This predictability helps to meet market demand and
ensure food security.
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ABSTRACT

The paper details the design of an innovative device for the transportation
and operation of medium and large reversible ploughs, with an emphasis on its
adaptability to various models of agricultural ploughs, which are still the main
implements used in soil tillage. The device allows easy adjustment of the
working depth, full turning of the tractor during transportation and reversing
of the ploughs without mechanical shocks. It is also designed to fit within the
working width of the plough, ensuring safe and efficient operation.

The design began in response to the challenges posed by the heavy weight of
ploughs on rough farm roads, where unevenness caused sway, material fatigue
and, in some cases, breakage of the tractor's side tie-arm arms. In the absence
of a semi-weight-bearing system, the entire weight of the ploughs was carried
by the tractor, leading to premature wear. The designed device distributes the
weight evenly and prevents damage to both the plough and the tractor.

The 3D design steps, realized in Catia V5, were followed by static
simulations in Fusion360, which validated the strength of the device under real
working conditions. Finally, an efficient method for the physical realization of
the device is proposed to improve the transportation and adjustment of medium
and large size reversible ploughs. This solution demonstrates viability and
practical implementability, bringing significant improvements in the use of
agricultural ploughs.

Keywords: ploughs, FEA, static simulation, soil tillage
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INTRODUCTION

Agriculture plays a key role in the global economy, facing challenges such as food
security, population growth and climate change. These put pressure on natural resources and
the environment. Continuous innovation and precision farming, using modern machinery and
advanced techniques, are key solutions to these problems (Bulgakov et al., 2022). The main
reason for this work is related to medium and large reversible agricultural ploughs with 4-7
tines. These machines are long, robust and heavy, due to the space required between the
working parts for tillage and the solid components exposed to high loads and wear (Sun et al.,
2023). Their weight is carried by the tractor's drawbars over short distances, but over long
distances a significant part of it is taken by a transport wheel (Zhu et al., 2016). Due to the
length of the plough, the center of gravity shifts considerably behind the tractor's axle, causing
vibration and rocking on uneven ground or even flat surfaces, especially during acceleration
and braking (Bulgakov et al., 2022). This can become dangerous in many situations and in
others it can even lead to shocks that can break/destroy tractor hitch components or cracks in
the reversing bolt of the plough that over time will lead to the plough breaking.

The correct choice of the right plough can significantly influence the efficiency, quality
and productivity of agricultural operations, which is why companies producing this type of
machinery are in constant competition to invent, technologize and achieve the highest possible
performance of these machines (Singh, 2017; Lee and Nam, 2019;).

Thus, a number of problems were identified, concerning the way of working and
transportation over longer distances, in a wide range of ploughs from different manufacturers
(Beket et al., 2020; Singh, 2017) turning angle in the transport position was limited, the model
H_475E, manufacturer Huard, was found to be out of the working width of the plough, the
reversing of the wheels was done with a shock, the working depth was rather difficult to
adjust, (Anzhe et al., 2024) Rover 50, Gregoire Besson and Juwel 6, Lemken, not within the
working width of the plough, hydraulic reversing necessary, Master 153, Kuhn, use of an
additional wheel for transporting the machine, the working depth adjustment dimensions are
much more limited, XS 950, Amazone, not within the working width of the plough, limited
turning angle in transport position. (Yin et al., 2018; Balwani et al., 2016).

All this shows the need for an innovative device to take the weight of the plough during
long-distance transport to prevent distortion of the machine and the tractor, and to make
tractor acceleration and braking more efficient, especially on public roads. This system must
also serve the purpose of allowing the device to be used during operation without
compromising the stability and optimum operation of the tractor.

MATERIALS AND METHODS

To create the most efficient and practical device, we have set out some essential
requirements that it must fulfill. First, the working depth must be easily adjustable. At the
same time, the device must allow the plough to be transported both in the tractor's tie rods
and, on the wheel, used for adjusting the depth. It is also important that, in the transport
position, the tractor can turn at full capacity. The dimensions of the device must be compatible
with the working width of the plough and the reversing process must be carried out without
shocks in the system. Finally, the device shall be easily adaptable for a variety of plough
designs.
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This device has been designed for the Huard H 475 E plough with a number of 5+1 tines,
reversible plough with a total mass of 1600 kg, beam height from the ground of 800 mm and
beam profile of 140x140 mm, and the angle of positioning of the beams in relation to the
central body can vary between 28 degrees when the plough is set to the minimum working
width and 46 degrees when the plough is set to the maximum working width.

Design of the device

For the design of the device, we devised a clamping system for the plough beam so that it
is easily adaptable to different plough models. We developed a reversing mechanism that
operates without shocks, ensuring a direct correlation between the reversing speed of the
wheel and the plough. We also designed a quick-acting system that allows easy switching
between transport and working position. We also sized the wheel support fork, which is an
integral part of the device's adjustment system and calculated the dimensions of the holes and
bolts required for assembly. The software used to design this device was CATIA V5 (Strietzel,
2015). The device for supporting the plough during transportation as well as for working
under load consists of several sub-assemblies and essential components, as can be seen in
figure 1.a), b), c), d). It includes the elements of the figure 1 a) device, the working depth
adjusting anchor illustrated in figure 1 b), the transport wheel assembly shown in figure 1 c),
and the locking and unlocking system between the working and transport position, which is
illustrated in figure 1 d). All fastenings shall have hardness class 10.9 to withstand the stresses
to which the transportation and working device is subjected.

- left mounting plate
- right mouting plate
-arm

- bolt

- reverse coupling

- reverse bolt

- wheel fork

NGOG w@N =

~ 1 3 1 - right threaded arm
a) 4 2 2. left threaded arm
| 3 - threaded rod
4 - knw lock
A b)
1 - wheel hub S
2 - wheel rim 1 - locking bolt
3- tire wheel %:gr’;ﬁzgk lever
4 - hub cover 4 - spring wedge
5 - bearings 30208 ®—s 5 - nut
8- radial shaft seals 1y g Sow
7 - hexagonal screw M22x60 B
8- se\r-lgcking nut M22 h_.— 6

Figure 1. Components of the device: 1a) elements; 1b) anchor; 1¢) transport wheel
assembly; 1d) the locking and unlocking system;
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In figure 1 c), it can be seen that there is no friction between the parts of the wheel
assembly, more precisely between the hub and the hub caps, due to the fact that the axial
stresses caused by the tightening of the wheel fixing bolt are taken up by the radial-axial
bearings and that there is a space of about 2 mm between the hub and the caps, especially
designed for this purpose. To prevent dust and impurities from entering the bearings, an oil
seal was fitted on each side of the wheel hub.

Figure 2a) shows an isometric view of the complete assembly in the transport position
unattached to the plough and Figure 2b) an isometric view of the complete assembly in the
transport position attached to the 5+1-row plough.

The bar supporting the plough on the tractor's side drawbars shall be at 1050 mm from the
ground, which is 95 % of the lifting height of the tractor's drawbars. The plough is positioned
at three points, namely on the wheel and on the two ends of the bar, where the tractor's side
tie rods are arranged.

Figure 2. Isometric view of the complete assembly in transport position:
a) not attached to the plough; b) attached to the plough

Figure 3a) shows the isometric view of the device assembly arranged in the working
position unattached to the plough and Figure 3b) shows the isometric view of the device
assembly in the working position attached to the plough. The wheel acts as a level sensor
which determines the working depth of the plough. It shows the fit of the device within the
working width of the plough, noting that the wheel fits within the working space of the plough
body.

Figure 3. Isometric view of the complete assembly in working position: a) not attached to
the plough; b) attached to the plough
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Finite element analysis of the device

The objectives of static simulations include the determination of the stress distribution in
the modeled structure to identify critical points where stresses could exceed the material
limits. It also aims to evaluate the deformations of the structure when subjected to loads to
verify that they remain within acceptable limits. In addition, the simulations are intended to
calculate the factor of safety, ensuring that the structure can withstand the applied loads
without the risk of failure. The software used to simulate this device was Fusion 360 (Okereke
and Keates, 2018; Vladut et al., 2018; Ochsner and Altenbach, 2023).

For the static test, a discretization was used with dimensions of 2% of the configuration
of the parts in simple triangular geometries, this resulted 132864 nodes and 78346 elements
for the device in the transport position Figure 4a); and the discretization for the working
position of the device resulted 137192 nodes and 80976 elements Figure 4b). In the analysis
only sliding contacts were used for both the transport and working position of the device, to
see the maximum load reaction on each part.

For the transportation position, pin-type constraints were used with radial and axial
locking in the two holes of the forks where the wheel axle is fixed, and fixed-type activated
on the x and y axes and free on the z axis, to allow vertical movement of the device. The load
used was a force-type load with a magnitude of 16000 N representing the full mass of the
plough, arranged in the 10 holes of the plates fixing the device to the plough beam and
arranged on the z-axis, Figure 4a). This figure shows the discretization, the forces and
constraints imposed on the device in the transport position, as well as its positioning with
respect to the symmetrical axes which are distinguished by color as follows: blue z-axis, green
y-axis and red x-axis.

a) b)

Figure 4. The discretization, forces and constraints on the device: a) in the transport
position; b) in the working position

For the working position, pin-type constraints were used, with radial and axial locking in
the two fork holes where the wheel axle is fixed, and fixed-type activated on the x and z axes
this time and free on the y axis due to the change of the position of the fixing plates with
regard to the axes of the coordinate system, to allow vertical displacement with respect to the
ground. The same load has been placed on the surfaces of the mounting plates where the
plough beam is in contact with them, to simulate the force acting on the device given by the
full weight of the plough. Figure 4b) shows the discretization, the forces and constraints
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imposed on the device in the working position, and its positioning with respect to the
symmetrical axes which are distinguished by color as follows: blue z-axis, green y-axis and
red x-axis. In the two static simulations, C45 (OLC 45) steel was used for the device parts.
34CrNiMo6 steel was used for the screw and bolts and their properties are shown in Table 1.

Table 1. Materials used and their properties in static simulations

Young's Poisson Ultimate Tensile
Component Material module coefficient strenght strength
(E) )] (CD) (or)
Device Steel
207,00 GPa 0,33 516,00 MPa 751,00 MPa
components (C45)
Serew and Steel 207,00 GPa 0.33 1102,00 MPa  1171,00 MPa
bolts 34CrNiMo6 ’ ’ ’ ’
RESULTS AND DISCUSSION

The test results indicate that both the assembly and the chosen screws successfully resisted
the loads to which it is exposed, the maximum loads on the device occur on the screws at the
ends of the working depth adjustment anchor, as was also intended.

The following figures show the results obtained from the simulations for the device in the
transportation position and in the loaded working position. In the first test, an area was
detected that had a much too low safety factor that could lead to deformation or even cracking
over time or aftershocks. The safety factor in Fusion 360 is to validate the strength of the part
or assembly is required to be a minimum of 3, Figure 5.

The minimum safety factor in the working depth adjustment anchor bolt is also shown.
Figure 6 shows the area where the safety factor is minimum and which in this case validates
the strength of the structure by increasing the weld section. Figure 7 shows stress distribution
after running the finite element analysis program. It can be seen that the maximum stress is in
the bolt area of the rolling wheel attachment fork. Figure 8 shows the distribution of
displacements. The maximum deformation is &,,,, = 1,852 mm and occurs on the plates
gripping the plough beam. The deformations of the device with respect to the initial unstressed
position (in the drawing it is represented by marking its contour) are very small after applying
the stresses.

The above analyzed case is realized for the transportation situation of the device. Figure 9
shows the point where the pressure is maximum for the whole assembly. Figure 10 shows the
maximum stress (maximum pressure) occurring on the bolt designed to fail in the event of an
unforeseen (extremely large and rapid) shock.

Figure 11 shows the maximum force exerted on the bolt in static mode. The maximum
force has the value F,,,, = 8519,363 N c that also occurs on the bolt designed to fail first.
Figure 12 shows the values of the safety factor in case of deformation of the assembly in the
working position. The working position stresses on the device are shown in Figure 13.
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Transportation position
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Figure 5. Insufficient safety factor Figure 6. Area where the safety factor is
minimal but valid
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Figure 7. Device stress distribution Figure 8. Maximum and minimum
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Figure 9. Maximum device pressure Figure 10. Maximum bolt pressure
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Figure 11. Contact point with maximum force

Working position

Figure 12. Safety factor in working Figure 13. Device stress distribution
position

Figure 14. Maximum and minimum Figure 15. Device contact pressure
deformation of the device
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Figure 16. Device maximum force

It can be seen from the stress analysis that the maximum value of the stress does not exceed
the material yield strength:

Omax = 240,48 MPa < 0, = 516 MPa (1)

Figure 14 shows the deformations (minimum and maximum) occurring in the device in
the working position. Very small deformations (2.25 mm) can be observed, which give us
confidence that the device provides sufficient resistance against the loads to which it is
subjected.

The image shows the displacement of the device with an exaggeration of 25 times the
actual deformation of the device with comparison to its initial position (marked by the gray
outline of the device), in order to observe the deformation mode.

Figure 15 shows the contact pressure occurring in the most stressed screw of the device.
The maximum value of the contact pressure is 0y, = 204,82 MPa on the screw, which
indicates that it is the most stressed part in the device, being the first part susceptible to failure.
Figure 16 gives the maximum force occurring in the device in the working position. It can be
seen that the maximum force is F,,,, = 8906,238 N, acts on the lower and upper clamping
plates of the plough beam.

Knowing the maximum force acting on the plough clamp, analytical checks can be made
on the lower and upper plates. The dangerous section of the plate has dimensions of 20x240
mm?2.

The cross-sectional area of the plate is calculated with the relation:
A=t-1 (2)

where:
t - is the plate thickness, [ - is the plate width.

The maximum stress accumulated in the plate will be:

o= F_F _ 8906237
A tl 20240

= 1,86 MPa 3)
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It can be observed that very little stress is obtained acting on the plates in the most stressed
position (working under load position).

This result confirms that the maximum stress in the device occurs on the bolts of the
working depth adjusting tie-rod, parts that are easy to change having also the lowest material
and labor costs.

CONCLUSIONS

The conclusions that can be drawn from the analyzed material highlight that the design of
the device for the Huard H 475 E plough aimed at meeting essential criteria such as ease of
working depth adjustment, adaptability to various plough models and a shock-free reversing
mechanism. Through tests and simulations, it was confirmed that the device provides adequate
performance in both transport and working positions and that critical elements such as bolts
and fastening plates provide sufficient resistance to the applied loads. The finite element
analysis revealed that the stresses and deformations of the structure remain within acceptable
limits, validating the reliability of the device in use. The greatest stress occurs on the working
depth adjusting tie bolts, but these are easily replaceable and relatively inexpensive
components.
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ABSTRACT

The paper presents the results of sowing the hybrid rapeseed KWS Granos
at the Tenja experimental field (N 45°29°55.0032"" E 18°48°16.9092 ") of the
Faculty of Agrobiotechnical Sciences in Osijek. The sowing of rapeseed using
twin row technology was carried out in 20 different plant densities per hectare.
The paired rows were sown at an interval of 22 cm, and the central distance
between adjacent paired rows was 70 cm. The smallest established density at
harvest time was 185 121 plants per hectare, and the largest was 686 520 plants
per hectare. The highest grain yield was recorded at a plant density of 296 875
per hectare, amounting to 5993 kg per hectare. A high grain yield of 5 982 kg
per hectare was also recorded at a density of 289 876 plants per hectare.
Similarly, the group of densities from 185 121 to 275 389 plants per hectare
achieved yields over 5 300 kg of grain per hectare. The lowest recorded yield
in the experiment was at a density of 686 520 plants per hectare, or 68.6 plants
per square meter, amounting to 4 861 kg per hectare with a grain moisture
content of 8.9 %. The highest oil content in dry matter of 50.58 % was found in
plant densities ranging from 52.3 to 68.6 plants per square meter. The lowest
oil content in dry matter of 47.72 % was recorded in the highest yielding plant
densities, ranging from 27.9 to 32.7 plants per square meter. The highest
hectoliter weight was found in the group of plant densities per hectare ranging
from 235 897 to 250 521 and amounted to 66.36 kg. In standard sowing with a
row spacing of 70 cm and a density of 461 234 plants per hectare, the highest
grain yield of the KWS Granos hybrid was achieved at 5 469 kg per hectare.
The lowest grain yield in sowing with a row spacing of 70 cm was achieved at
a density of 42.6 plants per square meter.

Key words: rapeseed, twin row, KWS Granos, yield, plant density
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INTRODUCTION

Rapeseed, (Brassica napus var. napus), is a winter or spring annual oil crop in the Brassica
family. It is also known as rape and oilseed rape. Rapeseed is related to mustard, cabbage,
broccoli, cauliflower and turnip. Rapeseed plants grow from three to five feet tall and have
yellow flowers with four petals. It has a deep taproot and a fibrous, near-surface root system
AgMRC (2022). At the global production level, oilseeds are the fourth most essential food
products, behind cereals, vegetables, and fruits, occupying 213 million hectares (ha) of arable
land, according to the OECD-FAOQ report (2022). Rapeseed (Brassica napus) is the third most
important oilseed in the world. Rapeseed is primarily grown for oil, but it is also used in the
food and manufacturing industries. Rapeseed is an annual plant and thrives very well in
relatively wetter and cooler climatic areas. However, it should be noted that oilseed rape does
not tolerate very water-saturated soil, and the crop quickly deteriorates under such conditions.
Newer rapeseed cultivars, due to their high yields and oil content of over 45%, are suitable as
raw materials for biodiesel production, according to Tanner (2023). From the grain produced
per hectare, up to two tons of oil can be obtained, making it the highest-yielding oilseed crop.
Additionally, the resulting biodiesel has a low gel point, which is the temperature at which
diesel will no longer flow through fuel lines (Rapier, 2008). Villanueva-Mejia (2017) states
that due to population growth, dietary diversity, and the need for bio-products, the production
and demand for oilseeds have been continuously increasing over the years. The production of
rapeseed worldwide increased by about 3.3 times between 1994 and 2018, while the arable
land area almost doubled, according to Iriarte (2010).

In 2022, Europe had rapeseed production on 10 168 328 hectares with a total production
of 29 688 677.05 tons, representing 34 % of the world’s production (87 221 220.62 tons). The
largest European producers of rapeseed in 2022 were Germany with 4 294 900 tons, France
with 4 516 540 tons, and Poland with 3 487 070 tons. These three countries alone produced
41.42 % of Europe’s rapeseed production (FAOStat, 2024). Rapeseed provides good soil
cover during winter and prevents soil erosion, produces large amounts of biomass, inhibits
and reduces weed growth, and contributes to easier soil cultivation with its root system,
according to AgMRC (2022). Rapeseed could achieve similar seed yields over a wide range
of plant densities per square meter, as noted by Roques et al. (2016) and Seepaul et al. (2016),
offering the possibility to reduce the seeding rate per hectare. However, although rapeseed
can adapt well to climate change, agroecological and weather conditions can significantly
affect its productivity, like to other crops. Climate change impacts global agricultural
production in various ways, including differences in annual rainfall, average temperature, CO;
emissions, etc., as stated in the EEA reports (2019) and EEA (2020). To meet the projections
of the Food and Agriculture Organization (FAO) for food, fuel, and industrial demand, global
vegetable oil production is expected to double by 2050, according to the FAO report (2017).

MATERIALS AND METHODS

Rapeseed production in the Republic of Croatia

In 2020, rapeseed was sown on 41 661 hectares according to data from the Croatian Bureau
of Statistics (CBS). In 2020, an average yield of 2.9 t ha'! was achieved across Croatia, with
a total production of 119 667 tons. In 2021, the harvested area was 30 261 hectares, which is
27.36 % less compared to the previous year’s production. That year, an average grain yield of
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2.4 tha! was achieved. The total grain production amounted to 73 423 tons. The main reasons
for the decreased interest of producers in sowing rapeseed are primarily the ban on the use of
certain insecticides and the appearance of larger pest populations, the occurrence of low
temperatures during March and the beginning of flowering, which leads to significant plant
damage and reduced grain yield, and very dry soil during the preparation and sowing of
rapeseed. The reduction in sown areas from 7 861 ha continued in 2022 (22 400 ha), with an
average yield of 2.6 t and a total national production of only 58 070 t of grain. The lowest
recorded production of rapeseed was achieved in 2023, with only 15 210 ha, resulting in an
average yield of 2.8 t ha'! and a total production in Croatia of 43 049 t of grain.

Table 1. Spacing of plants in a row (cm) with different methods of sowing oilseed rape

. Row spacing  Row spacing  Row spacing Twin.row
Sowing methods sowing
(70 cm) (50 cm) (25 cm) (22x48 cm)
Rows per hectare 142 199 399 284
Plant density (ha™) Spacing of plants within a row (cm)
200 000 7.10 9.95 19.95 14.20
300 000 4.73 6.63 13.30 9.47
400 000 3.55 4.98 9.98 7.10
500 000 2.84 3.98 7.98 5.68
600 000 2.37 3.32 6.65 4.73
700 000 2.03 2.84 5.70 4.06

Climatic conditions of rapeseed production at the experimental site Klisa

For optimal growth and development, rapeseed, like other plants, benefits from a few
meteorological factors, especially soil moisture and temperature. Table 2 shows the average
monthly air temperatures and total monthly precipitation (mm) for the 2022 and 2023 growing
seasons. The values were measured at the main meteorological station Osijek - airport, which
is closest to the faculty’s experimental field and the trial location.

In September 2022, during the sowing period (September 23rd), the average monthly
temperature was 17° C, which is 1.0° C lower than the long-term average. The trend of slightly
higher average monthly temperatures continued through October, November, December, and
January. In October, the average monthly temperature was 13.6° C, which is 1.3° C higher
than the average of 12.3° C. The average monthly temperature in November differs very little
from the long-term average. In December, a higher average monthly temperature of +1.7 °C
was recorded. During January 2023, the average monthly temperature was 4.7° C, which is
+3.5° C higher than the long-term average. After 4 months of plant growth and development
at slightly higher average monthly temperatures, a decrease in the average monthly
temperature of -0.6° C was recorded in February compared to the long-term average. In
March, a higher average monthly temperature of +1.0° C was recorded again compared to the
long-term average.
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Table 2. Mean air temperature (°C) and total monthly precipitation (mm) - meteorological
station Osijek — airport (45°28'4"N 18°48'23"E)

Air temperature (°C) Precipitation (mm)
Month / Year
2022./2023. 2014.-2021.  2022./2023.  2014.-2021.
IX./2022. 17.00 18.00 122.30 54.60
X./2022. 13.60 12.30 12.00 59.00
XI. /2022. 7.90 7.50 78.00 43.70
XII. / 2022. 4.70 3.00 59.80 39.70
I./2023. 4.70 1.20 65.30 49.70
II. / 2023. 3.80 4.40 53.50 51.10
I11. / 2023. 8.80 7.80 27.90 45.70
IV./2023. 10.90 13.00 76.00 44.50
V./2023. 17.30 17.10 99.20 83.40
VI. /2023. 21.30 22.10 51.80 76.50
Total precipitation (IX-VI) ) 645.80 547 90
(mm)
Mean air temperature 11.00 10.64 ) )

(IX-VI) (°C)

Source: DHMZ (State Hydrometeorological Institute 2024.)
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Graph 1. Climate diagrams according to Walther method for period 2022/2023 (left) and
2014/2021(right) - meteorological station Osijek — airport (45°28'4"N 18°48'23"E)

During the month of April, the average daily temperatures were somewhat lower, leading
to a decrease in the average monthly temperature by -2.1° C compared to the long-term
average. The average monthly temperature in April was 10.9° C. In May, the average monthly
temperature was negligibly higher than the long-term average by +0.2° C. In the last month
of the 2023 rapeseed growing season, a slightly lower average monthly temperature of -0.8°
C was observed, which positively affected the grain filling and overall ripening process of the
rapeseed. The start of rapeseed sowing was influenced by the amount of precipitation, which
amounted to 90.2 mm from September 1st to 23rd. The sowing of rapeseed was delayed
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beyond the optimal dates, and by the end of the month, an additional 32.1 mm of precipitation
was recorded. The total monthly precipitation in September 2022 was 122.3 mm, which is
67.7 mm above the long-term average. The total precipitation from October to December was
149.8 mm, which is slightly above the long-term average. Additionally, the total recorded
precipitation from January to June was 373.7 mm, while the long-term average for that period
was 350.9 mm. During the 2022/2023 growing season for rapeseed production, a total of
645.80 mm of precipitation was recorded, which is 97.9 mm above the long-term average. In
the same period, the average temperature of the total average monthly temperatures was
higher by +0.36° C.

Sowing experimental field Tenja

To achieve the highest grain yield, oilseed rape should develop 8 to 12 true leaves, with a
stem axis thickness of up to 2 cm, a branched root with a terminal diameter of 6 to 8 mm, and
a length of over 20 cm before the onset of lower temperatures during December/January. In
the region of Eastern Croatia, sowing oilseed rape in the first decade of September provides a
sufficient period for the necessary development of plants before the appearance of low
temperatures. In recent years, with the appearance of higher temperatures, sowing can be
postponed until the end of the second decade of September. The most favorable sowing time
also depends on soil conditions (soil moisture) in specific areas. Earlier sowing dates favor
better and stronger plant development, increasing the possibility of greater frost damage, but
also significantly greater insect damage. On the other hand, sowing at the end of September
can affect the weaker development of plants that may be damaged by low temperatures.
Rapeseed was sown on September 23, 2022, in a fine crumbly soil structure on a hard and
moist bed at a depth of 2 to 3 cm at the experimental field of the Faculty of Agrobiotechnical
Sciences Osijek — ‘Tenja’(N 45°29'55.0032" E 18°48'16.9092") located near the city of
Osijek. For sowing in twin rows, the MaterMacc Twin Row-2 seeder was used with a twin
row spacing of 22 cm. The seeder’s settings for the intended sowing are shown in Table 2.

Table 3. Technical factors during measurements

Plant density (ha™)
729,284 596,687 507,184 397,791 298,343 227,309
72 72 72 72 60 48

Hole numbers of
seed plate (n)

Drive wheel to seed

L 0.5884 0.4814 0.4092 0.3209 0.2888 0.2751
plate ratio (7)

Rotational speed
(ms™)
Spacing of plants
within a row (cm)

0.249 0.204 0.173 0.136 0.102 0.078

3,894 4.760 5.600 7.139 9.519 12.494

Seed releasing

1 17.913 14.654 12.456 9.771 6.106 3.722
frequency (s)

Dynamic drive wheel radius Da=52.52 cm, Seed plate diameter=0.1979 m and hole o 2. mm ; working
speed 1.11m s/
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With the MaterMacc Twin Row-2 seeder, using a PTO speed of 540 rpm, a vacuum of
47.13 mbar was achieved. For standard row sowing, with a row spacing of 70 cm, the Kuhn
mono-grain seed drill Maxima 3 was used. Sowing with the Maxima 3 seeder was carried out
at a PTO speed of 540 rpm, i.e., at 4 200 rpm of the fan shaft. In this way, with the seed plate
filled (n=70), a vacuum of 45.80 mbar was achieved at the seed openings (¢ 1.25 mm) of the
plate.

Rapeseed hybrid KWS Granos

The hybrid rapeseed from the company KWS, named “KWS Granos”, according to KWS
(2024), is classified among hybrids with high potential for grain and oil yield. Due to its
adaptability and moderate growth and development of plants before the onset of low
temperatures, it is suitable for early and mid-sowing periods. The hybrid tolerates low
temperatures well in the Eastern Slavonia region due to the favorable development of a very
strong and branched root system. Such a root system ensures the uptake of necessary elements
during the growing season and ensures an early to mid-flowering start. The hybrid KWS
Granos possesses a high level of tolerance to lodging and the occurrence of a greater number
of diseases in the production of rapeseed. The flower of this hybrid has a very rich floral
rosette with uniform flowering, and thus uniform medium-early ripening of the pods. One of
the significant genetic traits of this hybrid is its high tolerance to pod shattering during harvest.
The grain yields of this hybrid at test locations (8) in Croatia during the 2023 and 2024
growing seasons ranged from 3 918 to 5 552 kg ha! with average grain moisture contents
from 5.0 to 9.8 %.

Figure 1. KWS Granos in classic sowing Figure 2. KWS Granos in classic sowing
technique BBCH 15 (Source: A. Banaj)  technique BBCH 58 — 60 (Source: D. Mikoléevi¢)

Figure 3. KWS Granos in Twin Row sowing Figure 4. KWS Granos in Twin Row sowing
technique BBCH 13 — 14 (Source: A. Banaj) technique BBCH 58 — 60 (Source: D. Mikol¢evic)
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Agrotechnical measures in the production of oilseed rape

The area at the Tenja experimental field in the 2021/2022 growing season was sown with
winter wheat. The production of oilseed rape began on July 19, 2022, with basic tillage and
the application of NPK 8:20:30 mineral fertilizer at a rate of 400 kg ha'. Pre-sowing
preparation and then sowing were carried out on September 23, 2022. Autumn crop protection
against weeds and insect attacks was carried out 15 days after emergence (October 10, 2022).
During March 2023, four insect protections were carried out as well as disease protection
using the fungicides Pictor (by BASF) and Propulse (by Bayer) in the same ratio at 50 % of
the manufacturer’s recommendation. Spring fertilization was carried out in the form of two
applications: the first using 150 kg ha' UREA 46 % N at the end of January and the addition
of mineral fertilizer KAN at 220 kg ha! at the end of February. The total amount of nutrients
distributed at the Klisa experimental site during the research was 160.4 kg ha™! N, 80 kg ha’!
P,0s, and 120 kg ha! K,O.

RESULTS AND DISCUSSION

On the test plots of the Faculty of Agrobiotechnical Sciences Osijek (N 45°29°55.0032”°
E 18°48°16.9092""), the harvest of oilseed rape was carried out on June 30, 2023, using a John
Deere S660i universal combine harvester. After harvesting the test plots, the oilseed rape grain
was unloaded into a tractor trailer and weighed with a precise field scale. During unloading,
grain samples were taken to determine the hectoliter mass and current grain moisture for
further laboratory processing.

Flgur 5 Rpeseed harvesting by John Deere S&Ol (Source: D. Mikolcevi¢)

The obtained results of the weight of rapeseed grains depending on the plant density per
hectare are shown in Table 4.
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Table 4. Achieved grain yield results kg ha' KWS Granos oilseed rape

Grain S Hectoliter Oil content  Oil content in
Set of plants . Grain yield . .
(ha')) moisture (ke ha™") mass of grain in seeds dry matter
(%) (kg hL™") (%) (%)
Twin Row sowing
686 520 8.9 4 861
552 896 7.8 5217
64.42 47.49 50.58
552 356 7.7 4963
502 647 6.8 5324
327 569 8.1 5512
296 875 7.5 5993
65.34 46.84 47.72
289 876 7.4 5982
279 897 8.1 5585
279 845 7.5 5935
275 389 8.0 5149
59.42 47.52 50.58
274 689 7.5 5 685
273 142 7.3 5308
259 521 7.3 5754
251 654 7.4 5214
66.36 46.75 49.51
239 437 7.2 5474
235 897 7.3 5848
229 234 7.1 5668
225 657 7.3 5758
58.28 46.79 49.89
186 547 7.2 5331
185121 7.0 5356
Standard sowing (50 cm )
441 569 8.6 5364
461234 8.8 5469
56.68 44.43 47.57
426 289 7.8 4986
429 657 8.4 4989

*- grain moisture 9 %,

From Table 4., it can be observed that the hybrid rapeseed KWS Granos, at 686 520 plants
per hectare in twin row sowing, achieved the lowest yield in the experiment of 4 861 kg per
hectare. In contrast, plant densities of 55 plants per square meter at harvest time ensured grain
yields ranging from 4 963 to 5 217 kg per hectare. Conversely, a plant density of only 18.5
plants per square meter achieved an exceptionally high grain yield of 5 356 kg per hectare.
The highest grain yield in the experiment at the FAZOS trial site of 5 993 kg per hectare was
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achieved with 29.6 plants per square meter. According to the KWS company’s catalog for
2022, rapeseed grain yields in the Republic of Croatia ranged between 3.5 to 5.5 tons per
hectare, depending on climatic conditions, fertilization amounts, and other agronomic
measures implemented.
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Graph 2. Regression line of the impact of sowing pattern on grain yield kg ha’!
(twin row sowing — right and standard sowing — left)

CONCLUSIONS

Based on the results of the KWS Granos rapeseed sowing, conducted at the Tenja site (N
45°29°55.0032 E 18°48°16.9092°") at the experimental field of the Faculty of
Agrobiotechnical Sciences in Osijek during the 2021/2022 growing season, it can be
concluded that smaller plant densities per hectare, ranging from 18.5 to 32.7 plants per square
meter, achieved statistically higher grain yields.

The highest grain yield was recorded at a plant density of 296 875 plants per hectare,
amounting to 5 993 kg per hectare.

Similarly, the group of plant densities from 185 121 to 275 389 plants per hectare
achieved yields over 5 300 kg of grain per hectare.

The lowest recorded yield in the experiment was at a plant density of 686 520 plants
per hectare, or 68.6 plants per square meter, amounting to 4 861 kg per hectare with a
grain moisture content of 8.9 %.

The highest oil content in dry matter of 50.58 % was found in plant densities from 52.3
to 68.6 plants per square meter.

The lowest oil content in dry matter of 47.72 % was recorded in the densities with the
highest yield, i.e., from 27.9 to 32.7 plants per square meter.
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ABSTRACT

Biomethane use in agriculture can reduce important dependence on fossil
fuels in production and processing of different agricultural products. With
biomethane use for agricultural machinery, it will be possible successfully to
great extent decarbonize agricultural production in the next decades. Of all
biofuels, biomethane has also the lowest carbon footprint and it can also be
mixed with natural gas in different proportions. In addition to the compressed
form of biomethane, in the future it will also be possible to use a liquefied form
of biomethane on some versions of tractors and working machines. After the
end of life cycle, recycling of biomethane powered engines is practically very
similar as recycling of diesel engines. Possible projections for the introduction
of biomethane for use with tractors in Slovenia in the next decade, was made.
One scenario is that a certain number of tractors in use (10% of all tractors in
use over 60 kW power) could be upgraded in the next decade to the dual fuel
system (biomethane and diesel fuel). Hydrotreated vegetable oil (HVO) could
also be used to replace mineral diesel fuel (synergistic effect of two biofuels
would be achieved). 20 % of new registered tractors of power over 80 kW, that
will be gradually introduced over the next decade and beyond, could be: only
biomethane powered, with dual fuel type engines (use of biomethane and HVO)
or in hybrid version - diesel electric tractors.

Keywords: energy, GHG emissions, gas engines, Case Slovenia

INTRODUCTION

For the EU the goal of achieving climate neutrality (EU Regulation 2021) by 2050 is
extremely important, i.e. an economy with zero net greenhouse gas emissions. The modern
way of producing food is largely dependent on fossil fuel energy and causes emissions of
greenhouse gases and waste by-products. Energy is also a major cost in agricultural
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production and processing and a financial and environmental burden on the final products of
agriculture (Yongxi et al., 2022). Improving energy efficiency by using less energy to ensure
the same level of production and services is important to ensure many positive outcomes that
can provide multiple benefits: better economy, economic growth, energy security, food
security and reduction of GHG emissions. One of the possible solutions for reducing
dependence on fossil fuels (IRENA and FAO, 2021) or natural gas is the use of biogas
(purified and upgraded biogas to the methane phase - biomethane). Biomethane is becoming
more and more important in the field of utilizing alternative energy sources in the EU in recent
years. A big advantage of biomethane, compared to some other renewable energy sources, is
the possibility of its storage (in gas tanks and natural gas network) and its consumption in
terms of energy needs (at any place and at any time). There is also great potential for
biomethane storage in the natural gas network (especially during the summer months). With
its storage and use, we can successfully compensate fluctuations in other renewable energy
sources, such as e.g. water, wind and solar energy. Biomethane can easily be produced at a
constant rate and stored, helping to balance the energy supply from other renewable energy
sources. The biomethane can be used in several ways: as a raw material in chemical
production (Zoltan et all 2017), energetically as a heat source or as a fuel in the form of
compressed or liquefied biomethane. By feeding into the gas network, it can also be stored
and transported. Working machines and tractors powered by biomethane can have
significantly reduced CO, emissions (by more than 90%, depending on the substrate source
for the production of biogas or biomethane) compared to the use of diesel fuel. Biomethane
is not only interesting from the point of view of reducing greenhouse gas emissions (IEA
2020). A biomethane powered engine works more calmly and quietly, and has a longer
lifespan due to the clean combustion of biomethane. Biomethane can be used with existing
natural gas infrastructure. Bi-fuel engines that use diesel fuel and biomethane can run
smoothly on diesel fuel also when the biomethane runs out. The internal combustion engine
is the basic drive unit for practically most machines involved in various agricultural
productions. Several biofuels are now available that can be used to power agricultural
mechanization. In the case of the use of various biofuels, hydrogen and synthetic fuels to drive
internal combustion engines, the emissions of harmful substances from the combustion of the
mentioned fuels can be significantly reduced or equal to zero (depending on the method of
obtaining the mentioned fuels). In addition to the well-known biodiesel fuel, which can be
100% or mixed in different proportions with diesel fuel in the recent period it is increasingly
more and more important HVO (Hydrotreated Vegetable Oil). The use of hydrogen and
synthetic fuels are still in the development phase for use on tractors. Biogas can also be used
to drive work machines and tractors (before being used on engines must be cleaned of various
impurities and compressed or liquefied for better use of limited space in vehicles). Cleaned
and upgraded biogas — biomethane is identical in composition to methane (CHs). Biomethane
is a fuel that has become quite accessible in recent years, due to the increasing number of
biomethane plants (EBA 2024) in the EU (1,584 biomethane plants by June 2024). The article
presents the current status of biomethane, biomethane emissions, the advantages of using
biomethane for vehicles where decarbonization is difficult to achieve with other technologies
and the development of biomethane tractors. It also presents possibilities for introducing
tractors powered by: biomethane, dual-fuel engines (biomethane and HVO), or hybrid
(biomethane and electric powering) in Slovenian agriculture in the future.
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LITERATURE REVIEW

Biomethane as the energy content of biogas, or upgraded to the quality of natural gas,
accounted for 11 % of the total bioenergy used in the EU 27 in the year 2021. The EU goal is
to reach 35 - 10° Nm? (~ 337 TWh/year) of biomethane production in 2030 (European Biogas
Association, 2022, 2023). The latest data (Eurostat, 2023) report the production of 14.88 Moe
(17.71 billion m?) of biogas in the EU 27 (data for 2021). According to the European Biogas
Association (EBA 2024), total biomethane production in Europe reached 4.2 billion m® in
2022, showing almost 20 % growth (+ 0.8 billion m®) on the year, with 1.323 biomethane
plants (+ 254 plants). In absolute terms, Germany leads with 1.23 billion m* of produced
biogas, followed by France (0.66 billion m*), Denmark (0.61 billion m?) and Italy (0.41 billion
m?). Looking at the percentage of natural gas consumption in each country that could be
covered by biomethane, Denmark and Sweden are on track to largely replace their fossil gas
consumption with biomethane (32.4% and 17% covered respectively, in year 2021). In
Slovenia, biomethane production at one biogas plant is currently being prepared. The use of
fossil fuel-based energy in agriculture causes CO; and other emissions (Flammini et al., 2022).
Biomethane is the cheapest and easiest form of renewable gas available today. It can also
make significant contributions to the energy system tomorrow and also has a very high
potential to save greenhouse gas emissions. Until 2030, biomethane will still be mainly
produced by anaerobic digestion of waste and biomass residues from agriculture, the food
industry and municipal organic waste (Alberici et al., 2021). The majority of European
renewable gas production today is in the form of biogas. While total biogas production has
stagnated over the last decade, biomethane production is still increasing. Biomethane can
immediately provide a strong synergy with the existing gas infrastructure, as it is already
suitable for feeding into the existing natural gas network. It thus represents a key element in
the identification of medium to long-term solutions for decarbonisation (Orecchini et al.,
2011). The authors (Assandri et al., 2022) identified the potential of agriculture to replace
diesel fuel with biomethane from organic waste to exploit energy needs and achieve carbon
neutrality. As part of the energy transition, some tractor manufacturers have also begun to
develop the first solutions that can reduce the impact of tractors on the environment. In
addition, biomethane production on farms would represent an excellent opportunity to
develop better "circular" systems that produce renewable energy from livestock waste and
agricultural waste (Assandri et al.,, 2022). When evaluating the savings of biomethane
emissions produced from slurry, additional aspects must also be taken into account. If not
used or in case of storage the slurry would produce CH4 and N>O, from natural anaerobic
decomposition. These emissions can be avoided by controlling this process in anaerobic
digestion and collecting produced biogas (Prussi et al., 2020). The reason for the negative
value is that, if the manure is not used for biomethane production, it remains on the farm and
releases greenhouse gases also in the form of methane, which has a much greater impact on
global warming than CO,. By producing biomethane, we avoid these emissions and therefore
it causes negative emissions (Friedl et al., 2023). For biomethane used on cars, GHG
emissions are only from 33 to 66 g COzcq/km (depending on the raw material used), and for
natural gas, 124 g CO/2¢q km in the whole life cycle. It depends on the combustion process in
the engine but also to the technology of its production. The type of substrate used for methane
fermentation has the greatest impact on the reduction of GHG emission in the whole life cycle
(Biernat et al., 2021). In addition to using pure biomethane in vehicles, mixing it with natural
gas is a smart and cost-effective way to reduce greenhouse gas emissions to meet national
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targets. Blending the two, even using a low ratio of biomethane to natural gas, can yield a fuel
that has significantly lower emissions than regular natural gas. For example, using a blend
with 20 % biomethane can save 39 % of greenhouse gas emissions compared to gasoline on
a source-to-wheel basis (EBA, 2016). In the EU, several million work machines are used in
construction, agriculture, forestry and mining. This class of machinery needs to be
decarbonised, like all other sectors. As with heavy road traffic, alternative propulsion
technologies must be provided. The energy and power requirements of this group of machines
vary greatly depending on the application and size of the machine. As in the road sector, it is
also considered that small and light machines are easier to upgrade to electric battery than
heavy construction or agricultural machines, which often have very many working hours per
year and require high power. If high performance is to be achieved, fuels with a high energy
density are preferred. The transition to these fuels is easily possible, as the technology of the
vehicle and the fuel supply do not need to be adjusted, or only slightly. Refueling is an
important factor for these machines, as they are usually filled at places of operation (tanks on
farms or construction sites, etc.) and do not need to be driven separately to gas stations. In
general, the choice of decarbonisation option will depend on the specific needs of the
application, including factors such as energy requirements, range, infrastructure availability
and cost. (Friedl et al., 2023). Heavy vehicles are usually converted to run on methane only,
but in some cases dual-fuel engines are also used. The dual fuel engine still has the original
diesel fuel injection system, and the gas is ignited by injecting a small amount of diesel fuel.
The engine usually idles on diesel fuel. Dual fuel engines usually require less engine
development and maintain the same driving characteristics as a diesel vehicle (Waadysaaw,
2011). Liquefied biomethane is more energy dense, so it is optimal for driving large engines
(in heavy road and ship transport) over long distances with minimal storage space and weight
(EBA, 2016). Among the technologies for the transport and storage of natural gas and
biomethane, the adsorption of gases on porous adsorbents made of solid substances (ANG -
Adsorbed Natural Gas) is very interesting (Maryam T. Ravanchi, 2022), because it is cheaper
and safer, compared to the classic compression of natural gas or biomethane due to the use of
lower pressures (30 — 40 bar) and room temperature. Many solid adsorbents can be used to
store natural gas or biomethane. Activated carbon is the most commonly used adsorbent
because it is readily available and can be produced from a wide range of precursor materials.
Among the various adsorbents, activated carbon is considered the most suitable adsorbent,
because it is readily available and can be produced from a wide range of precursor materials
(Feroldi at al., 2018). The gas storage capacity in system with lower pressure is even greater
than that of the compressed natural gas system, which stores natural gas at a pressure of 200
bars (Park et al., 2018). Activated carbon is used to store natural gas at low pressure, in the
range of 20 to 40 bars at room temperature, representing a potential alternative for large-scale
applications. This technology is still not well developed and is currently at the research stage.

GAS POWERED VEHICLES IN THE EU

Tractor engines are largely similar in design to truck engines or in some cases identical to
engines installed in trucks (in the case of heavy versions of tractors with high power engines).
Trucks have been successfully using alternative fuels like natural gas (compressed and
liquefied), biomethane and LPG. There is also a well-spread network of filling stations across
the EU for the mentioned fuels. In the last few years, the number of filling stations for LNG-
powered trucks across the EU also has started to increase (Smajla et all 2019). In order to
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compare the related field with biomethane, data is given for the number of trucks in the EU
powered by an alternative fuel - natural gas. In the EU in the year 2023 in category N2 -
vehicles for transporting goods (with a maximum weight of more than 3.5 tons and up to 12
tons) and category N3 - vehicles for transporting goods (with a maximum weight of more than
12 tons) was in use in total 26,236 trucks powered by compressed natural gas (CNG), 9,041
powered by liquefied natural gas (LNG) and 9,899 powered by liquefied petroleum gas
(LPG). The total number of all mentioned trucks was 45,176 (European Alternative Fuels
Observatory, 2023). For the period from years 2008 to 2024, the total number of trucks
powered by compressed natural gas (CNG) was 204,260, and 55,664 trucks powered by
liquefied natural gas (LNG). A total of 259,924 trucks powered by natural gas in compressed
and liquefied form were in use (these vehicles can also use biomethane). In Slovenia in 2021,
0.4 % of trucks and 4.8 % of buses were powered by natural gas (the EU average for trucks
is 0.7 % and buses 3.7 % for the year 2021 (ACEA, 2023). The number of trucks powered by
compressed natural gas is steadily increasing from year to year, and the share of trucks
powered by liquefied natural gas is also rising in last years. If we add liquefied petroleum gas
to compressed and liquefied natural gas, we see that these three types of fuels are dominant
in the field of alternative fuels for trucks.

In recent years, several EU manufacturers have already put on the market trucks and buses
that can use natural gas and biomethane for propulsion (in some parts of the EU, e.g. Sweden,
biomethane powered buses have been present for more than three decades). Therefore, we
can say that the field of natural gas for powering trucks and buses is good developed, while
the biomethane for powering other vehicles and work machines is in the introduction phase.
In addition, the experience in the field of using natural gas for the propulsion of trucks and
buses will be able to be applied to other areas in the future, such as e.g. in agriculture and
forestry, biomethane for powering tractors and work machines and work machines in
construction, mining, utilities, etc.

DEVELOPMENT OF GAS POWERED TRACTORS

The idea of running tractors on gas fuel is not new. It is interesting to note that tractors
powered by liquefied petroleum gas (LPG - Liquefied Petrol Gas) were quite popular in the
USA from the forties and up to the sixty’s years of the last century. There have been many
conversions of tractors with petrol engines for LPG use (in a carburetor of a special design,
LPG is mixed in a gaseous phase with air in a certain ratio, and mixed gas-air enters to the
combustion chamber of the engine). In addition, some manufacturers also offered serial
production versions of tractors with engines that used LPG. LPG was cheaper than gasoline,
so farmers used it at a bigger scale in the past. With the mass introduction of diesel versions
of engines on tractors in the USA, the use of LPG also came to an end. More recently in year
2008, Steyr introduced a tractor with an engine that could run on diesel fuel and compressed
biomethane. 400 liters of biomethane were stored under high pressure in the cylinder gas tanks
(thick walled pressurized tanks), which was sufficient for a 7 - 10 hour working day. If the
biomethane ran out, the tractor engine could also run on diesel fuel. The cylinder gas tanks
were placed on the roof of the tractor. The gas came from the tanks through pipes to the control
solenoid valve (located on the engine air supply system) in connection with the electronic
control unit. The gas entry point (at 4 - 5 bars) was just before the turbocharger to take full
advantage of the gas-air mixing effect. The engine starts with diesel fuel, when the engine
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warms up to operating temperature, the driver presses a button in the cab to activate the gas
system. In the second version, the biomethane cylinder tanks were placed next to the rear
pillars of the cabin. In 2012, the tractor manufacturer Valtra also presented its version of the
Valtra N101 Dual Fuel tractor (it ran on biomethane and diesel fuel). For biomethane storage,
it had four cylinder gas tanks with a volume of 42 L, located on the right side of the chassis.
The cylinder gas tanks could accommodate 34 m? of biomethane under a pressure of 200 bars.
An electronically controlled gas injection system allowed precise gas injection into the air
intake pipe (as close as possible to the intake valve). When testing and filling the tractor, the
idea of removable biomethane tanks also came up. Users could leave the full cylinder gas
tanks at the edge of the working areas and replace them with empty ones if necessary, with
the help of quick couplings.A new type of biomethane tractor is T6.180 Methane Power, New
Holland with engine NEF - N67 NG, developed for agriculture by FPT Industrial (New
Holland-Methane Power). Biomethane and CNG can be used as fuel for powering mentioned
tractor. The six-cylinder engine with a volume of 6.728 ¢m® develops a maximum power of
128 kW (nominal power of 106 kW).

Figure 1. A tractor that can run on CNG or  Figure 2. The biomethane cylinder tanks
biomethane, an additional gas tank is also are combined and placed in the rear of the
mounted on the front of the tractor hybrid biomethane tractor AUGA M1,
(source: New Holland). where they are also easily accessible for
filling or their complete replacement
(source: AUGA).

Gas injectors and spark plugs replace diesel injectors on T6.180 Methane Power tractor.
Several gas tanks (use of biomethane or CNG) with a total volume of 185 L are installed on
the T6.180 New Holland tractor. The tanks mentioned are filled through one opening, which
makes the work much easier for the user (the filling opening is located on the left side of the
tractor between the steps). For longer periods between gas fills, there is an additional tank in
the front to extend the range (volume 270 L). An interesting concept of a tractor powered by
biomethane was presented by the company, AUGA group, Lithuania, which is engaged in
agricultural production. They developed the Auga M1 hybrid tractor, which is equipped with
a 294 kW gas engine that uses biomethane. The engine is connected to an electric generator
that produces electricity for the drive electric motors that are installed in the tractor wheels.
The generator charges the battery, which enables short term electric operation of the tractor.
The AUGA M1 can operate for up to 12 hours on a single charge of biomethane. There are
currently three different prototypes being tested for different work operations. The AUGA
group also developed replaceable cylinder gas tanks, which are not filled on the farm, but in
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the biomethane plants and then transported as replaceable tanks to specific locations located
next to cultivated areas.

MODE OF OPERATION OF ENGINES POWERED BY BIOMETHANE

There are already developed versions of reliable industrial engines for using CNG or
biomethane which are suitable for tractors of bigger power. In future there will be also in
wider use of LNG or liquid biomethane - LBM. In the version of the gas engine that runs
only on natural gas or biomethane, the engine works according to the Otto cycle
(stoichiometric Otto cycle engine or lean burn Otto cycle engine). To ignite the mixture of
gas and air (premixed charge), gas engine needs spark plugs for ignition of mixture in the
combustion chamber of the engine. In another system, developed by some manufacturers of
gas engines, two types of fuel are used at the same time in engine - dual fuel engines. In the
mentioned case, biomethane and diesel fuel are used (mineral diesel fuel, biodiesel B 100 or
biodiesel mixed in different proportions with mineral diesel fuel, HVO, etc.). Dual fuel
engines can operate with premixed charge of gas and air and diesel fuel pilot ignition (small
amount of diesel fuel - up to 15 %, ignite mixed natural gas or biomethane with air).
Biomethane, unlike diesel fuel, cannot ignite by itself during the compression phase in the
combustion chamber of the engine, so the function of biomethane ignition is performed by
diesel fuel. Diesel fuel is injected into the combustion chamber of the engine and ignites at
350 to 380 °C. Natural gas or biomethane, which has a much higher ignition temperature than
diesel fuel (ignites at a temperature of approximately 580 to 640 °C) is ignited with smaller
amount of injected diesel fuel. Gas injectors for gas injection are controlled with solenoids.
The injection of gas is triggered by the electronic control unit with the signal calculated by
the engine management system, for precise metering of the quantity of gas required by the
engine. Other way of using gas or biomethane in engine is without premixing the natural gas
with air. Gas is injected directly into the combustion chamber at high pressure (similar to
diesel engine). In this case also ignition source is required. Igniting the natural gas jets in
chamber is with a small diesel pilot injection, just prior to the injection of the gas (ignition
with glow plug or a pre-chamber spark plug is also being researched). An important benefit
of this approach is that higher power density is achievable, and a higher compression ratio can
be used. An engine that uses two types of fuel at the same time has better efficiency compared
to an engine that uses only one fuel - biomethane. In case of running out of gas, the engine
works only with diesel fuel. Emissions of GHG are significantly lower for engines with two
types of fuel than for engines powered only with diesel fuel. In the case of using engines with
two types of fuel (biomethane and diesel fuel), it is possible to reduce CO, emissions by up
to 70 % and more (compared to engines that use only diesel fuel). Some manufacturers of
tractors and engines started developing tractors and engines for using compressed natural gas
or biomethane. New Holland also started regular production of tractors that run on
biomethane. In addition to the compressed form of natural gas or biomethane, some tractor
engines will also be able to use liquefied biomethane in the future.

USING OF BIOMETHANE FOR TRACTORS IN SLOVENIA IN FUTURE

In Slovenia, according to data from the Ministry of the Infrastructure in year 2023, there
are currently 769 vehicles of different types, powered by CNG or combined CNG and another
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type of fuel (dual fuel engines). Of these, in the category of trucks (N2 and N3 vehicles), there
are total of 226 vehicles powered by CNG or combined with CNG and another type of fuel
(dual fuel engines). In addition, 95 buses are powered by CNG or combined with CNG and
another type of fuel (dual fuel engines). Also 8 tractors are powered with LPG. There are
slightly more than 130,000 farm tractors in Slovenia. By analyzing the data on registered
tractors in terms of power classes, data from the Ministry of Internal Affairs in 2023, we
estimated that tractors with an engine power above 60 kW (total number 25,907 tractors in
year 2023) are suitable for upgrading on using biomethane (it is easier to install gas tanks on
tractors of higher power (more space is available for gas cylinder tanks, fuel consumption is
also higher). From mentioned number of tractors, we assumed that up to 10 % or
approximately 2,500 could be upgraded (mainly with government support in whole chain -
from biogas production, upgrading biogas to biomethane and distribution biomethane on
filling stations) to use biomethane in the next decade. Existing diesel engines of mentioned
tractors could be upgraded to the dual fuel system (biomethane and diesel fuel for igniting
biomethane). HVO could also be used to replace mineral diesel fuel (a synergistic effect of
two biofuels would be achieved). In the event that biomethane runs out, the tractor engines
normally operate with HVO or other diesel fuel. 20 % of new registered tractors of power
over 80 kW, which gradually will be introduced over the next decade and beyond, could be:
only biomethane powered, with dual fuel type engines (biomethane and HVO) or in hybrid
version — diesel electric tractors (diesel engines also with use HVO or biomethane). Because
of the smaller space, the use of liquefied biomethane - LBM on tractors in the power class
between 40 and 60 kW will be better solution (LBM cylinder tanks require less space
compared with cylinder tanks for compressed biomethane). In the case of smaller tractors,
bellow 40 kW engine power, liquefied biomethane as fuel, due to lower space on tractors, also
can be used (we assume in this case also 20 % of all new registered tractors). It will be
possible also to use HVO for diesel powered tractors under 40 kW and use of hybrid versions
— diesel electric tractors (diesel engines with use of HVO). Small tractors (bellow 20 kW) for
light operations, which need smaller amount of power, can be also in electric version.

CONCLUSION

The field of use natural gas for powering trucks and buses is well developed, while natural
gas and biomethane for powering other vehicles (tractors and working machines) is in the
introduction phase. In addition, experience in the field of using natural gas for the powering
of trucks and buses will be able to be applied to other areas in the future, such as e.g. in
agriculture and forestry (biomethane for use on tractors and other agricultural machines) and
working machines (biomethane for use on construction machines, municipal machines, etc.).
Modern new developed versions of biomethane tractors enable continuous operation for
several hours. Engines that run on biomethane have also a longer lifespan compared to engines
that run on diesel fuel. A big advantage of biomethane is that the tractor cylinder gas tank in
fast mode of filling, can be filled at the same speed as with diesel fuel. In addition, biomethane
cylinder tank designs are also being developed that enable quick replacement of empty
biomethane tanks during various work operations. There are also some disadvantages of using
biomethane for powering tractors. A special biomethane filling unit is required. Another
solution is a quick and convenient gas replacement (cylinder gas tanks are filled at the
biomethane plant, not on the tractor) and delivered to farms. On this way is eliminated need
for special biomethane filling units on farms. Tractors with gas engines or a dual-fuel engine
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for use of biomethane and diesel fuel, are at the moment more expensive than standard tractors
with diesel engine of the same power. It is to be expected that the price of biomethane powered
tractors will decrease with a greater scope of use. After the end of life cycle, recycling of
biomethane powered engines is practically the same as for diesel engines. In addition to the
compressed form of biomethane, in the future it will also be possible to use a liquefied form
of biomethane in some versions of tractors and working machines.
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ABSTRACT

In Slovenia, forestry is a highly developed industry and a vital part of
agriculture. Many farms own forests, which provide an additional source of
income on the farm. The aim of the paper is to demonstrate the performance of
the “constant pulling force” technology used in winches; such tools have been
present in the market for quite some time now, but not all users of such
machinery are familiar with this technology. For the aim of research, two
different winches were tested in the production facilities of the company Krpan.
The data obtained enable an easier interpretation of the difference between two
different designs of winch systems. The constant pulling force enables the winch
an even pull no matter the distance of the load from the tractor. Until now,
farmers only used classic winches that do not come with this technology. Now,
the new systems facilitate the work of farmers when performing the most
difficult agricultural work, such as felling and wood skidding, working in the
forest, and in all kinds of work where such a machine is needed. Such machines
also have the advantage of facilitating operation on rough terrain, reducing
fuel consumption, and increasing safety at work. Based on the literature review
and the test results, it has been concluded that a winch with constant pulling
force has a more efficient pull than a winch without it, mostly due to choosing
the appropriate drive system. The manufacturers are constantly introducing
innovations to improve safety at work, especially in hilly, hard to-access areas.

Keywords: winch, forestry, constant pulling force, pull

INTRODUCTION

A forestry winch is a key component of a tractor intended for work in the forest. In private
forests, so-called adapted agricultural tractors are most often found. As the name suggests, an
agricultural tractor has been upgraded in such a way that it is suitable for working in the forest.
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These upgrades offer the machine operator greater safety at work, better utilization of the
work machine and protection of the work machine. Nevertheless, not all owners of private
forests decide on a complete upgrade due to the high cost of a complete upgrade and only
partially upgrade the tractor. In this way, they threaten the safety of everyone involved in
harvesting wood (Forest-wood, 2020).

Constant pulling force winches already exist in other industries, where advanced sensors,
controllers and microprocessors regulate the constant pulling force. The problem is to transfer
the technology to robust agricultural machines that are exposed to the most difficult working
and weather conditions and to ensure their reliable operation for many years. Their approach
to the problem was to oversize the working machine to about one times their rated pulling
force. An important role is played by the four-plate clutch, which is hydraulically regulated.
The regulator valve is responsible for regulation, which adjusts the pressure in the system
depending on the distance of the rope from the drum. The point at which clutch slip occurs
due to excessive load weight is adjusted. The goal is that the pulling force of the rope is always
the same or constant. For the 6.5 DH model it is 65kN, and for the 8.5 DH model it is 85kN.
The solution lies in adjusting the traction power. If the 6.5 DH model has a pulling force of
65kN on the first few wraps, only the one with a higher number of wraps on this model
increases constantly to provide 65kn of pulling power. Although the actual pulling power is
significantly higher and increases to 120 kN in the last few wraps. At the same time, the
pressure in the hydraulic system increases by almost 70 bar to prevent the clutch from
slipping. It should be noted that due to the greater pulling force, a larger rope diameter is
needed (Dolensek, 2017).

In the study (Holzfeind et al., 2020) explores the evolution and advantages of using winch-
assist systems in forestry, particularly on steep terrains. It highlights how these systems
enhance worker safety by reducing the risk of machine rollovers and operator fatigue.
Additionally, winch-assist systems help minimize soil erosion and compaction, which are
common issues with traditional logging methods. The article also discusses the increased
productivity and accessibility to previously unreachable forest areas, making winch-assist
systems a valuable tool in sustainable forestry practices.

In the study (Holzleitner et al., 2018) presents a protocol for monitoring the tensile forces
in cables used in winch-assist operations on steep slopes. The research involved real-time data
collection and analysis to ensure that the tensile forces remained within safe working limits.
The findings indicate that winch-assist systems can operate safely without exceeding the
tensile strength of the cables, thereby enhancing the safety and efficiency of timber harvesting
operations in challenging terrains.

(Omar et al., 2021) investigates the tensile forces in cables used in winch-assisted forestry
operations. The study was conducted over four days, monitoring the winch attached to a
harvester operating on steep slopes up to 77%. Tensile forces were measured on both the
harvester and the anchor machine at a frequency of 100 Hz. Cameras and GNSS devices were
used to accurately record the positions of the machines and the timing of operations. The
highest measured tensile forces reached 296 kN on the harvester and 260 kN on the anchor
machine. The peak forces were observed during slow obstacle negotiation while moving
downbhill, attributed to the winch’s braking system settings. Lower but still significant peak
tensile forces were recorded during stationary tasks. However, these peaks were limited to a
few events and never exceeded the cable’s endurance limit.
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In the research (Picchio et al., 2021) is present an improved winching technique aimed at
reducing environmental damage during logging operations. Focusing on ecological
engineering, the study explores methods to minimize soil and vegetation disturbances
typically caused by traditional winching techniques. The enhanced method involves better
work organization and advanced equipment, allowing for more precision in moving logs. The
primary goal of the study is to reduce the negative impacts on forest ecosystems, which is
essential for sustainable forest management.

The purpose of the research is to demonstrate the operation and advantages of the
"constant pulling force" technology on forestry winches compared to a classic forestry winch.
Constant pulling force technology as a tool has been on the market for some time, but not all
users of such work machines are familiar with this technology (Pozek, 2021).

MATERIALS AND METHODS

For research purposes, Krpan 8.5 DH winch and Krpan 8.5 EH winch at the end of the
production line were tested. The testing took place in the production facility of Krpan d.o.o.
in the municipality of Smarje pri Jelsah. For testing, an apparatus was used (Figure 1) that
measures the pulling force of the connected winch in correlation with time.

Figure 1. Device for testing the pulling force of a winch

Winch 8,5 EH used in the experiment

The winch 8.5 EH offers a pulling force of 85 kN and does not have constant pulling force
technology. It is a modern version of a traditional winch that has been working and operating
in forests for years. It is certainly one of the best-selling models that the company offers.
Figure 2 shows winch 8,5 EH. The technical characteristics of the winch are presented in
Table 1.
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Figure 2. Krpan winch 8.5 EH

Table 1. Technical characteristics of the winch model 8.5 EH (Amon, 2026)

Pulling force

Braking force

Medium wire rope speed

Standard length and thickness of wire rope
Maximum length of wire rope
Recommended tractor power

Width of the winch

Depth

Height with protective net

Height without protective net

Weight (without wire rope)

Attachment Category

Lower pulley

Connection

Hydraulic pulley

Valve for setting the wire rope unwinding speed
Remote control

Moving board for "ramping"

85 kN (8,51)
106 kN

0,6 m/s

100 m / 13 mm
110 m

>59 kW />80 KM
1820 mm

710 mm

2310 mm

1770 mm

673 kg

I, TIL

Serial

Serial

Optional

Serial

Optional

Not possible
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Winch 8,5 DH used in the experiment

The 8.5 DH winch is one of two winches that the company produces in its constant pull
winch series. The technical characteristics of this model are shown in Table 2. Figure 3 shows
winch 8,5 DH.

Figure 3. Krpan winch 8.5 DH

Table 2. Technical characteristics of the winch model 8.5 DH (Amon, 2016)

Pulling force 85 kN (8,51)
Braking force 106,3 kN
Medium wire rope speed 0,5 m/s
Standard length and thickness of wire rope 120 m/ 13 mm
Maximum length of wire rope 130 m/ 13 mm
Recommended tractor power >62 kW /> 85 KM
Width of the winch 1800 mm
Depth 660 mm
Height with protective net 2310 mm
Height without protective net 1532 mm
Weight (without wire rope) 795 kg
Attachment Category IL., II1.

Lower pulley Not possible
Connection Serial
Hydraulic pulley Serial

Valve for setting the wire rope unwinding speed Serial

Remote control Optional
Differential gear Serial

Moving board for "ramping" Optional
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Principle of operation of the winch

Winch hauling is the process of transporting an object (wood) from one place to another.
The object being towed is attached to the winch with an arbitrary length of rope on one side.
On the other side, the rope is attached to a rotating part called the winch drum. The rotation
of the drum allows winding the rope onto the drum and consequently pulling the rope and the
attached load (EMCE winches, 2021).

The rope used is placed on the drum in several layers (Figure 4) so that it can provide a
sufficiently large reach to the area where the wood is felled. Each successive layer of rope is
further away from the axis of rotation of the drum, and as a result, the torque arm, which is
marked with the letter r and a number in Figure 4, also increases. As a result, each additional
layer of wire means faster winding and pulling. Due to the increased lever, the traction force
is reduced. This phenomenon is called drag drop. Although the moment of the lever is
constantly changing, a higher pulling force is achieved when there is a minimal amount of
rope on the drum and the smallest pulling force when there are many turns of rope on the
drum (PLANETA-Hebetechnik, 2021).

Figure 4. Cross section of winch drum with rope installed

On the schematic diagram (Figure 4), the rope pulling speed can be defined as:

v = constant xr D

Where:
v - towing speed
I - torque arm length

The traction force is defined by the equation:

FV — constant (2)

r

Where:

Fv - Pulling force
r - torque arm length
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RESULTS AND DISCUSSION

The pulling force-measuring device records the data and displays it to the operator in a
graphic display. The result of multiple measurements can be presented graphically and
explained. In Figure 5, the pulling force measurements made with the Krpan 8.5 EH winch is
presented, which does not have constant traction force technology.

120
100
80
60

40

Pulling force (KN)

20

1

Time (s)

Figure 5. Pulling force of winch Krpan 8.5 EH

The Figure 5 shows that in the fourth second the measured pulling force rises to almost 90
kN. After that, the traction force slowly drops to 83 kN over the next three seconds. The device
then stops pulling, so the pulling force between 7 seconds and 22 seconds is equal to 0 kN. At
22 seconds, the device re-engages traction and the pulling force rises again to approximately
86 kN and slowly falls to 83 kN over the next 10 seconds. At 30 seconds, the test is completed
and the pulling force drops to 0 kN. It is clear from the figure 5 that a winch like the Krpan
8.5 EH reaches a nominal pulling force of 85 kN and holds it for some time without any
problems.

Figure 6 shows the measurement results of the Krpan 8.5 DH winch. As can be seen from
figure 6, the winch slightly exceeds its rated pulling force of 85 kN in the fourth second, after
which the pulling force drops to 80 kN in the next few seconds. Then the dragging stops. After
twenty seconds, the winch pull is re-engaged and the graph reaches 90kN. After a few
seconds, the traction force drops to about 80 kN, after which it starts to increase to as much
as 110 kN.
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Figure 6. Pulling force of winch Krpan 8.5 DH

The figure 6 perfectly shows in the first part (0-20 seconds) how the winch reaches the
rated pulling force and does not cause material collapse of any part of the winch. It is a quick
test of the durability and correct construction of the winch at the end of the production line.

The second part of the figure 6 (20-40 seconds) shows the process of increasing the pulling
force to ensure the constant pulling force needs of the differently wound drum. The company
decided to solve the constant pulling force in such a way that the winches increase the pulling
power in order to maintain the declared pulling force of 85 kN. The graph in the second part
shows how the pulling force increases from 80 kN at 28 seconds to as much as 110 kN at 37
seconds. This increase of pulling force to 110 kN means that the winch will achieve its rated
pulling force of 85 kN even with the drum almost fully wound. After 40 seconds, the test is
completed and the pulling force drops to 0.

If figure 5 and 6 are compared, it can be seen that they are very similar. The reason is that
in both cases it is a winch that has a rated pulling force of 85 kN. The difference is found in
the maximum value of each graph. Figure 6 representing the DH series clearly shows how the
pulling force reaches 110 kN without any problems. This test validates the performance of the
approach of oversizing winches with constant pulling force so that they can achieve higher
pulling force. This higher pulling force, however, maintains the declared pulling force of 85
kN.

These results can also be described from the practical point of view of the tractor operator.
When pulling a heavy load, for which a pulling force of 80 kN is needed, both winches would
perform the same function with a fully developed drum. It would differ only with a more
wound drum at the end of the pull. With an 8.5 DH winch, a constant pulling force would
provide the same pulling force with a differently wound drum. With an 8.5 EH winch,
however, several turns of rope would drop the pulling force below 80 kN and the pull would

108



Comparison between a classic forestry winch and a constant pulling force winch

stop. The operator should move the forestry tractor further away from the load to allow the
drum to re-roll. In this way, it would again exceed the required pulling force of 80 kN.

CONCLUSIONS

Through a literature review and test results, it can be confirmed that a winch with a
constant pulling force is more efficient in pulling than one without. From the obtained data, it
can be seen that such a winch is more efficient mainly due to the correct selection of the drive
system.

By reviewing the literature, obtained is the key information that confirms that continuous
innovation aims to improve safety at work. Manufacturers with remote control technology
give operators more distance from the work machine when performing towing and remove it
from the danger zone. A great example throughout history is also the innovation in ropes used
on such work machines, which are safer than ever before in history.
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ABSTRACT

The technical inspection of plant protection machinery is regulated by the
European Commission Directive on the sustainable use of pesticides (Directive
2009/128/EC) and by the newly introduced I1SO standard 16122. This standard
was adopted into Croatian regulations with HRN EN ISO 16122 (1-5):2015.
According to this standard, all spraying equipment for arable and orchard
spraying as well as fixed and semi-mobile sprayers must undergo mandatory
technical inspection. Therefore, this paper presents data from the technical
inspection of plant protection machines from inspection station No. 004 in the
third round of inspections in the period 2021 — 2023 to 2024 — 2026., of which
212 machines were sprayers (machines in arable farming), while 90 machines
were air-assisted sprayers or sprayers for the application of bushes and trees.
Tractor carried machines accounted for 87.42 % of the machines tested, while
70.20% of the machines were Agromehanika sprayers (56.29%). The average
flow rate of all pumps observed in the test station is 99.05 | min™ and 67.88 %
of the machines tested have a circular agitation system. Most of the machines
are equipped with Lechler 1SO nozzles (56.29 %). Tested machine mostly have
a length of up to 12 m (53.64 %). The tank capacity is closely correlated with
the working width, so that most of the machines tested have a tank volume of
less than 600 litres, while the average value is 948.60 litres. The average
production year of the machines examined is 2003, i.e. the machines are on
average 20 years old. The average CV value of all machines tested is 19.51%,
which is clearly at the upper limit of validity.

Keywords: technical inspection, EN 16122, sprayers, orchard sprayers,
plant protection
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INTRODUCTION

Technical inspection of plant protection machinery is regulated by the European
Commission's Sustainable Use of Pesticides (SUD) Directive (Directive 2009/128/EC) and
by the newly introduced ISO standard 16122 (Inspection of sprayers in use). The SUD is an
important regulation to promote the responsible use of pesticides to protect human health and
the environment. Its objectives include: Promoting the sustainable use of pesticides; Reducing
the adverse effects of pesticide use on human health, the environment and biodiversity;
Improving the effectiveness of pest control measures while minimizing reliance on pesticides.
This standard was adopted into Croatian regulations by HRN EN ISO 16122 (1-5):2015.
According to this standard, all spraying equipment for arable and orchard sprayers, as well as
fixed and semi-mobile spraying equipment must undergo mandatory technical inspection.
Based on the risk assessment for human, animal and environmental health, the technical
inspection is still not required for hand and knapsack sprayers with manual, battery or motor
drive and knapsack sprayers with motor drive in fruit growing. This standard also specifies
the inspection procedure, the equipment required for testing performance and the software in
which all the necessary data is stored. The technical inspection has been carried out in the
Republic of Croatia since 2014, where 10 test stations are currently registered. The first results
on the condition of the machines come from Banaj, et. al. (2012), who states that the main
reason for technical deficiencies are defective pressure gauges and nozzles (up to 60 %). Other
European authors reported on the condition of sprayers in their countries, Declercq et al.
(2016) state that in the fifth cycle of technical inspection in Belgium (from 2008 to 2010 in
Flamania), 1557 orchard sprayers were inspected and only 9.7% (152) of them failed the
technical inspection. Spanish authors (Solanelles et al, 2018) stated that the most common
defects in inspected sprayers were safety - 24%, defective liquid tanks - 7%, pressure gauges
- 28%, filtering system - 13%, nozzles - 13% and other defects - 15%. Analysis of these faults
shows that 40% of these machines do not meet the technical inspection requirements. The
complete procedure for performing the technical inspection described in the ISO standard is
provided by Tadi¢ et al. (2021), and it is evident that most EU countries are implementing the
European directive and the mandatory technical inspection of plant protection machinery.

Therefore, this paper presents data from the technical inspection of plant protection
machinery of test station 004 in the third inspection round in the time interval from 2021 —
2023 to 2024 — 2026.

MATERIALS AND METHODS

Material and methods for the technical inspection procedure are described in the already
known ISO 16122:1-4 standards, which were presented by Tadi¢ et al. (2021) and are
available at https://www.iso.org/standard/83366.html (/83368; /83370; /83371). Mobile test
station 004 is equipped with an automatic and electronic device for liquid distribution analysis
(AAMS spray scanner), ultrasonic pump capacity tester (Krohne) — Figure 1 a, device for
comparing working pressure from sprayers manometer and calibrated manometer (Volos),
electronic nozzle flow meter (44MS) - Figure 1 b, PTO rotation meter and other devices
specified by the ISO standard. Quality of surface liquid distribution is satisfactory when
coefficient of distribution (CV) is under 20%; Manometers are installed on sprayers with
minimal diameter of 63 mm, and with measuring accuracy up to = 0.2 bar (at test area from 0
to 2 bar). At bigger tested area, test accuracy can be = 10%. The measuring scale of
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manometers must be readable and adapted to used working pressures. The permissible
deviation of the pump capacity can be up to 10% of the nominal capacity prescribed by the
manufacturer. Nozzle flow deviation is allowed within ranges =10% from marked flow. The
detailed technical inspection procedure is explained at NN [41/202]1 available at:
https://narodne-novine.nn.hr/clanci/sluzbeni/full/2021 12 141 2389.html.

Figure 1. Ultrasonic pump capacity tester (a.) and nozzle flow testing (b.)

RESULTS

Testing station No. 004 (owned by the Faculty of Agrobiotechnical Sciences in Osijek)
tested 302 machines during the three-year testing period from 2021 — 2023 to 2024 — 2026.

Of these, 212 machines were sprayers (machines in arable farming), while 90 machines
were air-assisted sprayers or sprayers for bush and tree application (designation from the ISO
standard). Most of the machines tested were tractor carried (264), while 32 machines were
tractor trailed and 6 were self—propelled. Looking at the manufacturers of the machines, more
than half of them are Agromehanika, while 27 are from the manufacturer Lesko, 32 from
Hardi, 9 from Biardzaki, 17 from MIO, 11 from Metalna Rau and 44 machines from other
manufacturers. It is important to mention that in the period from 2022 to 2024, a total of 41
machines were deregistered from the plant protection database (FIS base) of the Ministry of
Agriculture. The reason for this is the purchase of a new machine, destruction of the old
machine, cessation of agricultural activity, etc. Table 1 provides an overview of the machines
inspected. The table of machines tested over a three-year period shows that 70.20 % of the
machines are sprayers and 29.80 % are orchard and tree sprayers. In addition, 87.42 % of the
machines are tractor-carried and Croatian farmers mainly work with Agromehanika machines
(53.64 %).

Closely related to the manufacturer, most of the pumps installed on the machines are BM-
branded used by Agromehanika (43.70 % of all pumps tested). Depending on the dimensioned
needs and capacity, the pumps are usually equipped with a flow rate of 60 to 100 1 min™'. The
average flow rate of all pumps observed in the test station is 99.05 1 min™!, while the interval
of the limit flow rates is between 41 and 482 1 min™!. The agitation system is closely related
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to the aggregate system and the tank capacity. Most machines with a larger tank have a
hydraulic agitation system. Accordingly, 67.88 % of the machines examined have a circular
agitator system. Table 2 shows the type of pumps, their capacity and the agitation system of
inspected machines.

Table 1. An overview of the tested machines

Test station no. 004 — Faculty of Agrobiotechnical Sciences Osijek
Time interval — One testing period (3 years) from 2021 — 2023. to 2024 — 2026.
No. of tested machines 302
No. of sprayers No. of sprayers for bush and tree crops
212 90
Manufacturers (7)
Agromehanika Lesko Hardi Biardzaki MIO  Metalna Rau  Others

162 27 32 9 17 11 44
Aggregation system (n)
Carried Trailed Self-propelled
264 32 6
Logout machines from the FIS system — from 2022 — 2024.
41

Table 2. Pumps and agitation on tested machines

Most represented pumps — type (7)

BM BM BM BM 2 KM Comet Hardi
65/30 105/20 150/20 65/30 pumps pumps
86 8 6 32 18 18 32
Average pump capacity Min. capacity Min. capacity

99,05 1 min™! 41 1 min™ 482 1 min’!
Agitation (n)
Hydraulic Circular
97 205

The nozzles are the most important and most responsible element of overall plant
protection system and have a major influence on technical correctness, which is why they are
at the forefront of technical control (Tomantschger et al., 2021). It is very important that the
nozzles are within 10 % of the original flow rate, i.e. they must not be clogged or worn out.
There is a whole series of different types and manufacturers on the market, and it is very
important that the inspector can recognize and systematize them. As this is already the third
round of technical inspection, farmers are aware of the importance of nozzles and have started
to equip their machines with nozzles from renowned manufacturers (Lechler, Albuz, TeeJet),
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so that, for example, 56.29 % of the technically inspected machines are equipped with Lechler
nozzles. The nozzles are often mounted in an exchangeable bayonet system (46.35 % of all
machines in the technical inspection), so that a machine usually has nozzles with several ISO
numbers that are required for different purposes. The most commonly used ISO nozzle types
range from ISO 02 to ISO 04, i.e. each of the machines surveyed had one of these nozzles
fitted. However, it can be stated that ISO 04 nozzles are the most commonly used (in 140
cases). However, there are many nozzles on the market that are not dimensioned with the ISO
10625 standard according to the original flow rates, such as Albuz nozzles. Very few special
pneumatic nozzles are represented (3 cases) and John Deere twin fluid nozzles (3 cases). It is
important to note that there are still many obsolete machines on the market that only use
ceramic tiles as nozzles (16 cases). Table 3 shows all nozzle characteristics of the tested
machines.

Table 3. Nozzle properties on tested machines

Combination of nozzles (n)

Multi-place system Single mount system
140 162
Most represented ISO nozzles (n)
ISO01 ISO015 1ISO02 1ISO025 1ISO03 ISO04 ISOO05 ISO 06

1 22 98 17 80 140 5 23
Out of ISO standard (n)
JD twin fluid Albuz nozzles Ceramic tiles Hardi nozzles Pneumatic
3 32 16 3 3
Most represented manufacturers ()
Lechler TeeJet Albuz
170 42 32

Looking at the dimensions of the machines used in Croatian agroecological conditions, it
can be seen that most of the machines are with relatively small working widths. Most of the
observed machines have a working with of up to 12 m — 16.89 % up to 7.5 m; 23.50 % up to
10 m and 13.25 % up to 12 m. The total number of machines with a working reach of up to
12 m is therefore 53.64 %. It can also be seen that station 004 inspected 32 machines with a
working range of more than 20 m, most of which belong to the largest Croatian agricultural
companies with the most cultivated land — Vupik plus, Belje plus and PIK Vinkovci plus.

The tank capacity is closely correlated with the working width, so that most of the
machines examined have a tank capacity of less than 600 litres, while the average value is
948.60 litres. Specifically, there is 1% of machines with a tank capacity of less than 300 I,
34.77 % of machines with a tank capacity of less than 400 1 and 29.80 % of machines with a
tank capacity of 400 — 600 1.

The age of the machines is not very representative by Croatian standards, as the average
production year of the machines surveyed is 2003, i.e. the machines are on average 20 years
old. The largest number of machines is in the 2000 — 2010 range with 36.09 %. Of particular
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concern are machines older than 1990, namely 17.88 %. Table 4 shows the tank capacity,
working width and production year of tested machines.

Table 4. Tank capacity, working width and production year of tested machines

Tank capacity (1)
<00 o S0 e oo 200 s 730
n 3 105 66 24 33 34 33 4
Average 948.60
Working width (m)
5-175 7,5-10 10-12 12-15 15-24 > 24
n 51 71 40 18 27 5
Average 12.43

Production year

2020—- 2015- 2010— 2005-— 2000- 1995- 1990 -
2024 2020 2015 2010 2005 2000 1995

n 25 35 26 65 44 18 35 54
Average 2003

<1990

The last and most important step in the technical inspection of sprayers is to check the
horizontal liquid distribution. According to Croatian regulations, machines must have a
distribution variation coefficient of less than 20 in order to pass the technical inspection
(measured under outdoor conditions). The inspector has the option of marking "minor defect"
for machines with a value of slightly higher than 20 %, and the machine passes the technical
inspection. However, for machines with a CV of more than approx. 25%, the machines are
sent back for re-inspection when the defects have been rectified. This is usually the case if the
nozzles are clogged or worn, if the boom had nozzles with different ISO numbers or if the
nozzles do not overlap well, i.e. the streams are not bevelled at an appropriate angle. The
average CV value of all machines tested is 19.51 %, which is clearly at the upper limit of
validity. Most of the tested machines (33.44 %) had a CV value in the range of 15 — 20 %,
while 17.21 % had unsatisfactory values. Table 5 shows the CV for the machines tested.

Table 5. Liquid distribution of tested sprayers

Liquid distribution — Coefficient of distribution — CV (%)
<5 5-10 10-15 15-20 20-25 >25
n 0 17 42 101 25 27
Average 19.51

The test station uses an automated device (AAMS Spray Scanner) to measure the
horizontal distribution of the liquid, and Figure 2 shows two results from the technical
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inspection: a - satisfactory distribution of the liquid (CV = 13.88 %, working width 12 m); b
- unsatisfactory liquid distribution (CV = 28.80 %, working width 12 m). On Figure 3 is shown
orchard sprayer at nozzle flow check (a) and sprayer at horizontal liquid distribution check

(b).
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Figure 2. Horizontal liquid distribution

Figure 3. Nozzle flow and liquid distribution check

CONCLUSION

The test station of the Faculty of Agrobiotechnical Sciences (No. 004) has been involved
in the technical inspection of plant protection equipment for many years as part of its
professional activities. In the past third round of the three-year cycle, it inspected 302
machines, mainly in the Pannonian part of the Republic of Croatia. As far as the location of
the machines and cultivation systems is concerned, the inspected machines are mainly tractor-
carried types intended for use in arable farming. More than 50 % of the inspected machines
are from the manufacturer Agromehanika, and farmers consider these machines to be reliable,
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easy to operate and affordable. As far as the aggregate system is concerned, the machines are
mostly equipped with a circular agitation system, with an average pump capacity of 99.05 1
min"'. The machines mostly use nozzles from the manufacturer Lechler in the bayonet system,
with the most commonly used nozzles having ISO numbers 02 to 04. Taking into account the
above-mentioned production conditions and the average size of the cultivated area, the
machines have smaller working widths (usually up to 12 m) and tank capacities of 400 - 600
litres. The indicator of the horizontal distribution of the liquid (coefficient of variation) is on
average at the upper limit of validity (19.51 %), which is due to poor adjustment of the
machine and maintenance of the nozzles. Finally, it is very important to mention the worrying
fact that the machines have a long lifespan, over 20 years, with an average production date of
2003. For this reason, many farmers are taking their machines out of service because they are
giving up farming (41 machines from 2022-2024).

From a scientific point of view, the capacity of the machines (working width and tank
capacity) must be increased in order to increase productivity and reduce costs. Accordingly,
it is necessary to acquire technologically new machines and invest additional efforts in the
maintenance of the machines.
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ABSTRACT

In the last years, Slovenian farmers are showing higher interest in
conservation tillage systems into their practices due to the more frequent
extreme weather conditions and the need to optimize work processes in
agriculture. The purpose of this study was to examine the advantages and
disadvantages of different soil cultivation systems for sowing of winter wheat
on the field covered with corn straw. The experiment included four different
methods of soil cultivation and preparation: ploughing (CT), disc harrowing
(DH), tine cultivator (TC), and no-till system (NT). The number of emerged
plants was significantly lower in NT (78%), while there was no difference
between CT, DH and TC, respectively. The highest yield was in the DH (6.54 t
ha) but it was not statistically different from the CT (6.50 t ha!) and TN (6.17
t ha!). When estimating soil compaction in the depth of 5 cm to 30 cm, the
highest average value was measured after first fertilisation in NT (3.50 MPa).
The results of the study indicate that non-ploughing systems can provide
comparable and high-quality grain yields of winter wheat. We believe that in
the future, alternative soil cultivation methods will become increasingly
widespread in our region, including smaller and medium-sized farms.

Keywords: Conservation tillage, No-till, Soil compaction, Winter wheat

INTRODUCTION

On a global scale, the areas cultivated in the conservation tillage system are constantly
increasing. The growth of areas without ploughing started to increase especially rapidly after
1990. Since 2008, conservation agriculture has increased by more than 10 million hectares
annually (Kassam et al., 2019), so after ten years conservation agriculture expanded to 205.4
million hectares, which is 14.7% of the world's cultivated land (Kassam et al., 2021).
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According to Biberdzi¢ et al. (2020) different tillage systems can affect soil compaction,
water content, soil temperature, and yields of cultivated plants. In the two-years experiment
the highest yield of winter wheat was measured in the conventional tillage system (4033 kg
ha'!), and it was significantly higher than the disc harrowing and no-till (Biberdzi¢ et al.,
2020). After four-year experiment Jug et. al (2011) concluded that chiselling (CH) and disc
harrowing (DH) gained equal grain quantity and quality properties as conventional tillage
(CT) on chernosem type of soil, while the yield was mostly effected by different whether
conditions.

In Slovenia, we are lagging behind global trends in the introduction of conservation tillage.
Nevertheless, no-till systems are gaining more and more attention, especially on medium-
sized farms and agricultural enterprises, where they mostly introduced this method of tillage.
In addition to improving soil fertility, conservation agriculture contributes to reducing the
consumption of working time and energy on farms (Jakop, 2022).

The positive effects of conservation tillage can also be seen in a long-term experiment that
has been taking place in Moskanjci on lighter soil since 1999 and in Ljubljana on heavier soils
since 2000. There, as part of testing different systems of basic soil tillage, it was found that
the soil in conservation tillage method of soil cultivation increased the content of organic
carbon in the upper layers. The results of the project also showed that lighter soils are more
suitable for the transition to conservation farming (Miheli¢, 2023). According to Miheli¢ et
al. 2024, The long-term tillage experiment’s transition from conventional to organic
management resulted in an increase in soil C stocks and microbial biomass, accompanied by
a shift in microbial community composition in the top 10 cm of soilunder the non-inversion
minimum tillage (MT). Notably,

SOC levels remained constant under conventional ploughing (CT) even during the 5 years
following the conversion to organic farming, emphasizing the importance of implementing
non-inversion reduced tillage practices for SOC accumulation.

The main goal of this research was to find most suitable soil tillage for replacing
conventional tillage in producing of winter wheat on more economical, less time-consuming
and environmentally friendly way on lighter soil type in the Pomurje area (Slovenia).

MATERIAL AND METHODS

Experimental design

An experiment of different soil tillage systems with a corn-straw residues for sowing
winter wheat took place in Pomurje, near the village of Srednja Bistrica (Lat. 46°32'41,71" N;
Long. 16°17'18,22" E), on a deep alluvial eutric soil. The soil contained 8.07 mg of P,Os per
100 g of soil, 14.91 mg of K>O per 100 g of soil, 45.2 g of humus per 1 kg of soil and pH
value 6.72.

The size of the experimental field is 1.44 ha and is part of the 2.64 ha field. The experiment
was designed according to a randomized block design with four treatments and four
replications: plough (CT), disc harrow (DH), tine cultivator (TC), and no-till planter (NT).
Each plot is 100 m long and 9 m width (90 m?). The size of the plots was designed based on
the working widths of the agricultural machines used in the experiment (Figure 1).
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Figure 1. Design of experimental plots in the experimental field on the Skrobar farm.

On October 2023 winter wheat (Triticum aestivum L.) Obiwan (SIS, societa italiana
sementi) variety was planted in the experiment with the sowing rate of 200 kg ha™' (400
grains/m?). The variety is classified as a short-growing variety that ripens early. It belongs to
the bread varieties and is suitable for lighter soil types.

Machines used in the experiment

Firstly, the entire surface of the experimental field was first mulched using a hummer drill
Tierre Pantera 280 mulcher (Tierre) with a working width of 2.8 m. In the conventional
method of cultivation (CT), a four-furrow reversible plough Lemken Variopal 6 equipped
with strip plough boards for lower energy consumption was used. The average soil plowing
depth on the farm is 0.20 m.

For disc harrowing (DH), an Evodisc 300 (Ozdoken) was applied, equipped with two
consecutive rows of discs with a diameter of 0.56 m. The distance between the rows is 0.95
m, which allows a good flow of plant residues. A toothed roller is installed on the back of the
tool, which regulates the working depth and also compacts soil that is too loose. The working
depth is hydraulically adjustable and averages 0.12 m.

For NT treatment, a Great Plains 3P1006NT (Great Plains) direct seed drill was used,
which has a special cutting disc installed in front of each seeding unit for the penetration of
the seeding unit through the harvest residues to the optimal seeding depth. The distance
between individual sowing elements was 0.19 m.

Contrary, sowing on the CT, DH and TC treatments was done with a combination of
mechanical seed drill Kverneland NG 300 M4 (Kvernerland) equipped with disc seeding
elements and a rotary harrow. The rotary harrow has installed working elements in the form
of prongs, which effectively break up soil clods with circular movements. A toothed roller for
soil compaction is installed on the rotary harrow, and it also serves to regulate the constant
working depth.

After seeding several agro-technical measures took place as it is listed in Table 1.
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Table 1. Fertilisation and plant protection measures

Date Agro technical measure Description

October 11, 2022 UREA for straw mineralisation =~ UREA (46 % N) — 80 kg ha!
November 11, 2022 Herbicide Trinity 1.8 1/ha— 200 1 ha™!
February 22, 2023 1%t fertilization KAN (27 % N) — 180 kg ha'!
March 23, 2023 1™ fertilization UREA (46 % N) — 100 kg ha'!
April 24,2023 1" fertilization UREA (46 % N) — 100 kg ha!
April 26,2023 Fungicide Priaxor 1.41/ha — 200 1 ha™!
April 26,2023 Growth regulator Moddus evo 0.41—200 1 ha™!
May 30, 2023 Fungicide Prosaro 0.951—200 1 ha!

Measurements and sampling

30 days after sowing, the number of established plants and on February 22, 2024 the
number of overwintered plants was counted, respectively. The number of spikes/m? was
counted before harvest.

To determine the grain yield, 2 m? on each plot in all repetitions were harvested with the
wooden model and a hand saw, and afterwards put into the bags. After the harvest on July 25,
2024, the bags with plants were transported to the Agricultural Institute of Slovenia (Jable),
where the wheat was threshed on a threshing machine for experimental purposes
(Wintersteiger, Austria).

The samples were additionally cleaned and weighed. The quality of the wheat grain was
evaluated on the Perten device for the protein content, hectolitre weight and sedimentation
value of the produced winter wheat grain.

Soil compaction was measured with a hand penetrometer Eijkelkamp (Royal Eijkelkamp).
The measurements were made before the first fertilization of winter wheat and at the end of
the growing season, to a depth of 30 cm, with a step of 5 cm by using a tip no. 2 with a cone
area of 2 cm?.

Statistical analysis

All statistical analyses were performed using Statgraphics Centurion VX (2015), using
two-way analysis of variance (ANOVA) for the interaction effects of factors on the dependent
parameter. When an interaction effect was not confirmed, one-way ANOVA was used for
interpreting the effects of each individual factor. The differences in the content levels were
estimated by Duncan’s test. P-values of less than 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Soil compaction after first fertilization

Table 2 shows data on average soil compaction to 30 cm on every 5 cm depth layer in
different treatments, after first fertilization and harvest of winter wheat, respectively. After
first fertilisation soil compaction was statistically different between tillage systems up to a
depth of 20 cm, while in a depth of 20-30 cm soil compaction did not differ statistically
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significantly. It can be seen that the average soil compaction increased with soil depth
regardless of tillage system. The highest average soil compaction in the depth of 5 cm to 30
cm was recorded in NT (3.50 MPa), while in DH (2.98 MPa) and TC (2.74 MPa) there was
no statistically significant differences. The average lowest compaction was measured in CT
(2.02 MPa). Similar results were also obtained by Biberdzi¢ et al. (2020), who investigated
the influence of the tillage system on soil compaction and yield of winter wheat. In a three-
year experiment in Serbia, the highest compaction was measured throughout all studied years
in no-till (1.87-2.47 MPa) compared to conservation and conventional tillage.

Table 2. Average soil compaction (MPa) after first fertilization and harvest in four different
tillage systems

After first fertilisation After harvest

Soil tillage

Depth CT TC DH NT CT TC DH NT
016+ 074+ 071+ 140+ 166+ 1,65+ 154+ 221+

Sem o 07lgbB  016™B  030%B  039¢B  008bA  0.15°A  0.07°A  0.120A
oem  LISE 246% 2675 323 225%  204% 265+ 304+
0,020B  025°A  026°A  055°A  0,10%A  021°A  027°A  0,07°A
Sem  122%  298% 336 388+ 228+  225& 285 3,10+
0,19°B  0,19°A  047°A  051°A  0,17°A  0,13*B 03328 (232A
soem  L8SE 314= 319%  375& 196+ 218+ 300+ 3,10+
021°A 01794 033%A  0,60°A  0,11°A  0,14°B 0,184 0,098
ssem | 330%  320%  373: 426 284+ 241+ 204 319+
02424 025°A  0720A  033*A  030°B 02028  0232A (0,149
30em  435E 391+ 424: 451 313+ 295+ 305% 3,04

0,364 0,2234 0,654 0,084 0,1248 0,1128 0,27°B  0,11°B
Average 2.02¢B 27454 2.98bA 3.5024 2.35¢4 2.25¢B 2.67°4 29538

abe significant difference between tillage systems after first fertilisation/harvest (Duncan a = 0,05),
AB significant difference between the same tillage systems after first fertilisation/harvest (t-test o = 0,05)

Soil compaction after harvest

The highest average soil compaction after harvest was again in NT (2.95 MPa), followed
by DH treatment (2.67 MPa) CT (2.35 MPa) and TC (2.25 MPa). When comparing these
results with the one after first fertilization, the values between the soil tillage systems at the
end of the growing season have decreased considerably. In the NT, the highest compaction
regardless of the depth compared to the other treatments was measured again. There were no
differences between CT compaction at a depth of 5 and 10 cm compared to DH and TC.
Contrary, at a depth of 20 cm, compaction at CT was the same as at TC and significantly
lower than DH.

When dealing with CT, the average soil compaction increased the most between the first
and second measurements. The average compaction at a depth of 5-30 cm was 2.02 MPa
during top dressing, and 2.35 MPa after harvesting. Many studies have come to similar
conclusions that soil density in the upper soil layer decreases for a short time after ploughing,
but increases again during vegetation (Karlen and Logsdon, 2004).
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Growth and development of winter wheat

Table 3 shows the growth and development of winter wheat throughout the growing
season. The least number of plants emerged in the NT treatment (306 plants/m?), which is
equvalent to 76.5% of the sown germinating grains. Other tillage methods had the same
statistically significant effect on the emergence of plants. On average, 98% of plants emerged
in CT, 95.8% in DH and 96% in CT. The reason for weaker emergence when treating NT is
partly attributed to greater soil compaction in the upper soil layer, and partly to the large
amount of harvest residues on the surface. Biberdzi¢ et al. (2020) state that an excessive
amount of crop residues on the soil surface can negatively affect seed germination and inhibit
initial plant growth.

From the results on the growth and development of the crop in the experiment, lower
values at NT considering the emergence of plants and the number of spikes are recorded. In
NT system, it would be good to increase the sowing rate, so a greater number of plants could
be achieved. It is assumed that, despite the increase in the sowing rate, crop development in
the NT system would be slower compared to the other treatments, due to greater soil
compaction.

During the winter period, an average of 1.8% of plants died. Slightly more plants died
over winter in the CT treatment (4.6%) compared to the other treatments, but this did not
affect the statistical differences compared to the DH and TC treatments. Even after wintering,
the NT treatment was characterized by the lowest number of plants (302 plants/m?) compared
to DH (382 plants/m?), TC (380 plants/m?) and CT (374 plants/m?) which is most likely due
to the lower number of plants after emergence. The similar effect of different tillage method
on the winter wheat emergence (Yu et al., 2023). The yield of winter wheat grain with 14%
moisture was statistically significantly higher in the DH (6.54 t ha!), CT (6.50 t ha™!) and TC
(6.17 t ha!) treatments than in the NT treatment (5.29 t ha'!)

Table 3. The influence of the soil tillage on the growth and development of winter wheat

Number of emerged Number of plants .
. . . Number of spikes
Soil tillage plants after wintering (plants/m?)
(plants/m?) (plants/m?) P

CT 392 +£3.4° 374+ 0,82 732 £22,0°

TC 384+10,7¢ 380+ 5,82 784 + 55,8
DH 383+6,2° 382+ 44° 828+ 12,0°
NT 306+ 18,2° 302 + 8,6° 544 £26,5°

abe significant difference between tillage systems after first fertilisation/harvest (Duncan a. = 0,05).

Yield and grain quality of winter wheat

Table 4 shows the yield and grain quality data of winter wheat. The highest yield was in
the DH treatment (6.54 t ha'), but it was not statistically different from the CT (6.50 t ha"
"Yand TN (6.17 tha™') treatments. Significantly lowest yield was measured in the NT treatment
(5.29 t ha!). Similar results were reported by Jug et al. (2013) in an experiment where the
yields did not differ statistically from each other when tilled with a chisel (5.76 t ha™),
ploughing (5.62 t ha') and disc harrowing (5.59 t ha™!). The lowest yield (5.40 t ha) was
achieved with the direct sowing system.
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No statistically significant differences were detected for moisture content. The average
humidity varied between 15.8% and 16%. The moisture content was slightly higher than is
usual in agricultural practice during harvesting due to the harvesting of samples in the early
morning.

Table 4. The influence of tillage systems on the yield and quality parameters of winter

wheat
o VR s ey e SSom
(t ha) (kg h1'")
CT 6,50 £0,192 16,0+ 0,11 13,4 +£0,03° 73,5 +0,17b 53,8 +0,63b
TC 6,17 +0,32° 157+0,07  13,0+0,05° 745+037°  51,5+0,65
DH 6,54 + 0,462 15,7+0,07 13,6 +0,04° 72,840,15¢ 56,5+ 0,29
NT 529 +0,15° 16 £0,11 13,1 £0,09¢ 74,1 £0,132 52,5+0,87°

abe significant difference (Duncan a = 0,05).

Significantly highest percentage of protein in the grain was determined at DH (13.6%) and
CT (13.4%) in comparison to NT (13.1%) and TC tillage (13.0%), respectively. Regardless
the differences in the amount of protein in the wheat crop, the wheat grains of all tillage
treatments would be classified as B1 purchase quality class. Hectolitre weight was relatively
low in all treatments, due to the large amount of precipitation at the time of harvest. In TC, a
characteristically higher hectolitre weight (74.5 kg hl') was determined compared to DH
(72.8 kg hI'"). The value of sedimentation was significantly higher at the DH (56.5) than in
CT (53.8), NT (52.5) and TC (51.5), respectively. Based on the results of the experiment in
2022/2023, it is estimated that with the DH and TC, the same high and high-quality crops as
with CT could be achieved.

CONCLUSIONS

Based on the results of a one-year field experiment on lighter alluvial soils in Srednja
Bistrica, replacing the ploughing of soil with a chisel or a disc harrowing in winter wheat
vegetation after harvesting corn for grain can be recommended, even when a lot of organic
matter (corn straw) remains on the field surface. Many farms, even smaller ones, already have
machines similar to the ones we used in the experiment, which means that it is not necessary
to change the machines to switch to conservation treatment. For greater certainty of the
obtained results, it would be necessary to repeat the experiment in the following growing
seasons.
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ABSTRACT

Several current European Union policies (Green Deal, Climate Act,
Biodiversity Strategy 2030, Farm to Fork Strategy) aim to transform
agricultural systems, with one of the objectives being to reduce greenhouse gas
emissions from agriculture. In addition, the measures mentioned are intended
to use the soil as a reservoir for greenhouse gas emissions, primarily carbon
dioxide (CO;). Research into the effects of fallow and green manure on the
reduction of greenhouse gas emissions is intended to contribute to these goals.
A one-year study was conducted that included fallow, green fallow (growing
short-vegetation siderates - sowing in autumn and incorporating above-ground
plant mass into the soil in spring), and soybean cultivation with and without
siderates, to determine the level of different carbon dioxide emissions. The one-
year study was conducted on the Dalibor Jurina's family farm in Veliki Zdenci,
Bjelovar-Bilogora County, following a randomized block design on plots of 10
x 35 m in four replicates. The treatments included in the study were as follows:
L fallow; Il. fallow + green manure; Ill. soybean and IV. soybean + green
manure. The highest C-CO; emissions were found in the fallow treatment. The
most effective treatment for reducing C-CQO; emissions was soybean with green
manure. Soybean seed yield was also higher in the green manure treatment.

Key words: fallow, green manure, reduced tillage, soybean yield, flux of
carbon dioxide
INTRODUCTION

Of the many greenhouse gases, carbon dioxide is an important compound that influences
the process of global warming and is considered a key driver of global climate change (Lee

50" Symposium "Actual Tasks on Agricultural Engineering", Opatija, Croatia, 2025
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et al., 2021). With increasing demands on agricultural production to meet the needs of a
growing population, the role of agricultural practices and their impact on soil, climate, gas
emissions, water resources, biodiversity, and related factors need to be considered more
thoroughly than ever before (Vleeshouwers and Verhagen, 2002). Soil, as a potential carbon
sink, plays a crucial role in adressing climate change. It is the second largest carbon reservoir,
containing twice as much carbon as the atmosphere, and three times as much as vegetation.
Moreover, soil serves as a vital sink for atmospheric CO, (Lal, 2004). Reducing CO;
emissions by sequestering carbon in the soil is of paramount importance, as agricultural
practices can sequester atmospheric carbon and thus mitigate climate change by maintaining
and/or increasing the amount of carbon stored in soil and plant material (Rastogi et al., 2002).

Excessive tillage, the burning of crop residues, the application of large amounts of
fertilizers, or alterations in the soil-air-water ratio lead to increased CO; emissions to the
atmosphere and a reduction in the carbon content in the soil (Wang et al., 2024). Research has
demonstrated that factors such as agrotechnical measures, agroclimatic factors, physical,
chemical and biological properties of the soil, the presence and type of vegetation, and
numerous other factors significantly influence CO, emissions in/from the soil (Raich and
Potter, 1995; Rochete and Angers, 1999).

Tillage, in particular, has a major influence on soil CO; emissions (Bilandzija et al., 2016).
It can lead to a loss of approximately 50% of organic carbon due to the stimulation of aerobic
microbial respiration processes (Zhang et al., 2024). The presence of vegetation also
influences soil CO; emissions, which tend to be higher in cultivated soils than in fallow soils
(Al-Kaisi and Yin, 2005). Moreover, soil CO; emissions are also influenced by the type and
phenological stage of crops, as they absorb CO; from the atmosphere through photosynthesis
(Norman et al., 1997). Seasonal variations in soil CO, emissions have been observed in almost
all types of ecosystems. Soil respiration is typically highest in summer, decreases during
colder months, and is lowest in winter (Rochette and Angers, 1999). Seasonal variations are
primarily influenced by changes in soil and air temperature, soil water content, photosynthetic
activity, and/or their interactions. In spring, soil temperature and water content are not limiting
factors, enabling better crop growth and increased soil respiration (Ma et al., 2024). However,
in summer, soil water content becomes a limiting factor, while in winter, low soil temperatures
restrict crop growth and soil respiration (Bobrenko et al., 2024).

The aim of this study was to assess CO, emissions from soil under different land-use
practices, specifically through the cultivation of agricultural crops (in this case soybean) with
or without green manure. The aim of the was to determine the soil's ability to store CO,, one
of the main sources of greenhouse gas emissions.

MATERIALS AND METHODS

Experimental site and land use

Multi-year research was conducted on the Dalibor Jurina family farm (MIBPG 191693)
in Veliki Zdenci, Bjelovar-Bilogora County, (N 45° 65', 17° 08' E) according to a randomized
block design on plots measuring 10 x 35 m in four replicates. This paper presents the results
for the year 2022, when soybean was cultivated on the experimental field. The soil type at the
experimental site is classified as Stagnic Luvisols (IUSS Working group WRB, 2022). In the
following text, the researched treatments will be labeled as follows: 1. fallow; 2. fallow +
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green manure; 3. soybean and 4. soybean + greeen manure. The green manure (siderate) used
in this study consisted of fodder pea (Pisum sativum subsp. Arvense), and winter oats (4vena
sativa). During the research, reduced tillage was uniformly applied, on the experiment, i.e. a
rotary cultivator as a flat cultivator and a rotary harrow with a packer roller. It is important to
emphasize that mineral fertilizers were not applied in these studies; however, the usual
conventional chemical protection for the cultivated crop — soybean — was implemented. Due
to extremely unfavorable climatic conditions, including a highly irregular distribution of
precipitation (with an extremely rainy April and the first half of May), soybean was sown only
on May 22 (variety Os Lucija 00) with a sowing rate of 130 kg ha!. The soybean harvest took
place on October 8, 2022.

Calculation of carbon dioxide emissions

The field measurements of carbon dioxide concentration were carried out using the static
chamber method. The measurements were carried out in triplicate at each defined research
point. The carbon dioxide concentration in the soil was measured with a portable infrared
carbon dioxide detector (GasAlerMicro5 IR). The material used to construct the chambers
does not transmit light, thereby preventing sunlight from influencing the measurements. The
chambers were placed on circular frames that were embedded approximately 5 cm into the
soil. Before closing the chambers, the initial carbon dioxide on the soil surface was measured.
After closing the chambers, the incubation time was 30 minutes, followed by the measurement
of the carbon dioxide concentration in the closed chambers. If necessary, the vegetation inside
the frame was removed before starting the measurements.

The soil carbon dioxide emission of the soil is expressed in kg ha™! day™'. The calculation
of CO; emissions (flux) from the soil was performed according to Widen and Lindroth (2003)
and Toth et al., (2005) using the following equation:

Fecoo=[M*p*V*(c2—c)]/[R*T*A*(—t)]

In which:

FCO; — flux of CO; from the soil (kg ha™' day™)

M — molar mass of CO; (kg mol™")

p — air pressure (Pa)

V — chamber volume (m?)

cl — CO; concentration at the beginning of the measurement (umol mol™)
¢2 — CO; concentration at the end of the measurement (umol mol™)

R — gas constant (J mol! K1)

T — air temperature (K)

A — chamber area (m?)

t2 — t1 — time of measurement — incubation (day)

Determination of agroecological conditions in soil and air

The research objective required reliable data on agro-ecological conditions, especially
regarding temperature, pressure, and relative air humidity, as well as soil temperature and
moisture content. Precipitation and air temperature affect the soil moisture content and soil
temperature, which ultimately indirectly influence carbon dioxide emissions from the soil. At
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each location, air temperature was measured, along with relative humidity, air pressure, and
carbon dioxide concentration in the air. In addition to these air parameters, the soil
temperature and the soil moisture content were also measured. The air temperature and
relative humidity were recorded with a Testo 610 device, while the air pressure was measured
with a Testo 511 device positioned at a height of approximately 1 m above the soil surface.
Soil temperature and moisture content were determined using an IMKO HD?2 device (Trime
— Pico64 probe). Before the start and at the end of the measurement of the CO; concentration
in the soil, the following parameters were recorded: CO; concentration in the air (ppm), air
temperature (°C), air pressure (hPa), and relative humidity of the air (%). Simultaneously,
with each measurement of soil CO, emissions, soil temperature (°C) and soil moisture content
(%) were measured at a depth of 10 cm near the chambers (Figure 1).

i K 2 b e

Figure 1. Application of the IMKO HD2 device on the experimental field in Veliki Zdenci

Data analysis

Statistical data were processed using the analysis of variance (ANOVA) method using the
statistical program Statistica 14.3 and mean values were separated at the p < 0.05 level using
the Fisher's Least Significant Difference (LSD) test.

RESULTS AND DISCUSSION

Climatic conditions during the research year

Compared to the 30-year average of 863 mm (Kisic et al., 2017), the year 2022 was at the
level of the multi-year average of 892 mm precipitation. As shown in Figure 2, a lack of plant-
available water was observed from May to August. During this period, a total of 199 mm of
precipitation was recorded, while September saw 286 mm of precipitation over 19 days.
Regarding temperature, both the monthly and annual averages for 2022 were higher than the
average (Figure 3). The multi-year average is 10.7 degrees Celsius, while an average of
12.7 °C was recorded in 2022. Notably, during the period of greatest precipitation deficit
(May-August), the highest temperatures were recorded, consistenly 3.0-3.5 degrees Celsius
higher than the multi-year average. This trend indicates that more extreme climate conditions
could occur in the future. Dugan et al. (2024) discuss strategies for addressing the challenges
posed by increasing climate variability.
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Soybean seed grain yield

The distribution of precipitation with extreme amplitudes and extremely high temperatures
during the late spring and summer months was the decisive factor influencing the soybean
yields achieved this year. The lack of precipitation between May and August certainly had a
significant impact on the soybean yields achieved this year. In addition, the extremely
unfavorable conditions (excessive humidity) during the soybean sowing likely affected the
crop composition, and consequently the soybean grain yield. Although a slightly higher
soybean grain yield was recorded in the treatment (soybean + siderate), the differences in
yields were not statistically significant. The lack of precipitation in October had no significant
effect on the soybean yield, since harvesting was carried out on October 8. In conclusion, it
can be said that the climatic factors, in particular the unfavorable distribution of precipitation
and extremely high summer temperatures, were the decisive influences on the achieved yield
of the cultivated crop (Figure 4). The effect of the climatic factors masked the impact of the
green fertilization. One potential response to the challenges of climate change is the
application of various forms of reduced tillage (Pekemeti et al., 2019).
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Figure 2. Total monthly precipitation in the research year and multi-year average
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Figure 3. Mean monthly temperatures in the research year and multi-year average
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Figure 4. Achieved yields of soybean seeds
Mean values marked with the same letters between the achieved yields of soybean
seeds are not statistically significantly different (Statistica 14.3, p <0.05)

Soil microclimate conditions

The results related to soil temperature and moisture show significant differences during
the three measurements of C-CO, emissions (Table 1). In the first measurement of soil
temperature in June, the fallow treatment had a significantly higher soil temperature. In July,
both fallow+green manure and soybean treatments had significantly higher temperatures than
the other two treatments. In the last measurement, immediately before the soybean harvest,
fallow and fallow+green manure had significantly lower temperatures compared to soybean
and soybean+green manure. The same table also shows the soil moisture in the investigated
treatments. In the first measurement in June, there were no significant differences in soil
moisture between the different treatments. In July, differences appeared, and significant
differences were found between the treatments with green manure and without green manure.
A similar situation was recorded in the last measurement in October, when no differences
were registered between the treatments of soybean with green manure and soybean without
green manure. However, significant differences were determined between fallow and
soybean.

Table 1. Soil microclimate by different land use or crops

Date of Fallow Fallow+green Soybean Soybean+green
measurement manure manure
Soil temperature, °C
June 15, 2022 39.82a 35.57d 36.61b 36.02 ¢
July 22, 2022 3453 a 36.73 b 36.53b 3521c¢
October 5, 2022 21.28a 21.18a 23.55b 25.55¢
Soil moisture, %
June 15, 2022 2392 a 22.63a 2137a 2243 a
July 22,2022 6.89a 4.24 ab 8.46 ac 691a
October 5, 2022 55.65 a 59.69 b 6393 ¢ 61,21b

Mean values marked with the same letters between the achieved yields of soybean seeds are not
statistically significantly different (Statistica 14.3, p <0.05)
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Soil emissions C-CO:

Carbon dioxide is released from the soil by soil respiration, which includes three biological
processes: biological respiration, root respiration, and soil micro- and macrofaunal respiration
(Rastogi et al., 2002). Of all greenhouse gases, carbon dioxide is extremely important, as it
causes about 60% of global warming (Vleeshouwers and Verhagen, 2002). For these reasons,
research is being conducted on how to store as much carbon dioxide as possible in the soil.
There are several methods, primarily focused on changing soil cultivation practices, i.e.
increasing the use of reduced tillage methods (Wang et al., 2024) or adopting a wider crop
rotation (Zhang et al., 2024). Also, a change in land use (reducing arable land) and increasing
land under meadows and pastures will enhance the potential for carbon storage in the soil.
Regardless of the processing method applied or crop rotation, current weather conditions have
the greatest influence on carbon dioxide emissions from the soil (Norman et al., 1997; Wang
et al., 2024).

Figure 5 shows the C-CO; emission approximately 20 days after sowing soybeans. As
expected, the highest C-CO» emission, significantly higher than the other treatments, was
recorded in the classic fallow. The emission was significantly higher in the fallow-+green
manure treatments compared to the soybean treatments, and significantly lower in the classic
fallow. The treatments where soybeans were grown had significantly lower C-CO; emissions
compared to the two fallow plots. No significant differences were found between the soybean
treatments (with and without green manure). Similar results were found by other researchers.
Rochette and Angers (1999) and Sokolova et al. (2021) reported the highest C-CO, emissions
during the spring months on fallow plots.
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Figure 5. Soil C-CO; emissions on June 15
Mean values marked with the same letters between the achieved yields of soybean
seeds are not statistically significantly different (Statistica 14.3, p <0.05)

The next measurement of C-CO; emissions was conducted on July 22. In this measurement,
the significantly highest C-CO, emissions were recorded in the fallow+siderate treatment
compared to the classic fallow and soybean without siderate. The treatment in which soybeans
were grown without siderate recorded the significantly lowest C-CO, emissions compared to
the other three treatments.
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The last measurement of C-CO; emissions was carried out on October 5, three days before
the soybean harvest. The significantly highest C-CO, emissions were measured in the fallow
compared to the other three treatments. In addition, the significantly lowest C-CO, emission
was measured soybean+green manure treatment compared to the other three treatments. No
significant differences were recorded between the fallow+green manure treatment and
soybean without green manure.
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Figure 6. Soil C-CO; emissions on July 22
Mean values marked with the same letters between the achieved yields of soybean
seeds are not statistically significantly different (Statistica 14.3, p <0.05)
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Figure 7. Soil C-CO; emissions on October 5
Mean values marked with the same letters between the achieved yields of soybean
seeds are not statistically significantly different (Statistica 14.3, p <0.05)

Based on the research results and the literature review, it is evident that carbon dioxide
emissions from the soil vary significantly depending on plant cover and meteorological
conditions throughout the year. Further research is essential to identify changes in physical

136



Effects of fallow and green manure on the yield of soybean grain and CO, emission with use reduced tillage

and chemical properties and to evaluate the impact of green manure on these properties, as
well as on the yield of cultivated crops.

CONCLUSIONS

Based on the one-year research conducted, the following conclusions can be drawn:

- No significant differences were recorded between the treatments in which soybeans
were grown. The extremely dry year in the growing season and the very unfavourable
distribution of precipitation indicate that the climatic (un)conditions had a decisive
influence on the achieved soybean grain yield.

- The treatment involving classical fallow recorded the highest C-CO, emissions,
followed by the fallow treatment with green manure.

— The most favourable treatment in terms of reducing C-CO; emissions was fallow with
soybeans, i.e. soybean cultivation.
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ABSTRACT

Soil respiration is an important component of the global carbon cycle and is
linked to the global problem of climate change caused by increasing
greenhouse gas (GHG) concentrations in the atmosphere. Land use has an
influence on soil respiration rates. The aim of the study is therefore to determine
the influence of the cultivation of 4 different corn hybrids on the soil respiration
rate and soil microclimate (temperature and moisture). The study was
conducted in the 2021 growing season in the continental part of Croatia near
the city of Osijek. The experiment included 5 treatments (bare soil, Rudolfov,
Kulak, OS 515, OS 596). Soil respiration increased with plant developmental
stages until maturity and then decreased until harvest. The average soil
respiration rates in vegetation period May — October were in the range of 0.82
-2.15t C-CO; ha', soil moisture 23.71 - 27.26 % and soil temperature 27.63 -
28.15 °C depending on studied treatment. Significant differences were not
found for the average values of soil respiration rates and soil microclimate
conditions between corn hybrids, but soil respiration rates were significantly
higher (2.37 times) at the treatments with corn presence compared to the bare
soil indicating significant impact of vegetation on soil respiration.

Keywords: soil CO; efflux, soil temperature, soil moisture, corn hybrids,
climate change
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INTRODUCTION

Climate change is one of the greatest environmental problems nowadays. Croatia is
already facing the impacts of climate change, as annual temperature trends are positive and
significant for all parts of Croatia and statistically significant decreases in precipitation were
found for some Croatian regions (NIR, 2021). According to local and global climate changes
scenarios for the near future, further climate changes and more frequent extreme weather
conditions for Croatia are expected (Marinovi¢ et al., 2021). A climate change is caused by
anthropogenic emissions of greenhouse gases into the atmosphere. The concentration of
carbon dioxide (CO») in the atmosphere at the beginning of the 20th century was around 380
ppm (Feely et al., 2004), and in 2021 the CO, concentration reached 414 ppm (Friedlingstein
et al., 2022). For this reason, intensive efforts are being made to find ways of reducing
greenhouse gas emissions into the atmosphere and increasing the atmospheric carbon sink.
The carbon cycle represents the biochemical cycle of carbon exchange between the
atmosphere, hydrosphere, biosphere and lithosphere and is a consequence of biological,
chemical, physical and geological processes. As a potential carbon sink, soil can be a key
factor in tackling climate change, as it contains twice as much carbon as the atmosphere and
three times as much carbon as vegetation (Bilandzija et al., 2016).

Soil respiration is the process where one part of photosynthesis-sequestered C is returned
from the soil back to the atmosphere. The release of CO; from soils accounts for about 25%
of the total annual exchange of C between the atmosphere and terrestrial sources (Post et al.,
1990), and is estimated to be 75 Pg C (Schlesinger and Andrews, 2000). Therefore,
understanding the factors that control soil respiration is of particular importance to land use
and management, since certain measures can be taken to enable lands to sequester more
atmospheric C and decrease soil respiration (Townsend et al., 1996; Nadelhoffer et al., 1999;
Bowden et al., 2004). There are lot of possibilities to mitigate climate change via decreasing
soil respiration in agricultural sector through implementation of new technologies and
sustainable agricultural practices (Bilandzija et al., 2016; BilandZzija et al., 2021). One of these
technologies is agricultural biotechnology, a promising tool for development of cultivars and
hybrides that can contribute to mitigation of climate change (McCarthy et al., 2018).
Therefore, the aim of the study is to determine the impact of four different corn hybrides on
soil respiration rates and soil microclimate conditions (soil temperature and soil moisture
content).

MATERIALS AND METHODS

Experimental site

A study on soil respiration was conducted in 2021 at a experimental site near the city of
Osijek (45°31'55.6 "N, 18°44'13.8 "E, 90 m a.s.1.). According to the multi-year average 1991
— 2018, the Osijek region has a continental climate with an average annual air temperature of
11.7 °C, an average annual precipitation amount of 707 mm, an evapotranspiration of 590 mm
per year, a soil water deficit in the period July - September (72 mm) and a water surplus in
the period December - March (116 mm) (Bilandzija i Martin¢i¢, 2021). The soil at the
experimental site has a silty clay texture, the water holding capacity is 37.7%, the air holding
capacity is 10.2%, the soil porosity is 47.8% and the bulk density is 1.39 g cm™. The pHkci
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value of the soil is 7.24, the soil contains 2.3% humus, 0.11% total nitrogen, 1.25% total
carbon, 0.06% total sulphur, 17.9 mg P,Os and 15.5 mg K,O per 100 g soil.

Experimental treatments

The experiment includes five different treatments with control plot and different corn
hybrides. The size of each experimental plot is 150 m? (15 m x 10 m) in three repetitions.
Description of corn hybrids is presented in Table 1, and more informations on corn hybrides
can be found in Catalouge of Agricultural Institute Osijek (AIO, 2020). The experimental
treatments are:

1) C — control plot, bare soil - black fallow

2) R - corn (Zea mays L.), hybride Rudolfov 60
3) K - corn (Zea mays L.), hybride Kulak

4) 515 - corn (Zea mays L.), hybride OS 515

5) 596 — corn (Zea mays L.), hybride OS 596

Table 1. Description of corn hibrides

RUDOLFOV KULAK OS 596 0S 515
dry grain production, ear harvesting, ear harvesting, silage
Purpose . . . ; .
silage production silage production production
Kernel type Dent-type kernel
Number of rows 1618 1416 1618
of kernels
68 000 — 71 000 71 000 — 75 000 65 000 — 68 000 68 000 — 71 000
germinable germinable germinable germinable
Recommended seeds/ha, seeds/ha, seeds/ha, seeds/ha,
plant density 39 000 —41 000 41 000 — 44 000 38 000 —39 000 39 000 —41 000
germinable germinable germinable germinable
seeds/cadastral seeds/cadastral seeds/cadastral seeds/cadastral
Sowing distance 20 —21 cm 19-20 cm 21 -22cm 20-21 cm

Source: Agricultural Institute Osijek (2020)

Soil respiration

Field measurements of soil CO, concentrations, air (temperature, pressure and relative
humidity) and soil (temperature and moisture at 10 cm depth) climate elements were
conducted once a month during the growing season (May — October) in three repetitions. The
total number of measurements amounted 105 (7 months x 5 treatments x 3 repetitions). The
measurement of air temperature and relative air humidity was carried out with Testo 610
(2011), air pressure with Testo 511 (2011) at the height of 0.5 m above soil surface, soil
temperature and soil moisture at 10 cm depth with IMKO HD2 (2011), in the close vicinity
of each chamber. Soil CO; concentrations were measured by in situ closed static chamber
method and portable infrared detector of carbon dioxide (GasAlerMicroSIR, 2011). The soil
respiration rates were afterwards calculated as:

MprVX(Cz_Cl)

= 1
Feoz RXTxXAX(t,—t;) M
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where:

FCO, - soil respiration (kg ha™' day™);

M — molar mass of the CO; (kg mol™);

P — air pressure (Pa);

V — chamber volume (m?);

c) — initial concentration of CO; (umol mol™);

c2— concentration of CO; after incubation time (umol mol™);
R — gas constant (J mol! K);

T — air temperature (K);

A — chamber surface (m? );

t2 - t; — incubation period (day).

Statistical analysis

All data were analyzed using statistical Software SAS (SAS 9.4, SAS Institute Inc.).
Variability between treatments were evaluated with analysis of variance (ANOVA) and
tested, if it was necessary, with adequate post-hoc (Fisher LSD) t-test. In all statistical tests
significance level was 5%.

RESULTS AND DISCUSSION

Results

Soil temperature during the studied period was in the range of 12.4 - 39.5 °C with an
average value of 28.02+7.89 °C. Statistical analyses determined no significant differences in
soil temperature between studied treatments (Graph 1).

Soil temperature (°C), LSD=5.35
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Graph 1. Average soil temperature during the studied period May - October

During the studied period soil moisture was in the range of 12.14 - 35.89 % with an
average value of 24.84+5.48 %. No statistically significant differences between studied
treatments was determined for soil moisture content (Graph 2).
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Soil moisture (%), LSD=3.62
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Garph 2. Average soil moisture content during the studied period May - October

Soil respiration rates during the vegetation period May - October were in the range of 0.6
-3.69 t ha' y! with an average value of 1.7120.7 %. Average soil respiration rates of
Rodolfov, Kulak, OS596 and OS515 during the studied period do not differ statistically
between themselfs and amounts 1.91, 1.93, 1.78 and 2.15 t ha'ly!, respectively (Graph 3).
Statistically significant difference was determined between treatments with corn hybrides and
black fallow. Average soil respiration rate of 4 studied hybrides amounts 1.94 t ha-1y-1 and
is on average 2.37 times greater compared to soil respiration rate of black fallow (Graph 3).

Soil respiration tla (t ha y1), LSD=0.67
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Garph 3. Average soil respiration rates during the studied period May - October

The amount of carbon released from the soil to the atmosphere by soil respiration
processes in this study correlates with the values determined by Ding et al. (2007), who found
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that the soil respiration rate of bare soil - black fallow amounts 0.80 t ha! and on the field
with corn presence 1.63 t C ha! i.e. soil respiration in the field with corn is 2 times greater
than soil respiration in a field with black fallow. The study on the effects of fertilization on
soil respiration under corn in continental Croatia near Sisak city, reveal that soil respiration
was 1.8 to 2.1 times lower on bare soil compared to treatments with corn (Gali¢ et al., 2023)
that ranged from 2.65 to 2.98 t C ha! depending on the treatment. In a study conducted near
Daruvar city in continental Croatia on the influence of different tillage methods on the soil
respiration rate was found that the average soil respiration under maize is 3.1 t C ha'! during
the growing season, which is higher than the values determined in this study (BilandZija et
al., 2016). Ussiri and Lal (2009) determined an average soil respiration rate of 19.4 kg C ha’!
day™! for corn cultivation in Ohio, which corresponds to 3.57 t C ha™! for the growing season
May - October. These values are higher than the results obtained in this study, which is
attributed to the different agro-ecological conditions and the agrotechnical measures applied.

CONCLUSION

In this study, the degree of soil respiration and soil microclimate conditions were
determined for four different maize hybrids (Rudolfov, Kulak, OS596 and OS515) and bare
soil. The statistical analysis of variance showed that soil respiration did not differ significantly
between the maize hybrids studied. However, it was found that soil respiration was 2.37 times
higher in treatments with plant cover than in bare soil. To determine the possibility of
mitigating climate change through the cultivation of different hybrids, it is necessary to extend
research to the potential of biological carbon sequestration and the determination of the total
carbon balance within a given agroecosystem
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ABSTRACT

Combinations of maize and intercrops can improve the efficiency of energy
use and prevent high GHG emissions due to expected higher yields from area
units and better energy use ratio. In Lithuania, due to climate change, some
vegetative periods became arid with about 50-60% of the usual precipitation
rate. In such conditions, the intercrops are sown after emergence of maize
encounter with unfavorable germination and development conditions, and this
can decrease the biomass yields of intercrops. That disbalance energy use of
intercropped cultivations.

For more precise conclusions, investigations were performed at the
Experimental Station of Vytautas Magnus University, Lithuania. Maize was
intercropped with Poaceae family crops as more stable for arid conditions than
legumes: winter ray, spring barley, annual ryegrass, oats. Control treatments
were two: inter-rows weeding and inter-row mulching with weeds. The
operations of maize intercropping increased fuel consumption by about 10 [ ha
I compared to the control without any intercrops. When growing maize with
cereal intercrops, the total energy consumption increased by almost 50%
compared to the control.

Less pollution was established by two agro-technologies without intercrops.
The environmental pollution was also low by the sowing of annual ryegrass
because its seeding rate was low. When sowing large-sized seed crops into
maize, CO; equivalent is higher and such technologies are relatively more
polluting.

Keywords: CO; equivalent, drought, energy, multi-crops
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INTRODUCTION

In agriculture, oxygen is released during production, but also a significant amount of
GHG, which pollutes the environment (Lal, 2004; Faila et al., 2020; Saldukaité et al., 2022).
There are various methods of reducing environmental pollution by GHG in agriculture, such
as: balancing organic and mineral crop fertilization, application of reduced tillage. Also
important are their combinations (Haddaway et al., 2017; Bruciené et al., 2021). This provides
prerequisites for more efficient fuel and energy consumption, as well as a relatively lower
CO; equivalent emitted into the atmosphere. Multi-cropping can be an effective way to reduce
energy consumption and balancing GHG emissions. Multi-crops can also stabilize soil and
crops fertility due to control of pests, diseases and weeds, especially in sensitive conditions
of climate change (Haberl et al., 2011; De Carcer et al., 2019; Blanco-Canqui and Ruis, 2020).
In agriculture, it is useful to convert various inputs into equivalents of energy consumption
and carbon emissions. So, there is a need for a standardized approach to quantify those indices
in any conventional and innovative agro-technology (Trimpler et al., 2016).

The main aim of this study was to evaluate the fuel and energy consumption, and GHG
emissions from maize cultivation, intercropped by the Poaceae intercrops in conditions of not
well distributed annual precipitation.

MATERIAL AND METHODS

Field short-term experiment on maize intercropping was performed since 2023 at the
Experimental station of Vytautas Magnus University, Agriculture Academy. Experimental
soil was sandy loam (sand 57.4%, clay 14.9%) Planosol (WRB, 2014). Lithuania is a country
with surplus precipitation rates, but last few years precipitation rates distribute not even with
drought periods during vegetative period (Table 1).

Spring 2024 was not cool and dry, but rather warmer and wetter. The summer months
were exceptionally warmer than normal. Only July was getting wetter. All others are
exceptionally dry, so the growth of intercrops canopy biomass was weak. In 2023, 250 mm
of rain fell during the maize vegetation, and in 2024 - about 280 mm. This amount of
precipitation is sufficient for maize cultivation, but in our climate, the fields are impoverished
and do not produce a larger biomass yield.

In our study, 6 treatments were evaluated: 1. Inter-row loosening (control 1, C1); 2. Inter—
row mulching with weeds (control 2, C2); 3. Winter ray intercropped (WR); 4. Annual
ryegrass intercropped (AR); 5. Spring barley intercropped (SB); 6. Oats intercropped (OA).

The field experiment was carried out in 4 replicates. Crops were grown as continued
cultivation. The soil was ploughed with a Kverneland semi-screw plough in autumn. In the
spring, the soil was cultivated by cultivator by the 4.3—4 cm depth. At the same time mineral
fertilizers NPK 5:15:29 (300 kg ha') were applied. After, the maize was sown with a
Kverneland Accord Optima pneumo-mechanical seeding machine in 45 cm wide rows at the
rate 30-32 kg ha™' of seeds. After the maize germinated, the inter-rows were cultivated and
inter-row Poaceae crops were inter-sowed. Sowing rate for ray and barley — 200 kg ha™', for
outs — 220 kg ha™'. Pesticides were not used in agro-technologies. The biomass was harvested
at the end of the maize vegetative period at the end of September (after the grain has reached
the beginning of hard maturity) manually.
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Table 1. Air temperatures and precipitation rates during maize vegetative period
(Source: Kaunas Meteorological Station, 2024)

Month 10-days periods Monthly Long-term
s I 11 I average
Air temperature (°C)
v 11.1 7.6 8.1 9.1 6.9
v 12.9 14.0 19.8 15.6 13.2
VI 16.5 16.8 20.1 17.8 16.1
VII 19.2 21.6 9.4 20.1 18.7
VII 19.0 19.8 20.1 19.7 17.3
IX 19.5 17.8 14.5 17.3 12.6
Precipitation rate (mm)
v 10.3 23.9 28.8 63.0 41.3
v 7.2 4.6 13.3 25.1 61.7
VI 9.9 10.4 16.5 36.8 76.9
Vil 6.6 38.8 64.0 109.4 96.6
VI 19.5 11.0 10.4 40.9 88.9
IX 0.7 31.3 8.2 52.6 60.0

In the calculations of the energy and environmental assessment of agro-technologies, there
was used the normative data of the Lithuanian Institute of Economy and Rural Development
for agricultural machinery (Srebuténiené, 2017; Srebuténiené and Stalgiené, 2017). A field
area of 2—10 ha for the calculations was used. The power of tractors varied from 45 to 102
kW, biomass harvester - 250 kW (Table 2). The data of mechanical seeders are presented in
calculations when up to 200 kg ha™' seeds were sown.

Table 2. Agro-technological operations

Technologi i
(machinery/depth/l;gllctzll'ig{)f::::t)ﬁ?eatments c1 & WR AR SB OA
Deep ploughing + + + + + +
Pre-sowing cultivation + + + + + +
Fertilization (Nis Pss Kg7 kg ha™!) + + + + + "
Maize sowing + + + + i i
Intercrops sowing - - + + + +
Inter-row loosening (2-3 cm depth) ++ + + + + +
Inter-row mulching - + + + + +
Biomass harvesting + + + + + +

Notes: 1. Inter—row loosening (control 1, C1); 2. Inter—row mulching with weeds (control 2, C2); 3.
Winter ray intercropped (WR); 4. Annual ryegrass intercropped (AR); 5. Spring barley intercropped
(SB); 6. Oats intercropped (OA).
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For cutting the inter-rows, the closest available hanging rotary mower was choose. In the
case of a plot up to 10 ha in area, biomass yield up to 12 t ha!, and a swath width of 3 m, a 6-
furrow biomass harvester was chosen. In Table 3, the main technical indicators of the
technological processes, including the power of the machines, the working width, the output
rate, and the cost of working time, as well as the cost of diesel fuel were presented. The highest
fuel consumption is determined for harvesting operations.

Table 3. Technological indices of operations (according to the Romaneckas et al., 2024)

Technolqgical Machinery Working cal;l:i(iity .Working_ ) consﬂume[l) tion
operation power (kW) width (m) (ha h!) time (h ha™) (L ha")
Deep ploughing 102 1.75 0.80 1.25 24.1
Pre-sowing cultivation 102 7.00 4.56 0.22 6.4
Maize sowing 45 3.00 1.41 0.71 4.0
Intercrops sowing 67 3.00 1.31 0.76 9.8
Fertilization 67 14.00 16.55 0.06 0.6
Inter-row loosening 54 3.00 1.56 0.64 4.1
Intercrops mulching 54 3.00 2.05 0.49 53
Biomass harvesting 250 3.00 1.82 0.55 19.2

General fuel consumption in C1 agro-technology was 62.5 1 ha!, C2 — 63.7 1 ha!, in
intercropped maize — 73.5 1 ha'!. Seeding and interrow cutting operations increased fuel
consumption by about 10 1 ha!. It would be possible to sow inter-crops during maize sowing,
but inter-row thinning before sowing inter-crops could be impossible. It is an effective way
to control early-emerging weeds in pesticide-free technologies.

By selecting the energy equivalents of technological operations (Table 4), it is possible to
evaluate the energy efficiency of different agro-technologies.

Table 4. Energy equivalents in agro-technologies

Indices Energy equivalent References

Human labor (MJ h™!) 1.96

. ~ Lal et al., 2019
Diesel fuel (MJ 1) 56.3
Agricultural machinery (MJ h™") 357.2 Campiglia et al., 2020
Seeds of maize (MJ kg™") 16.6 Lal et al., 2019
Seeds of ray (MJ kg ') 13.8
Seeds of barley (MJ kg ™) 14.8 Vinci et al., 2022
Seeds of oat (MJ kg™ 15.9
Seeds of Poaceae grasses (MJ kg™") 18.5 Jorgensen et al., 2007
N (MJ kg™ 60.6
P,Os (MJ kg ™) 11.1 Lal et al., 2019
KO (MJ kg™") 6.7
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It is convenient to evaluate agro-technologies according to the relative emissions of
greenhouse gases. The equivalent of CO, gas (CO»eq) is used for this (Table 5).

Table 5. CO; equivalents in agro-technologies

Inputs CO: equivalent References
Diesel fuel (kg COzeq 1) 2.76 Moghimi et al., 2014
Agricultural machinery (kg COzeq MJ ") 0.071 Pishgar-Komleh et al., 2012
Seeds of maize (kg COzqkg ™) 15.3 Singh et al., 1997
Seeds of cereals (kg COzeq kg ™) 10.2 Linquist et al., 2012
N (kg COzkg™) 1.30
P,0s (kg CO2q kg ™) 0.20 Lal, 2004
K>0 (kg COzeq kg™!) 0.15
RESULTS AND DISCUSSION
Energy inputs

Agriculture is an energy-intensive industry due to the use of various power machines and
implements for tillage, sowing, crop maintenance and harvesting (Mohammadshirazi et al.,
2012; Imran et al., 2020; Sarauskis et al., 2020). Studies have shown that a significant amount
of energy is consumed in the production of mineral fertilizers and their use in agriculture. The
lowest energy input was identified as human labor (Gezer et al., 2003).

Table 6. Energy inputs of technological operations

Inputs C1 C2 WR AR SB OA
Human labor 7.8 7.7 9.2 9.2 9.2 9.2
Diesel fuel 3518.8 3586.3 4138.0 4138.0 4138.0 4138.0
Agricultural machinery 1453.8 1400.2 1671.8 1671.8 1671.8 1671.8
Seed of maize (30 kg ha™!) 498.0 498.0 498.0 498.0 498.0 498.0
Seeds of ray (200 kg ha™") - - 2760.0 - - -
Seeds of ryegrass (30 kg ha!) - - - 555.0 - -
Seeds of barley (200 kg ha™!) - - - - 2960.0 -
Seeds of oat (220 kg ha™) - - - - - 3498.0
N 909.0 909.0 909.0 909.0 909.0 909.0
P,0s 499.5 4995 499.5 499.5 499.5 499.5
K20 5829 5829 5829 5829 5829 5829
Total energy input 7469.8 7483.6 11068.4 8863.4 11268.4 11806.4

Notes: 1. Inter—row loosening (control 1, C1); 2. Inter—row mulching with weeds (control 2, C2); 3.
Winter ray intercropped (WR); 4. Annual ryegrass intercropped (AR); 5. Spring barley intercropped
(SB); 6. Oats intercropped (OA).
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In our experiment, the lowest energy consumption was calculated in the agrotechnologies
applied in control fields C1 and C2 (Table 6). When maize is grown with cereal intercrops,
total energy consumption increases by about 50 percent compared to the C1 control.

Effect on the environment

Given that climate change is driven by increasing GHG due to anthropogenic impacts,
sustainable farming warrants lower emissions (Whitfield, 2006; Gant et al., 2011). Optimal N
fertilization level in maze-pea intercropped cultivation also can reduced GHG emissions
(Yang et al., 2023).

The GHG emissions for the agrotechnological inputs were recalculated into a COxeq
system using the conversion equivalents (Bosco et al., 2011) (Table 7).

Table 7. GHG emissions from maize cultivations

Indices/Treatments C1 C2 WR AR SB OA
Diesel fuel (kg COseq ha™) 172.5 175.8 2029 2029 2029 2029
Agricultural machinery (kg CO2qha™!) 1032 994 118.7 1187 118.7 118.7
Seeds (kg COzeq ha™) 459.0 459.0 2499.0 765.0 2499.0 2703.0
Fertilizers (kg COzeq ha™) 41.6 41,6 41.6 41.6 416 4l1.6

Total GHG emission (kg CO2q ha™) 7763 775.8 2862.2 1128.2 2862.2 3066.2
Notes: 1. Inter—row loosening (control 1, C1); 2. Inter—row mulching with weeds (control 2, C2); 3.
Winter ray intercropped (WR); 4. Annual ryegrass intercropped (AR); 5. Spring barley intercropped
(SB); 6. Oats intercropped (OA).

The first two agrotechnologies, which did not sow intercrops, were somewhat superior in
terms of CO, equivalent (Table 7). The environmental pollution was also low during the
sowing of ryegrass because the its seeding rate was low. It is very relevant that when sowing
crops, conditional emissions of greenhouse gases are high and if the sowing does not produce
a tangible harvest, such technologies pollute the environment more. In our earlier study with
legumes intercropping, GHG emissions varied from 803.8 to 897.8 kg COz¢q ha™! and were
similar for all technologies (Romaneckas et al., 2024). In Silva et al. (2024) experiment under
no-tillage system, maize cultivation with Gramineae and legume cover crops showed 0.7 and
0.1 kg COz kg! less emissions than sole maize. In other experiments, in continue maize
cultivations, fertilized at 101 kg N ha™! per year, CO, equivalent emitted 1250 kg ha™
(McSwiney et al., 2010). Juarez-Hernandez et al. (2019) found the total GHG emissions in
maize cultivations up to 3475.8 kg COseq ha™!. So, agro-technologies C1, C2 and AR can be
called sustainable.

CONCLUSION

The operations of maize intercropping increased fuel consumption by about 10 1 ha'!
compared to the control C1 without any intercrops. When growing maize with cereal
intercrops, the total energy consumption increased by almost 50 percent compared to the
control CI.
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Less pollution was the first two agro-technologies (C1 and C2), in which no intercrops
were sown. The environmental pollution was also low during the sowing of annual ryegrass
because its seeding rate was low. When sowing large-grain crops into maize, conditional
greenhouse gas emissions are high, and if the sowing does not produce a tangible biomass
yield in unfavorable vegetation conditions, such technologies are relatively more polluting.
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ABSTRACT

The aim of this study was to investigate the growth of the energy crop Arundo
donax (AD) on different substrates and its possible use as soil conditioner. The
main objective was to determine and compare the influence of 2 different
materials: (i) phosphogypsum (FG - CaSOy4 % 2H>0) and (ii) substrate (CaF
+ municipal sewage sludge) on the total content of S, Ca, Pb, Zn, As and U in
the soil, as well as yield (mass) and yield components (number of shoots and
plant height). An experiment consisted of 5 different treatments (different ratios
and combinations applied to the soil) in 3 replicates. The treatments were: I -
soil (100 %); II - substrate (100 %); Il - soil + substrate (50 % / 50 %); IV -
FG + 50il (50 % /50%) and V- FG + substrate (50 % / 50%). The rhizomes of
AD (~ 20 cm with 4-6 plant buds) were planted on 12/04/2023. The first harvest
took place on 27/02/2024. Soil samples were taken before the establishment of
the trial (2023) and after the first harvest (2024). Depending on the treatment,
the pHxcivalue ranged from neutral 6.87 (V) to slightly alkaline 7.64 (I1l). The
organic matter content ranged from a medium 2.2 % (1) to a highly humic 7.0 %
(I1). The total S content ranged from 497 mgkg™ (I) to 2480 mgkg™ (V). The Ca
content ranged from 16 807 mgkg™ (I) to 214 225 mgkg' (V), the Zn content
from 99 mgkg™ (1) to 576 mgkg™' (II), the Pb content from 18 mgkg™ (IV) to 86
mgkg (II), the U content from 5 mgkg™ (I, Il and III) to 111 mgkg™ (V) and the
As content from 10 mgkg” (1) to 19 mgkg™ (IV). The number of shoots varied
from 4 per pot (I) to 8 per pot (V), the plant height from 73 cm (V) to 137 cm
() and the fresh mass from 376 g per pot (V) to 498 g per pot (II). The Zn
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content in all treatments except in clean soil (I) was above the MAC value
prescribed by Croatian legislation.

Keywords: Energy crop, phosphogypsum, sewage sludge, municipal
wastewater, CalF»

INTRODUCTION

Waste management and the circular economy are two interrelated concepts that promote
sustainable approaches to environmental sustainability. The former aims to reduce
environmental risks, waste production, and waste disposal through recycling, reuse, and
proper disposal (Suhaib & Fayaz, 2023). The intensification of agricultural practices and the
associated production processes has led to a considerable amount of agro-industrial waste.
This increase in production has put considerable pressure on the environment and has had a
negative impact on the resources of the agricultural system. One of these agro-industrial
wastes is phosphogypsum, the calcium sulphate hydrate that is a by-product of the production
of fertilisers, especially phosphoric acid, from phosphate rock and can be used as a soil
conditioner or agricultural fertiliser due to its physical and chemical properties (Elbagory et
al., 2024; Mesi¢ et al., 2016; Pliaka & Gaidajis, 2022).

Phosphogypsum has been used on agricultural land since the 1980s to replace limestone
in the improvement of saline and alkaline soils. In particular, it has been used in highly
weathered, nutrient-poor soils, in alkaline soils with dense subsoil horizons or those prone to
dispersion and surface crusting, in acidic soils with high aluminium content, and in calcareous
soils (Mesi¢ et al., 2016). However, this type of use raises concerns about heavy metal
contamination, effects on soil nutrients, leaching of pollutants into groundwater and natural
radioactivity (Bituh et al., 2021). The radioactivity of phosphogypsum is mainly enriched in
uranium (**®U) and thorium (***Th). The main radiotoxic element in the environment
associated with the production of phosphoric acid is uranium, which passes from the immobile
fraction of the phosphate rock into the bioavailable fraction of phosphogypsum. In the
production of phosphate mineral fertilisers, 2®U has high levels, and 80-90% of ***Ra is
extracted to produce phosphogypsum, replacing Ca in the chemical composition (Saadaoui et
al., 2017). All this suggests that before phosphogypsum is used in agriculture, it should be
analysed for trace elements to avoid transfer of harmful elements to food and consequently
exceed their regulatory limits in food products (Bituh et al., 2021). One possible solution is
therefore the cultivation of energy crops whose purpose does not fall within the scope of food
production, and one of these crop is Arundo donax L (AD).

Arundo donax L. (AD), commonly called giant reed or giant reed, is a plant that naturally
grows spontaneously in different environments and is widespread in temperate and hot areas
all over the world. The plant's adaptability to different environmental, soil and cultivation
conditions, combined with its high biomass production and low cultivation costs, give AD
many advantages over other energy crops (Corno et al., 2014). Although originally from Asia,
the species is now distributed worldwide and is cultivated in many regions and under different
climatic conditions. Arundo donax L. has no viable seeds and can therefore be considered a
sterile plant, however, the risk of invasion in flooded areas can be high (Nocentini et al.,
2018). In general, AD has a large biomass potential requiring a lower input, and a wide range
of climatic conditions and soil types (including polluted ones) are suitable for its production
(Jambor & Torok, 2019).
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In the Republic of Croatia, mineral fertilizer production is carried out in "Petrokemija d.
d.” — Kutina, where the generated technological waste is disposed of. The production process
of phosphoric acid is carried out by the dihydrate process, by which, in addition to the main
product phosphoric acid, a secondary product calcium sulfate in dihydrate form -
phosphogypsum - is formed. The production facility consists of the following production
units: phosphate grinding section, reaction and filtration section, evaporation section, weak
and strong acid storage, neutralization section and phosphogypsum disposal section. The daily
production capacity is 500 t of weak acid and 550 t of strong acid (expressed as 100% P»0s)
and 36 t of hexafluorosilicic acid (expressed as 100% H,SiFs). For every ton of phosphoric
acid produced, about five tons of phosphogypsum is produced by the dihydrate process, which
is permanently disposed of at a specially arranged landfill (Leakovi¢ et al., 2012). During the
production of phosphoric acid, waste water contaminated with fluorides and phosphorus is
also produced. Such waste water is treated by neutralization with lime before discharge into
the natural receiver hydrate. The resulting product of neutralization is calcium fluoride (CaF>),
which is treated as non-hazardous waste. They leave in specially built lagoons (Leakovi¢ et
al., 2012).

Existing phosphogypsum landfill near Kutina can be remediated using either the “in situ”
or the “ex situ” method. When selecting a technical reclamation solution, the most important
criteria are the environmental impact, the location and the reclamation costs. The
implementation of reclamation and revegetation measures would continuously reduce the
potential negative impact of waste on the environment and natural resources, in particular by
reducing pollution of surface and groundwater, soil and air, as well as reducing risks to human
and animal health. The reclamation of the phosphogypsum landfill near Kutina was carried
out by covering the landfill with an upper sealing layer using reclamation materials as a
substrate for planting and existing phosphogypsum is stored in the existing storage cells. The
reclamation of the upper layer is carried out with a substrate consisting of a mixture of sludge
and phosphogypsum in a ratio of 80:20, supplemented with additional materials (sand or soil)
to achieve better stability of the sealing layer. Such a substrate often has excellent properties
that surpass the quality of conventional soil conditioners. Namely, one of the potential soil
amendments, among others, is wastewater sewage sludge. It can be used to increase the
biomass yield, the absorption potential of the plants, the amount of soil organic matter and to
immobilize the metals in soil (Zgorelec et al., 2020). The use of sewage sludge offers a more
cost-effective method of revegetating the landfill and at the same time reduces the need to
apply humus soil as a cover layer. As the application of a humus layer represents an additional
financial burden for landfill remediation, sewage sludge treated with phosphogypsum can be
used as a cover substrate in combination with the application of calcium fluoride sludge.
However, the use of sewage sludge for landfill remediation is permitted provided that the
sewage sludge fulfils all prescribed standards and legal requirements. As the sewage sludge
is expected to have a persistently favourable physical and chemical composition after the
reclamation process with phosphogypsum, it is expected to serve as a suitable substrate for
the cultivation of energy crops used as cover vegetation on the landfill.

The aim of this study was to investigate the growth of the energy crop AD on different
substrates and its possible use as soil conditioner. The main objective was to determine and
compare the influence of 2 different materials: (i) phosphogypsum (FG - CaSO4 x 2H,0) and
(i1) substrate (CaF> + municipal sewage sludge) on the total content of S, Ca, Pb, Zn, As and
U in the soil, as well as biomass yield and yield components.
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MATERIALS AND METHODS

Energy crop Arundo donax (AD)

The rhizomes of AD (~ 20 cm with 4-6 plant buds) were planted on 12/04/2023. The first
harvest took place on 27/02/2024. The quality and quantity of growth of the energy crop
elephant grass (AD) and the substrate were measured after harvest: yield (mass) per pot and
yield components (number of shoots and plant height per pot).

Substrates - waste materials as potential soil amendments

(1) phosphogypsum (FG - CaSO4; x 2H,0) — waste material took from Petrokemija
mineral fertilizer plant (from landfill in Lonjsko Polje, generated during the production of
phosphoric acid)

(2) substrate for reclamation of phospohogypsum landfill made from municipal sewage
sludge from the Zagreb Wastewater Treatment Plan and CaF, [non-hazardous waste generated
during the production of phosphoric acid] and was mixed in 80:20 ratio.

(3) Soil used as a control in experiment was taken from testing field Maksimir
(pHkci=7.56; OM= 2.2 %; TN=0.188 %; TS=0.05 %; P-AL >400 mgkg™'; K-AL = 139 mgkg"
1. Soil samples were taken before the establishment of the trial (2023) and after the first
harvest (2024).

Experimental design

An experiment consisted of 5 different treatments (different ratios and combinations
applied to the soil) in 3 replicates. The treatments were (Figure 1): I - soil (100 %); II -
substrate (100 %); I1I - soil + substrate (50 % / 50 %); IV - FG + soil (50 % / 50%) and V-
FG + substrate (50 % / 50%).

FG = phosphogypsum (CaS0, X 2H,0)
F, + municipal sewage sludge from the Zagreb Wastewater Treatment Plant

111 —50% soil + 4
509% substrate IV —50% soil + 50 % FG V —50 % substrate
& +50 % FG

Figure 1. Experiment scheme
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Study parameters and methods

In the table 1 all studied parameters and used methods are defined.

Table 1. Methods used, followed by a specific protocol for each parameter

Parameter Unit Method Protocol
Drying/grinding/ 150
see ditiy /h§ n%o eni gation - Preparation of soil samples 11464:2006(I1SO
& genz 11464, 2006)
Determination of the pH value in ISO
pHkai - 0.01 M CaClz, | MKCland H2O  10390:2005(ISO
in a ratio of 1:2.5 (m/v) 10390, 2005)
in AL extract (AL method) in a }
plant available ratio of 1:20 (m/v) Skgrié
phosphorus (P-AL) and mg kg! (spectrophotometer, Hach 1982(Skorié,
potassium (K-AL) DR/2000, 1996 and flame 1982)
photometer, Jenway, PFP7, 1999)
Soil quality — Screening soils for
selected elements by energy-
determination of total dispersive X-ray fluorescence 150
mg kg! ) 13196:2013(ISO
elements (from Mg to U) spectrometry using a handheld or
. 13196, 2013)
portable instrument
(pXRF Vanta, Olympus, 2019)
Dry combustion method, Vario IS0
TOC and TC % Yy Macro CHNS (TC,) 10694:2004(ISO
10694, 2004)
Soil quality — Determination of ISO
Organic matter (OM) % organic carbon by sulfochromic 14235:2004(ISO
oxidation 14235, 2004)
Soil quality — Determination of ISO
total N % total nitrogen content by dry 13878:2004(1SO
combustion ("elemental analysis") 13878, 2004)
Soil quality — Determination of ISO
total S % total sulfur content by dry 15178:2005(1SO
combustion 15178, 2005)
1SO
yield (mass fresh and dry) g pot™! Gravimetric 712:2009(1S0,
2009)
yield components -
number of shoots
yield components - plant cm

height
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Statistical analysis and quality control

Statistical analysis was done with the use of statistical software SAS 9.1 (SAS Inst. Inc.),
One-Way ANOVA and post-hoc (Fisher LSD) test were used for processing of data. The
threshold of significance was 5% for all tests. Quality control was included. Measurement
accuracy and methods precision for descriptor determinations were checked using reference
materials (ISE 851 and 970 for soil, Wageningen University) and were satisfactory.

RESULTS AND DISCUSSION

Regarding the pH, treatment I, II and III had significantly higher pH (slightly alkaline)
than those with FG (natural; IV and V) (Figure 2). Organic matter (OM) was significantly the
highest in the treatment with municipal sewage sludge substrate (II, highly humic; 7%), while
in pure soil OM were medium (I; 2.2%) and the lowest. The total S content were significantly
the highest in treatment V with 2480 mgkg™', and total N content were significantly the highest
in the treatment with municipal sewage sludge substrate (I, very rich supply; 0.396%).

pHq LsD=0.23

7.40 A
A A
7.20 206
7.00 6.87
6.80 B
6.60 B
6.40
1 1 " v v
2023
OM, %, LSD=0.7 N, %, 15D=0.049
80 0450
7.0 039
70 0.400
60 0350
0275
50 44 0300
4.0 0.250
40 0.188 0.197
” 31 0200 0.158
22 0.150
20 0.100
10 0.050
00 0.000
I 1 " Y v I 1 1 v v
203 =2023
S, mgkg ™ Lsp=333 K-AL mgkg-1, 1sp=21
3000 250
2480 204
2500 200
171
2000 A
150 139 136 136
1500 E
1137 (]
853 100 G C
1000
. 647
S| I © .
0 0
I n n v v n n v \

2023 2023

Figure 2. Results of soil/substrate analysis: pH, OM, total N, total S and plant available
potassium (mean value marked with the same capital letter between treatments are not
statistically significant, Fisher test, p<0.05)
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The optimal CN and NS ratio (Kisic et al., 2019) were recorded just for treatment III (10
and 1, respectively). The CN ratio in the soil higher than 15 is an indicator that plants have a
limited content of nitrogen in the soil, while the value of CN ratio lower than 10 is an indicator
of a limited decomposition of organic matter in soil (Kisic et al., 2019). In all treatments CN
ratio were in the range from 10-15.

Soil was very rich supply with plant available phosphorus (P-AL) in all treatments (> 400
mgkg™") and plant available potassium (K-AL) was significantly the highest in treatment V
with 204 mgkg™! (good supply) in comparison to other treatments (Figure 2).

The significantly highest yield of AD was recorded in treatment II and IIT (with sludge).
The significantly highest plants were observed in treatments from I to III (soil and sludge).
The lowest number of shoots per pot was recorded in I (pure soil) (Figure 3).

Yield (fresh mass) g per pot, 1sp=71 Yield (dry mass) g per pot, v
.
a0 - & AB 389 376 o
300 BC c c b SC €
10(
200
100
: V ' V Vv
m2024
Plant height, cm, Lsp=35 Number of shoots per pot, Lsp=2.4

A 10 o A 6.0
A 89 - A
ABC 50 " A
B o
c B
1.0
) 0
[~}

Figure 3. Results of yield and yield components (mean value marked with the same capital
letter between treatments are not statistically significant, Fisher test, p<0.05)

Figures 4 shows total elemental content in soil/substrate. The As content ranged from 10
mgkg! (11, 2023) to 19 mgkg™! (IV, 2023 & 2024) and the Pb content from 18 mgkg™! (IV,
2023) to 86 mgkg™' (11, 2024). The Ca content ranged from 16 807 mgkg™' (I, 2024) to 214 225
mgkg! (V, 2024) and the U content from 5 mgkg™ (I-111, 2023 & 2024) to high 111 mgkg!
(V, 2023). The Zn content ranged from 99 mgkg™ (I, 2024) to 576 mgkg™ (II, 2024) and the
Zn content in all treatments except in clean soil (I) was above the MAC (OG 71/19)(Official
Gazette, OG 71, 2019) value prescribed by Croatian legislation for agricultural soils (200
mgkg!, for pHkci > 6).
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Figure 4. Results of soil/substrate total elemental analysis: As, Pb, Ca, U and Zn

CONCLUSIONS

Treatment with pure soil (I) in comparison to other treatments in first year of investigation
shows the best results regarding the plant height. Treatments with sludge (II & III) have had
the highest yield, OM and total N content, additionally pure municipal sludge treatment (II)
shows high content of Pb and Zn in comparison to all other treatments. FG treatments (IV and
V) shows high content of Zn, Ca, S, K-AL and very high U content in comparison to all other
treatments. The Zn content in all treatments except in clean soil (I) was above the MAC (OG
71/19) value prescribed by Croatian legislation for agricultural soils. We should be aware of
the high content of some parameters in waste materials, such as U and S in FG and Zn in
sewage sludge, and prepare the quantities in the substrate mixtures appropriately and
carefully.
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ABSTRACT

The present paper try to evaluate the vegetation fires in agricultural farming
in West Banat (Timis County), using the official records of fire events in last
three years (2021, 2022 and 2023). The aim of the study was: to evaluate the
period (day, moth, year) of fire, causes of the fire, the surface of affected area
by fire, effects and consequences on the land, vegetation, objects and human
beings, the first ignited material identified and locality area. Was analysed a
number of 262 vegetation fires, official reported in 2023 year, 698 in 2022 year
and 550 in 2021 year. Collected data were proceeded for statistical analysis
using Microsoft Excel and STATGRAPHICS Centurion 19. The relevance was
verified by Fisher test, and ANOVA, was used for possible relations between
month, number of fires, causes of the fire identified, the size of the surface of
affected area by fire, effects and consequences on the land, vegetation/culture,
objects or human beings, the first ignited material identified and locality area.
A hazard map can be elaborated based on vegetation fire with different possible
selection. The paper results can provide a perspective on the relationship
between land vegetation and potential fire hazard in agricultural production
systems. Also, we concluded that different management practices associated to
weather conditions and air water content, applied in the agricultural systems,
can change the fire hazard in agricultural systems.

Keywords: vegetation fire, assessment, causes, hazard map, relationships

INTRODUCTION

Important and integral part of many ecosystems, fire is a natural phenomenon affecting
biological processes and species, including decomposition or accumulation of biomass.

50" Symposium "Actual Tasks on Agricultural Engineering", Opatija, Croatia, 2025

167


mailto:dumitru.tucu@upt.ro

N. E. Tutunaru, D. P. Tucu, E. C. Kazomir, A. Filipovici, D. Tucu

Regarding origin and outbreak, the fire in the agricultural landscape is mainly determined by
the weather (usually through drought, by lack of water) and different accidentally situations,
including self-ignition (even the law punish it) (Aponte et al., 2016; Fernandez-Anez et al.,
2021; Winkler et al., 2023). Generally, as extreme weather has become more frequent in
European area, due to climate change, the fire protection in agriculture became an important
activity in conditions of significant economic impact of agricultural field fire and increasing
of number and intensity of fire consequences (Li et al., 2022; Maxwald et al., 2022). In such
conditions became important the aim to determine the extent of the number, wildfire area and
direct consequences, as well as the degree of change in vegetation caused by the fire (Collins
et al,, 2018). One of the most important fire risks in agriculture is the complexity of
agricultural equipment (Tucu et al., 2010; Babanatis Merce et al., 2018), combined with
employees’ low qualification and poor understanding of fire risks as work undesirable event,
in condition of low effect of authority prevention policies (Crisan et al., 2017; Tucu, A., 2021;
Tucu, A., 2023).

The paper aim to evaluate the vegetation fires in agricultural farming in West Banat (Timis
County) based on the official records of fire events in last three years (2021, 2022 and 2023),
by analysing simultaneously the period (day, moth, year) of fire, causes of the fire, the surface
of affected area by fire, effects and consequences on the land, vegetation, objects and human
beings and the first ignited material identified and locality area.

METHODS

Place of the analysis was the Timis county (figure 1, Google maps), area situated in west
of Romania, central Europe, almost plain, less hill and a bit of the mountain area.

. N
x f e e
% e pad UKRAINE
_,?}\.-"-"“ 3 .-'-\..._- SLOVAK'AI-__ - gl )
- e ..‘-(u I‘!‘&'.l'l‘:-: ool é ﬁ‘;"-.-» - _.-'A.::- R
Fres P ' J_,:\., s y ey
) Auslria :}h . o i b m"-'-‘
i Fl N, O
A HUNGARY  / VT Sy e
e ] R
& o ) Y gy
o Slovenlsisgen N et P
T Ty e o TIMI?\COUNTY ROMANIA b o
i T e ~
' By i o % ..I"-‘P‘
CROATIA ™S mirm * oeee )
o il J - L
P ) " i
3 ‘," .\: ‘“—"lﬁl:'h Lw«.\: 7!
o
:\}\. et ,;3 Saerbsin iy /.__. 5 = .
..;--I\\' ) .5 sy
i ] T -5 “u

Figure 1. Place of study

Relatively to proposed area, were extracted from official statistics information regarding
time of fire (year, month, day, hour and minute), cause (1-open fire in open space; 2- open
fire in a closed space; 3- smoking in places not permitted or in unprotected places; 4 -
children’s play with fire; 5- electrical damage; 6 - self-ignition; 7- sparks from locomotives,
vehicles (agricultural machines); 8- mechanical sparks; 9 - intentional use of ignition source
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to start the fire; 10 - smoking while sleeping; 12 - other cases; 13 — thunderbolt; 14 - the action
of some responsible persons (including self-ignition); 15 - solar heat (radiation) accumulated;
16 - inadequate thermal protection), category of the affected area surface, [m?] (1- <10 m?; 2-
between 11-100 m?; 3- between 101-1000 m?; 4- between 1001-10E4 m?; 5- >10E4 m?), type
of agricultural exploitation (1- dry vegetation; 2- vacant land; 3- yard, garden; 4 — stubble; 5-
field of grain; 6 — pastures; 7- garden, park; 8- cemetery; 9- agricultural machines and
equipment; 10- animal shelter; 11 - fodder warehouse; 12 - garbage dump; 13 —forest; 14 -
orchard or vineyard; 15 - silos, barns; 16 —greenhouses), concrete effect of the fire, first
material ignited (concrete indication) and locality (concrete indication).

After collecting, the information will be prepared using Microsoft Excel for statistical
analysis. Firstly, new group of data according to the relevance will realised, using the
significative factors and consequences. The statistical relevance will be verified by Multiple-
Sample Comparison, ANOVA and Multiple Range Tests, if existing influences. Finally, using
Multiple Regression possible relations for prediction will be determined.

RESULTS

Table 1 presents the most important causes (that determined each, more than 3% of total
fires (1510 in the full period)) and their weight (in % from total fires on the same cause),
correlate with burned surface. Similarly, in table 2 can be observed the weight of different
burned surfaces correlate with type of agricultural exploitation, and in table 3 the correlation
between month and weight of burned surface.

Table 1. Influence of causes on the weight of category of burned surface

Surface <10 11-100 101-1000 1001- OE4 >10E4
Cause

1 8.15 22.67 26.25 17.65 25.27

3 12.38 20.95 38.10 16.67 11.90

5 18.00 36.00 26.00 8.00 12.00

12 28.95 21.05 13.16 7.89 28.95

2 27.27 22.73 36.36 4.55 9.09

CAv 18.95 24.68 27.97 10.95 17.44

CAv- average of cause's weight on burned surface

The results of Multiple-Sample Comparison for ANOVA, F-ratio which is equal 3.5928E-
8 (is a ratio of the between-group estimate to the within-group estimate) and the P-value of
the F-test greater than 0.05, confirm there is not a statistically significant difference between
the means of the 5 selected causes on the burned surfaces. The Multiple Range Tests also
confirm there are no statistically significant differences between any pair of means of cause's
weight at the 95.0% confidence level. The Box-and-Whisker Plot confirm also the previous
conclusion.

169



N. E. Tutunaru, D. P. Tucu, E. C. Kazomir, A. Filipovici, D. Tucu

Table 2. Influence of type of agricultural exploitation on the weight of category of burned

surface
Type <10 11-100 101-1000 1001-10E4  >10E4
1 5.37 16.53 30.99 19.97 27.13
2 17.61 34.22 31.23 8.64 8.31
3 19.31 24.83 47.59 7.59 0.69
4 2.42 4.84 8.87 29.03 54.84
5 0.00 6.25 10.42 12.50 70.83
6 6.90 27.59 20.69 20.69 24.14
EAv 8.60 19.04 24.96 16.40 30.99

EAv- average of type of agricultural exploitation's weight on burned surface

Table 3. Influence of month on the weight of category of burned surface

Month <10 11-100 101-1000 1001-10E4  >10E4
1 45.71 40.00 14.29 0.00 0.00
2 17.14 24.29 38.57 10.00 10.00
3 6.40 18.00 28.80 17.20 29.60
4 14.77 31.82 26.14 19.32 7.95
5 29.17 43.75 20.83 4.17 2.08
6 7.41 30.37 32.59 14.81 14.81
7 4.67 20.33 26.92 21.70 26.37
8 5.88 17.99 25.61 19.38 31.14
9 15.73 24.72 33.71 6.74 19.10
10 14.00 25.00 21.00 13.00 27.00
11 15.00 40.00 35.00 0.00 10.00
12 18.18 45.45 22.73 9.09 4.55
MAv 16.17 30.14 27.18 11.28 15.22

MAV- average of month's weight on burned surface

Regarding the analysis of effects of causes, the same analysis indicated a statistically
significant difference between the means of the 5 variables at the 95.0% confidence level
(table 4, ANOVA results for influence of causes on the burned surfaces).

Table 5 includes the results for Multiple Range Tests denoting a statistically significant
difference for pairs 1001-10E4 versus 101-1000, and 1001-10E4 versus 11-100. The same
conclusion came from the examination of Box-and-Whisker Plot in this situation (figure 2),
statistical significance being maximum between 1001-10E4 versus 101-1000, and 1001-10E4
versus 11-100.
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Table 4. ANOVA results for influence of causes on the burned surfaces

Source Sum of Squares Df Mean Square F-Ratio  P-Value
Between groups 874.99 4 218.75 3.23 0.0336
Within groups 1352.62 20 67.63
Total (Corr.) 2227.62 24

Regarding influences between agricultural exploitation and burned surfaces, a similar
situation occurred: since the F-ratio is equals 1.7778 and the P-value of the F-test is greater
than 0.05, there is not a statistically significant difference between the means of the 5 variables
at the 95.0% confidence level, so the agricultural exploitation did not influence statistically
significant the burned surfaces (relevant figure 3).

Table 5. The results for Multiple Range Tests surfaces/causes

Contrast Sig. Difference +/- Limits
<10 - >10E4 1.51 10.85
<10 - 1001-10E4 7.99 10.85
<10 -101-1000 -9.02 10.85
<10-11-100 -5.73 10.85
>10E4 - 1001-10E4 6.49 10.85
>10E4 - 101-1000 -10.53 10.85
>10E4 - 11-100 -7.24 10.85
1001-10E4 - 101-1000 * -17.02 10.85
1001-10E4 - 11-100 * -13.73 10.85
101-1000 - 11-100 3.29 10.85

* Denotes a statistically significant difference.

<10 — + —
>10E4 — iF —
1001-10E4 — + H
101-1000 ] + —
11-100 |:| + =
(I) 1I0 2IO 3I0 4I0
response

Figure 2. Box-and-Whisker Plot surfaces/causes
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The maximum statistically significant difference was obtained for the relationship
between month and category of burned surface, that determined using of multiple regression
for establishing a prediction mathematic model for simulate the weight of fires in Timis area.
Table 6 presents the summary output and table 7 ANOVA and regression results. Residual
output and probability output results are presented in table 8. The prediction model has a good
value of the coefficient of multiple correlation R square = 0.739.
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oo |

1] 20 40 60 80
response

Figure 3. Box-and-Whisker Plot for type of exploitation/burned surfaces

Table 6. The summary output of multiple regression type of exploitation/burned surfaces

Regression Statistics

Multiple R 0.859
R Square 0.738
Adjusted R Square 0.446
Standard Error 2.311
Observations 12

Table 7. ANOVA and regression results for multiple regression exploitation/burned

surfaces
df SS MS F Significance F
Regression 5 105.6060797 21.12121594 4.942264356 0.038612787
Residual 7 37.39392031 5.341988615
Total 12 143

Coefficients Standard Error t Stat Lower 95% Upper 95%

Intercept -27.00272845 12.90583988 -2.092287577  -57.5202 3.514734

<10 -0.029977166 0.136109251 -0.22024341 -0.35182 0.29187
11-100 0.681146513 0.177859213 3.829694851  0.260576 1.101717
101-1000 0.18032418 0.159029907 1.13390106 -0.19572 0.55637
1001-10E4 0 0 65535 0 0
>10E4 0.562095233 0.205496379 2.735304804  0.076174 1.048017
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The prediction model for vegetation fire will express the weight of possible fire, Wft:

Wf = —27.00272845 — 0.029977166 (W (< 10)) + 0.681146513 * (W (11 — 100))
+ 0.18032418 (W (101 — 1000)) + 0.562095233 * (W (> 10E4)) €))

Table 8 Residual output and probability output results

Observation Predicted Residuals Standard Residuals Percentile
1 1.4488 -0.4488 -0.2542 4.1667
2 1.6018 0.3982 0.2255 12.5
3 6.8974 -3.8974 -2.2078 20.8333
4 34115 0.5885 0.3334 29.1667
5 6.8508 -1.8509 -1.0485 37.5
6 7.6664 -1.6666 -0.9440 45.8333
7 6.3841 0.6159 0.3489 54.1667
8 7.1988 0.8011 0.4538 62.5
9 6.1780 2.8219 1.5986 70.8333
10 8.5696 1.4304 0.8103 79.1667
11 11.7257 -0.7258 -0.4111 87.5
12 10.0666 1.9333 1.0952 95.8333

CONCLUSIONS

There are a lot a possible factor influencing the fire in the agricultural landscape, mainly
determined by the lack of water or different accidentally situations, including self-ignition
(perceived sometimes as part of agricultural technology). Starting at local conditions and
official statistic in Timis County present paper studied the possible correlations between
causes, month of the year (seasons), type of agricultural exploitations and consequences of
the vegetation fires expressed in 5 classes of burned surfaces. Due the absence or less
statistical significance of some factors, could be concluded that different management
practices associated to weather conditions and air water content, applied in the agricultural
systems, can change the fire hazard regarding vegetation fire in agricultural systems (control,
monitoring, equipment improvement etc.).
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ABSTRACT

UAV Technology offers a wide range of advantages for crop monitoring in
agriculture. From monitoring plant health and managing water resources to
detecting pests and applying treatments, drones represent a powerful tool for
modern agriculture. The use of drones in this field can lead to improved
efficiency, reduced costs, and increased quality production. Our study
highlights several extremely important elements of unmanned aerial vehicle
(UAV) technology used in agriculture. To this end, an experimental study is
being conducted in the orchard plantation on the campus of the Politehnica
University of Bucharest using a DJI Mini 4 Pro commercial drone. The results
obtained are visualized and reported in a user-friendly manner. Interactive
detailed maps showing crop status, plant health, etc., are particularly useful
tools for determining the optimal time for harvesting based on crop condition
and maturity, as well as for improving irrigation systems and conserving water.

Keywords: GPS, plantation, drone, OcuSync, DJI Mini 4 Pro

INTRODUCTION

DJI commercial drones are among the most popular and widely used in various industries,
not only due to their advanced technology but also because of their ease of use and reliability.
Beyond any marketing objectives, it should be noted that statistically, Da-Jiang Innovations
dominates the global market for commercial and consumer drones, holding a significant
market share of over 75% (Bender, 2021). Rightly so, they are among the most popular and
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utilized in various industries, primarily due to their highly advanced technology, as well as
their ease of use and reliability.

The highly diverse models released by DJI, such as the Phantom 4 RTK used in
topography and mapping, the Mavic 3 Enterprise with advanced mapping and inspection
functions, the Matrice 300 RTK widely used in industrial inspections, search and rescue
missions, and precision agriculture, or the Agras T30 specifically designed for crop spraying
in precision agriculture, are well-known for their robust design and technology that ensures
reliability in various flight conditions. Additionally, the superior quality of images and videos
captured with high-resolution cameras or advanced automation and Al features allows for the
execution of complex missions with minimal human intervention.

& Universitatea Politehnica din Bucuresti- 7/22/2024

PO -

Figure 1. The monitored area (left) and DJI Mini 4 Pro drone (right)

The theoretical fundamentals of implementing drone technology in monitoring and
surveillance of crops in precision agriculture have already been investigated in numerous
research papers. A simple search on Google Scholar generated approximately 7,850 articles
in 0.51 seconds, including those by Hafeez et al. (2023), Zhang et al. (2021), Campos et al.
(2019), Singh et al. (2022), and Kasimati et al. (2023). These studies discuss the potential of
UAV technology for applying monitoring and mapping techniques in agriculture by collecting
large amounts of data to track the development and dynamics of crop growth and structure
over time. They also address the importance of mission planning, limited flight time, and
weather conditions that influence drone performance and stability.

Popescu et al. (2023) highlight new research trends in orchard monitoring, emphasizing
the implementation of neural networks (as a core element of artificial intelligence in image
processing) in unmanned aerial vehicle (UAV) technology. They employed a standard review
method by selecting and analyzing publicly available works on the internet from the period
2017-2022, using keyword combinations related to the topic as search elements.

Bender (2021) proposes a methodology based on software and hardware radio elements
for detecting DJI drone identification packets (IDs) transmitted via Wi-Fi and OcuSync
technologies, as well as a functional prototype equipped with two open-source software-
defined radio (SDR) devices as a DJI OcuSync detection system. Real-time monitoring of
drones requires detection capabilities with reliable radio frequency throughput. Protzman
(2022) analyzes radio frequency signals containing GPS information, which should not be
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made public, regarding the location of DJI drones and the time of recording. Demodulation
of recordings made with an Ettus B205-mini device at a sampling rate of 30.72 MSPS, at a
frequency of 2.4 GHz, was performed using Octave 5.2.0 and MATLAB programs.

One of the objectives of our research, which took place at the fruit orchard location on the
Politehnica University of Bucharest campus (see Fig. 1), was to gain a more comprehensive
understanding and provide a clearer explanation of key concepts such as aircraft identification
and flight data, the quality of the communication link between the drone and the remote
control, and the geographical context of the flight. A more detailed knowledge of these aspects
will enable drone users in the agricultural industry to operate and successfully complete
complex missions in a wide range of environments.

CONCEPTS REGARDING DRONE TECHNOLOGY

The determination of the aircraft's position is achieved using the GPS receiver on the
drone, which calculates its exact position based on the time it takes for signals to reach from
multiple satellites (usually at least four — see Fig. 2a). This technique is known as triangulation
or multilateration. The GPS data is transmitted to the drone's control unit, which uses this
information to determine the drone's exact position and to adjust the flight trajectory if
necessary.
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Figure 2. Communication between a drone and GPS satellites: the number of satellites
connected to the drone during the mission (a) and GPS receptor Ublox MS8P (b)

Fecventa

Communication between a drone and GPS satellites is essential for precise navigation and
automated operations. This communication involves several processes and technologies.

The drone's GPS coordinates, altitude, pitch, roll, or yaw angles, and the return path to the
takeoff point are sequentially converted. Each GPS coordinate (longitude and latitude) is
encoded into two bytes (16 bits) using the following calculation method (Bender, 2021):

GPS Coordinate+180
360

scaledGPS = X 65535 (1)

177



G. Ipate, S. Dumitru, G. Constantin, M. Stefan, A.-M. Rugescu, I. Gageanu, D. Cujbescu, E.-M. Cismaru

The drone is equipped with a GPS receiver (Fig. 2b) produced by Ublox, model
M8N/M8P, which receives signals from GPS satellites. These satellites transmit radio signals
containing information about their exact time and location. During flight, the drone
communicates GPS data and other navigation information in real time to the ground control
center or other devices via communication channels such as radio, Wi-Fi, or cellular networks.

Modern GPS systems include safety and security measures to prevent interference and
hacking. These measures include signal encryption and authentication checks, which allow
drones to navigate precisely and perform various autonomous missions.

Drones primarily use GPS devices for navigation, but there are also other systems and
technologies that can be used as alternatives or supplements.

Inertial Navigation Systems (INS) use accelerometers and gyroscopes to estimate the
drone's position, speed, and orientation. The tilt, roll, and yaw angles can be converted into
numerical values using a set of conditional instructions (Fig. 3 - 4). This system operates
independently of satellite signals, making it ideal for areas without GPS coverage.

—8—0SD.pitch —@—0SD.rell —8—0SD.yaw

pitch, roll [deg]
yaw [deg]
-

Time [s] Time [s]

Figure 3. Angle pitch and roll On-Screen  Figure 4. Angle yaw On-Screen Display -
Display - OSD OSD

Visual odometry uses cameras and image sensors to track the drone's movement relative
to its surroundings. Techniques in image processing are employed to calculate the drone's
trajectory.

Magnetic sensor-based navigation (magnetometers) detects the Earth's magnetic field to
determine orientation and is used in conjunction with other systems for more accurate
navigation.

DJI Mini 4 Pro - signal encryption and authentication verification

DJI drone identification packages. The introduction of a secure drone identifier by DJI
was motivated by several considerations. The use of an unconnected location identifier
associated with a specific drone enables the integration of flight safety and security in public
spaces, while also ensuring operator accountability, simultaneously fulfilling several essential
objectives. To achieve this goal, DJI uses two encrypted communication protocols for data
transmission, via the enhanced Wi-Fi system and OcuSync.

The DJI Mini 4 Pro, as part of the DJI drone lineup, comes with advanced security features
to ensure signal encryption and authentication. Here’s how these technologies are
implemented:
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A. Signal Encryption. DJI uses encryption to protect communication between the drone
and its controller. This prevents interception and manipulation of transmitted data. The most
common techniques include AES (Advanced Encryption Standard) encryption and Wi-Fi. If
the drone uses Wi-Fi connections for video transmission or control, these are protected with
standard network encryption.

B. Authentication Verification. To prevent unauthorized control or spoofing attacks, DJI
implements several authentication verification measures such as secure pairing, firmware
authentication, and controller authentication.

_UAV drone
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Figure 5. Detection and tracking diagram: video signal and telemetry (downlink) / drone
control (uplink).

C. OcuSync Transmission. OcuSync is a wireless transmission system that is part of the
Lightbridge family and provides HD video with low latency and control signal over a distance
of up to 7 km at a resolution of 720P. It was first introduced with the DJI Mavic Pro model.

The DJI Mini 4 Pro uses this technology for video transmission and control because it
offers several security advantages:

- Through adaptive frequency hopping, the system constantly changes transmission
frequencies to avoid interference and reduce the risk of interception.

- For data encryption, OcuSync employs advanced encryption to protect the data
transmitted between the drone and the controller.

With the OcuSync system, the ID identifier is transmitted by the drone using the same
hardware as its general communication. For this purpose, it uses FHSS modulation on the 2.4
GHz and 5.8 GHz frequency bands. Specifically, even if a user forces communication within
the OcuSync system to operate on 2.4 GHz or 5.8 GHz through the DJI Fly smartphone app,
the drone's identification signals are still broadcast outside the band via the communication
link (Aouladhadj et al., 2021).

The OcuSync system uses security protocols to encrypt transmitted data, ensuring that
only authorized users can access and control the drone. Additionally, its advanced
transmission technology is designed to withstand interference, thus maintaining a stable and
secure connection even in environments with a high potential for electromagnetic
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interference. This helps protect data and maintain control of the drone under various operating
conditions.

The example scenario from Fig. 5 for a drone equipped with a camera and telemetry
sensors used for surveillance is:

- Downlink: The drone transmits live video footage and telemetry data (e.g., altitude,
GPS coordinates) back to a ground control station.

- Uplink: The ground control station sends commands to the drone, such as adjusting the
camera angle, changing the flight path, or initiating a specific operation based on the
detected video feed.

In summary, a detection and tracking scenario involving downlink and uplink
communications requires seamless integration of video streaming, telemetry data
transmission, and control commands, all while addressing challenges related to latency,
bandwidth, reliability, and security.

Video transmission locks onto a clear channel at startup and remains there unless
interference is detected. The FHSS control link constantly hops around and above the OFDM
video (Fig. 6). Latency is 160 - 170ms and one of the new big benefits of Ocusync was the
ability to have multiple controllers and receivers with up to 4 devices in total.

FHSS
Control Data

OFDM
Video
Carrier

FHSS Control Signal

Figure 6. DJI Ocusync uses encrypted OFDM for video transmission with a form of FHSS
signal for control links on the same frequency band (adapted from Write, 2014)

As additional safety measures for flight security, two methods are used:

- No-Fly Zones (NFZ) - Implementing no-fly zones in the drone's firmware, preventing
flight in sensitive or restricted locations. The images shown in Fig. 7 provide a visual
comparison of no-fly zones versus restricted authorization zones.

- Geofencing - the drone is programmed to avoid certain areas or to inform the user
about flight restrictions. The technology can prevent flight in restricted areas, such as
near airports or sensitive sites.

Mandatory identification elements of the aircraft are issued by an internal transmission
module of the drone. The aviation authority of the European Union Aviation Safety Agency
stipulates that a drone cannot take off if the elements listed in Table 1 are not included in its
transmission messages.
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Figure 7. Comparison between no-fly zones (left) versus restricted authorization

zones (right)

Table 1. Remote identification requirements for drones (adapted from Bender, 2021)

Elements Performance Example
Drone serial number and/or ~ Message transmission rate DJI Mini 4 Pro Puju/
session identifier per second 1581F6Z9C

Latitude and longitude of the
controller

Controller geometric altitude

Latitude and longitude of the
drone

Drone geometric altitude

Drone speed

Timestamp

Drone emergency status

44.43974267; 26.04523894
78.432 [ft]
44.43974245; 26.04523872

78.432 [ft]

Message transmission speed
per second

Synchronized with all other
elements

On/Off

44.43974267; 26.04523894
78.432 [ft]
44.43974245; 26.04523872
78.432 [ft]

2.000779 [mph]

7/17/2024; 03:46.5

OFF

Viewing and analyzing the flight data of the DJI Mini 4 Pro civil drone can be done using
applications and software provided by the manufacturer, DJI. Through official applications
such as DJI Fly and DJI Assistant 2, as well as third-party platforms like Airdata UAV, DJI
Flight Log Viewer, and DroneDeploy, users can monitor the drone's performance, analyze
flight paths, and optimize drone usage for various applications. The flight data from this study
can be freely accessed at the following web address: https://www.phantomhelp.com/
logviewer/NSTM4WYYIINCX19J4GAQ6F3DQODX4FUX7.

RESULTS AND DISCUSSION

The altitude variation graph of the drone over time is shown in Figures 8 and 9. From
Figure 8§, it can be observed that after takeoff, the drone ascends to an altitude of 24 meters,
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which was set as the flight path altitude. After completing the mission, to return to the takeoff
point located between some trees, the drone climbs to an altitude of 34 meters for a safe
landing. It then descends rapidly to an altitude of 3 meters; from this altitude, the landing on
the ground occurs at a reduced speed.

L} 50 100 150 200

Time [s]

Figure 8. Drone altitude variation over  Figure 9. 3D visualization of the flight
time mission (Google Earth)

3D visualization of the DJI Mini 4 Pro drone's flight mission on Google Earth (see Fig. 9)
is a process that involves exporting the flight data, converting it to KML format, and importing
it into Google Earth. This process allows for detailed and contextualized analysis of the flight,
providing valuable insights for optimizing operations and visually presenting the data.

The VARI (Visible Atmospherically Resistant Index) map obtained using the WebDOM
online platform is a tool used for monitoring vegetation and plant health, based on images
captured in the visible spectrum. This index is specifically designed to be less affected by
atmospheric variations, making it useful in various weather conditions. The VARI index is
calculated using the following formula:

VARI = Green—Red @)

Green+Red—-Blue

where: Green - reflectance in the green band of the visible spectrum; Red - reflectance in
the red band of the visible spectrum; Blue - reflectance in the blue band of the visible
spectrum.

In the map presented in Fig. 10, areas with high VARI index values indicate healthy
vegetation with active photosynthesis. Low VARI index values may signal plant stress caused
by factors such as drought, diseases, or nutritional deficiencies, which may require additional
irrigation.

The RDVI (Renormalized Difference Vegetation Index) is used to assess vegetation health
based on remote sensing data, particularly multispectral images captured by drones. The
RDVI index (Fig. 9, left) is a derivative of the NDVI (Normalized Difference Vegetation
Index) and is used to enhance the interpretation of vegetation density and health.
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Figure 10. VARI (Visible Atmospherically Resistant Index) map

The RDVI index is calculated using the following formula:

NIR+Red
RDVI = NIR—Red G)

where: NIR (Near-Infrared) - reflectance in the near-infrared spectrum; Red - reflectance
in the red spectrum.

Mapping is done by applying a color gradient to represent variations in RDVI, where
darker colors indicate healthier and denser vegetation, while lighter colors signify stressed or
sparse vegetation due to water shortages, diseases, or nutritional deficiencies (Jemaa et all,
2023).

e,

Figure 11. Map of the RDVI index (left) and color temperature (right)

The color temperature map in Celsius (Fig. 9, right), created using the online WebDOM
platform through an easy-to-use web interface, represents an advanced tool for monitoring
and analysis in modern agriculture, providing accurate and real-time data about environmental
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conditions. It helps farmers optimize resource use, reduce risks, and improve operational
efficiency. Automated alerts and notifications assist in preventing damage caused by extreme
weather conditions or sudden temperature changes. The use of such advanced technologies
contributes to transforming agriculture into a more sustainable and productive field.

Although, as clearly indicated by Modica et al. (2020) and later by Roma et al. (2023),
there are quantitative differences in the results obtained, it can be noted that our study
demonstrates the robustness of the proposed framework in accurately assessing the health of
trees in orchards or vineyards from UAV images.

CONCLUSIONS

Analyzing data collected by drones transforms raw information into valuable insights,
providing support for informed and efficient decision-making across various fields. This
contributes to optimizing processes, reducing costs, and improving outcomes in agriculture,
industrial inspections, disaster management, and environmental monitoring. The use of drones
and associated data analysis is a powerful example of applying advanced technology to
address modern challenges.

The DJI Mini 4 Pro integrates advanced encryption and authentication technologies to
ensure the security of communication between the drone and the controller.

Visualizing flight data in Google Earth provides real geographic context, helping to
understand the interaction of the flight with the landscape, and offering a detailed perspective
on altitude and flight direction.

Maps of the VARI, RDVI, or color temperature indices represent advanced tools for
monitoring and managing crop health, providing precise and reliable data even under varying
atmospheric conditions.
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ABSTRACT

The autonomous robot system cRobot is designed for the detection and
environmentally friendly treatment of weeds on agricultural land. The robot
consists of a versatile base platform that can accommodate various other tools
that are important for the system. This allows cRobot to perform multiple
functions, such as weeding, spraying, attaching various grippers (pickers) and
using a range of other tools used in agricultural production.

By using artificial intelligence, it's able to automatically detect weeds in the
crops with a high accuracy of 87% and then selectively remove them. The main
innovation of this system is the use of laser technology for weed removal, which
significantly reduces the need for herbicides and thus contributes to more
sustainable agriculture and environmental protection.

The use of the cRobot improves the quality of the harvest and increases the
number of plants per production unit, while at the same time optimizing costs
and quickly recouping the investment. It also reduces the need for manual
labor, allowing farmers to focus on strategic planning and improving
production processes.

The system is designed as a fleet, i.e. it supports several robots in the field,
which are charged at a solar-powered base station. The station also collects
useful data that can be analysed, sent to the user and used for self-learning
based on new information.

These highly autonomous robots can work 24 hours a day and, thanks to
their precision, successfully treat weeds in crops such as corn, further
optimizing agricultural treatments and improving crop quality.

Keywords: cRobot, autonomous system, artificial intelligence, weeds,
sustainable agriculture
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INTRODUCTION

Since sustainable, professional agriculture is inconceivable without advanced machinery,
more and more efforts are being made to develop technology in agriculture. Although the
digital transformation in agriculture began with equipping various systems with sensors and
processors to collect data and automate basic functions, agricultural machinery manufacturers
have also contributed to the progress of agricultural robotics by designing, developing and
presenting attractive concept prototypes. Interest in agricultural robots has increased
significantly over the last decade, although their penetration is not uniform around the world.
The global market for agricultural robots is expected to reach USD 8.82 billion by 2025, with
a compound annual growth rate (CAGR) of 24.7%. Compared to the robotics market (CAGR
10.5%), the breakthrough of robots in agriculture will be stronger (Mege et al., 2019). This is
because the desired goal of greener agriculture from field to fork can only be achieved
competitively if farmers can use the advanced tools that knowledge-based equipment can
offer. It is therefore likely that the successful introduction of robotic solutions will occur
before full autonomy becomes a practical reality.

Farm machinery manufacturers have made and continue to make significant efforts to
evolve advanced vehicles into smart machines through the introduction of intelligent
behaviour, automation and data collection devices. However, the complexity and size of such
machines has so far prevented their commercial introduction for reasons such as reliability,
safety and regulatory constraints. Manufacturers themselves are reluctant to launch advanced
products that could be involved in accidents, jeopardizing their long-standing reputation.

This situation has led to the need to develop smaller robot platforms. This has not only
reduced the risks associated with automation in the open field, but has also reduced the
environmental footprint by replacing conventional diesel engines with electric drive systems.

cRobot was developed in cooperation with Puri¢ d.o.o. - Damko Development Center from
Samobor and the University of Zagreb, Faculty of Agriculture, Department of Agricultural
Engineering. The aim of this concept was to demonstrate the advantages of a fleet system in
which several robotic units are used on one production area. Such robots are indeed smaller
and have a lower total mass. As a result, they do not cause any additional strain on the soil
and fulfil all the necessary functions. The system is designed as an autonomous robotic
system, uses computer vision, artificial intelligence (in an intelligent way that we control) and
should enable a 24-hour presence in the field. Furthermore, this system is not intended to be
very fast, but precise. Some of the goals of using cRobot for organic weed control on crops
are to reduce the use of herbicides, improve crop quality and increase the number of stems
per hectare, as well as to optimize costs and achieve a quick return on investment.

CROP HEALTH MANAGEMENT

According to Burks and Schmouldt (2008), the introduction of robotics in agriculture can
create more jobs in the economy as a whole than it initially destroys. It is not realistic to
simply replace workers with machines, as there are many crops for which there is a shortage
of skilled labour. Crop health management involves detecting problems and taking action.
Detection could be further improved through prediction, but the highly complex dynamics of
weeds, diseases and pests have not yet led to universal commercial solutions. Weeds and pests
pose different challenges and require different solutions. Thanks to the combination of
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artificial intelligence and computer vision, it has recently been possible to develop an
intelligent application that makes it possible to spray only where weeds are present.

Crop protection is an important step in food production and can become a serious problem
if not implemented correctly. Schneider et al. (2020) note that the situation in Europe varies
greatly depending on the region. For example, countries in northern Europe with milder
summers, more rainfall and extensive production are more affected by losses due to weeds.
Southern countries, where climate change increases the frequency of heat waves and intensive
production of specialty crops, are most affected by pest invasions or pest-borne diseases.
Therefore, if a common policy to reduce the regulated use of plant protection products is
proposed, a careful analysis of all users should be carried out. It is also expected that weed
control will be carried out using physical technologies such as selective destruction of
unwanted plants. Such environmentally friendly devices can be used under various conditions.
The data obtained from such extensive tests will form the basis for artificial intelligence-based
algorithms used in smart devices in the field.

ROBOTIC SOLUTIONS FOR WEED CONTROL

Changes in EU legislation and various initiatives to ban the use of certain pesticides, such
as the glyphosate moratorium introduced by many European countries, have encouraged the
return of mechanical weed control, which in turn has encouraged the development of small,
electrically powered weed control robots. The smaller size of these robotic platforms has
alleviated some of the complaints about reliability and safety. In addition, the highly
specialized nature of these solutions reduces the complexity of the system, as only one task
(weed control) is performed at a time.

CROBOT - 24-HOUR PRESENCE IN THE FIELD

cRobot consists of several basic elements: a polyvalent self-moving and controllable
platform, a work unit (depending on the purpose) and a computer system (with a high degree
of autonomy). The technologies considered in the development of cRobot are:

- Application of computer vision

- Artificial intelligence

- Laser technology (positioning and weed control)
- GPS and other positioning systems/methods

- Advanced battery systems

- Communication protocols (BT, LoRa, etc.).

The function of the robot is to use non-invasive methods to eradicate weeds, as one of the
advantages is that it can easily move between the rows of plants. It is programmed to recognize
the plants of the primary crops and the spectra of their green color, and the lasers then destroy
the weeds that the robot isolates. The polyvalent robot platform can combine several different
tools that are required in the system. For example, the cRobot can destroy weeds, spray, install
various grippers (pickers) and a range of other tools used in agricultural production. The
reason for introducing this new paradigm is to maintain soil quality.

The cRobot is powered by batteries, but also by a solar panel on the top of the robot. In
this case, it can be restarted via the solar panel when it stops in the field, as one of its main
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objectives is to be constantly present in the field without the need for human intervention. It
can be used on terrain with a maximum slope of 10% and is not suitable for more demanding,
excessively wet terrain. It is designed for day and night use and can be used at all stages of
crop growth. One of the remaining goals is to gain the ability to accurately map larger areas.

R X

Figure 1. cRobot

cRobot uses artificial intelligence (Al) for the identification and ecological treatment of
weeds in agricultural areas. The benefits of Al for crop production can be broadly focused on
increasing the intelligence of agricultural equipment and increasing the efficiency and
sustainability of agricultural operations. The automation of vehicles can be improved by Al
algorithms that increase productivity and safety. Accordingly, agricultural operations can be
improved through the use of Al-based expert systems that provide decision support and pave
the way for data-driven agriculture as big data from the field becomes available.

DRIVE SYSTEM

During the development of the cRobot, particular attention was paid to the performance
that the selected transport system must fulfil, including:

- Stability and flexibility (manoeuvrability)
- Minimal soil damage (through the irrigation process)
- Simple control.

Caterpillars and wheels are the most widely used running gear for the locomotion of
agricultural vehicles. The main difference between the two systems is the contact area with
the ground and consequently the pressure distribution (Grazioso et al. 2022). For cRobot, the
caterpillar was chosen as the optimal drive. Caterpillars reduce the pressure on the ground,
increase the overall pressure and friction and allow the weight of the vehicle to be distributed
over a more even surface than wheels. For this very reason, tracked vehicles are more
manoeuvrable on unpaved terrain than wheeled vehicles. The following parameters were
defined for the optimum selection of a tracked drive:
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- Mass of the cRobot with all associated equipment max. 70 kg
- Required speed approx. 0.05 m/s

- Height of the cRobot < 1/2 width

- Length of the module max. 1 m

- Required mobility - turning radius >2 m.

The autonomy achieved in terms of battery and energy consumption is sufficient to cover
the parameters set, and they can be further adjusted depending on the purpose. The autonomy
targets are achieved and the rough preliminary data show that only 35% of the energy is
consumed for traction, while 25% is needed for computing power and the remaining 40% for
the execution elements such as laser or other, sensor, communication and localization
systems.

COMPUTER VISION SYSTEM

The development of computer vision is based on the research, use and testing of various
available algorithms and the training of systems based on deep learning technology in
combination with standard methods from the field of computer vision. Deep learning has been
used for plant disease detection and weed identification and has shown great success in many
specific cases (Shin et al. 2016; Kamilaris et Prenafeta-Boldu, 2018; Zhang et al., 2023;
Moura Dantas et al. 2023). With this in mind, a large number of different models were created
and trained, which were ultimately optimized for application. One of the main challenges was
the fact that all processing was to take place live and in multiple layers on the robot itself,
with the data obtained being used as the basis for autonomous control, and therefore it must
be prepared in such a way that, in addition to the actual recognition, it also contains geometric
data necessary for localization, etc. The image processing system was essentially developed
for the detection of crops (maize) and weeds (all weeds, i.e. plants that are not crops). Both
systems proved to be highly suitable for the tasks at hand and were tested on hardware
platforms suitable for mobile use, both in terms of size and power consumption and in terms
of an acceptable price, i.e. an economic component. Through the use of computer vision and
Al, cRobot achieves a high recognition rate of 87%.
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Figure 2. Identifying crops (left) and weeds (right)
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AUTONOMOUS DRIVING SYSTEM

Based on computer vision, several methods for introducing autonomous driving have been
investigated, some of which are based on the geometric position of the plants found (in
perspective), while others are based on finding directions, i.e. planting lines. Both methods
were tested on open and closed polygons. It has been shown, among other things, that such
an orientation method is in some cases more suitable than a system using RTK-GPS. This is
because the different types of GPS methods investigated and tested generally require more
expensive systems, meaning that a fleet concept with such systems would not be economically
viable. Other methods, such as LIDAR, have also been researched and used as secondary
methods and today have great potential for use in agriculture - at an economically acceptable
price. The trajectory calculation algorithm generally places much less load on the system than
the underlying image processing components, so that it could be integrated into the existing
main control system together with others without major challenges and with satisfactory
results. Due to the reaction speed and hardware independence, subordinate control systems,
which only receive information from the control system, are placed on a lower control level
at microcontroller level according to a specially developed concept.

ACTUATORS

Actuators have been the subject of a number of investigations, discussions and tests since
the beginning of cRobot development, and in line with the original concept and idea, lasers
were the main object of investigation. According to Marx et al. (2012) and Cao et al. (2024),
laser dot size and exposure time are two crucial factors for the effectiveness of laser treatment.
In addition, Mathiassen et al. (2006) point out that the treatment of weed plants with a CO;
laser is effective and leads to a 90% reduction in fresh mass, while other laser types have a
slightly lower efficiency. In our case, main task was to find suitable laser types that a small
autonomous platform could carry, which ultimately ruled out certain laser types and, after
extensive trials and testing, established diode lasers as the only possible option for such an
application. In addition to laboratory conditions, the lasers were tested in various ways on
plants on field polygons, first with a specially developed X-Y platform, then with manual
application and finally with a robotic platform. The conclusion regarding the use of lasers in
such project environments can be reduced to the fact that the ability to carry only a smaller
diode laser affected the average working speed. Considering this fact, it turned out to be
crucial to pay attention to the number of robots in the fleet, i.e. the frequency with which a
particular spot is visited, as weed growth can be stopped much more efficiently immediately
after emergence than in the growth phase when the plant (weed) is already advanced. In view
of above, in addition to the laser as the main execution element, other mechanical and
chemical methods of weed destruction have also been investigated, which are essentially
based on a similar or identical detection methodology, i.e. on the differentiation between the
initial plant and the weed and the corresponding orientation of the execution element to the
plant in question.
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CONCLUSION

Competitive agriculture in the 21st century requires smarter machines and cleaner
products; feeding 9.5 billion people by 2050 seems unattainable without state-of-the-art
machines and efficient products.

An autonomous robot for weed control on crops can reduce the use of herbicides, improve
crop quality of the crop, as well as influence cost optimization and a quick return on
investment. In addition, the autonomy of the robotic system is enabled without human
intervention. The use of the presented autonomous robot reduces farmers' labour and leaves
them free to think strategically and work on investments and production improvements.

We also hope that instead of "driving people out of the field", such systems can help some
younger generations "return to the field" with a different character of activities and jobs.
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ABSTRACT

Artificial intelligence (Al) is increasingly finding its way into various areas
of the agricultural sector, enabling producers to optimize production processes,
reduce costs and increase efficiency. By using big data analytics and advanced
algorithms, producers can gain a competitive advantage and drive growth to
improve product quality, reduce waste, optimize the supply chain and improve
food safety and customer experience. As the industry progresses, further
transformative applications of these technologies in food safety and production
can be expected, with producers who adopt these technologies increasing their
chances of success in this rapidly changing industry.

Although the application of these technologies offers significant benefits,
there are certain challenges associated with their implementation. A key
challenge is the need for large amounts of high-quality and well-structured data
to optimize the algorithms. Food producers need to ensure that the data used
by artificial intelligence is accurate, representative and unbiased. This can be
a challenge given the complexity and variability of production processes.
Another challenge is the cost of implementing the systems and training
employees. Developing models and integrating them into existing production
systems can be expensive and often requires significant investment in hardware,
software and staff who need to be trained to manage these systems and interpret
the data generated. Furthermore, there is no one-size-fits-all solution, and each
producer must carefully consider its individual needs and goals before
investing in the technology.

Key words: agriculture, artificial intelligence, process optimization, data
analytics
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INTRODUCTION

Despite higher productivity, the agricultural sector is facing new challenges. With the
increasing realization of the negative impact on the environment, new techniques and
approaches should be able to meet the demand for food production while reducing the
negative impact on the environment (Sishodia et al., 2020). Understanding management in
agricultural processes requires the consideration of a large number of variables and is one of
the most difficult areas of statistical quantification. Artificial intelligence in agriculture
enables farmers to develop management strategies through "precision agriculture" to
maximize results (Linaza et al., 2021). Protected cultivation is characterized by very intensive
production on a relatively small area, which requires considerable financial investment, a high
labour density and a high crop density per surface area. In addition, a high data density per
surface area and time unit is required. Open field cultivation, on the other hand, covers larger
areas and generally follows seasonal patterns due to annual production cycles. Digital literacy
can vary greatly from farm to farm, so it is crucial to prevent the digital divide from widening,
which could lead to an imbalance in negotiating power with producers, suppliers, retailers or
other stakeholders. Farm sizes in livestock production can also vary, and this sector faces
growing challenges in terms of environmental regulations and greenhouse gas emissions.
Water availability and management is a common challenge for all agricultural sectors across
world. Key post-harvest activities such as quality assessment, processing, storage and
transportation are critical to the entire agri-food sector, with a focus on reducing or avoiding
food waste. As a result, advanced, non-destructive methods for monitoring product quality
throughout the supply chain are favored in post-harvest technology. The agricultural
machinery industry plays a central role in data collection and automation and maintains close
links with other industries to develop advanced tools for agriculture. Therefore, scientific and
technological innovations are needed to produce a sufficient amount of food (Jung et al.,
2021). Artificial intelligence (Al) has been researched for decades and continues to be one of
the most interesting topics in modern science. The greatest progress in recent decades has
been the invention of search algorithms, machine learning and the integration of statistical
analysis into all areas of research (Shaw, 2001). Today, some non-exhaustive examples of Al
applications in agriculture are:

- Autonomous driving machines and vehicles,

- Agricultural robots and automated field operations,

- Farming simulation models,

- Soil management, including soil analysis, optimized treatment prescriptions, and soil

mapping for specific applications,

- Crop management (e.g., detecting diseases, molds, pests, and applying targeted

nutrient solutions),

- Weed and pest control systems,

- Optimization of weather and environmental data inputs,

- Coordination of human labor,

- Animal breeding, feeding, and health management,

- Predictive analysis of various influencing factors,

- Decision support systems,

- Processing, storage and transportation of agricultural products,

- Integration and coordination of all these functions within a single production chain,

- Comprehensive decision support for economic, financial, and organizational aspects

of the business.
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AL IN FIELD CROP PRODUCTION

When it comes to monitoring plant health, traditional methods are labor-intensive and
time-consuming. The use of artificial intelligence is an effective way to monitor and detect
potential plant health issues or nutrient deficiencies in the soil. To this end, the combination
of drones with ground units (such as autonomous vehicles or robots) is increasingly being
used, providing a comprehensive approach to data collection and crop health monitoring. This
synergy of technologies allows for more precise and efficient analysis, real-time monitoring
and better management of agricultural activities. Deep learning, a subsystem of Al, is used to
develop applications to analyse plant health patterns with the aim of understanding soil
conditions, the presence of pests and plant diseases. These applications can process large
amounts of data faster and more accurately than human inspections, enabling faster detection
of potential problems. It is also important to point out that the application of artificial
intelligence in agriculture not only relates to the area of problem detection, but also to
understanding the causes of these problems, including climatic conditions, soil quality, pest
and disease incidence, and fertilizer and pesticide use (Liu, 2020). Through the use of various
sensors and technologies, such as satellite imagery or drones, it is possible to collect a wealth
of data on the condition of vegetation cover, soil, hydrological conditions and other important
parameters. This data provides farmers with information about potential yields and enables
them to take appropriate measures to improve their production in good time. Monitoring soil,
air and water conditions enables farmers to adopt sustainable farming methods, reduce the
need for chemical fertilizers and minimize the negative impact on the environment. In
addition, predicting expected yields enables better planning of resources and production
management, leading to more efficient use of resources and a reduction in production costs.

AI IN PROTECTED CULTIVATION

Today's high-tech greenhouses are equipped with various sensors to monitor light,
temperature, humidity and carbon dioxide, as well as to actively control various execution
elements (actuators, electric motors, valves, heaters, etc.) to control all growth factors
important for plant production (e.g. lighting, heating, ventilation, cooling, fogging,
dehumidification, irrigation and fertilizer dosing) (Hemming et al., 2020). In the context of
production processes with large greenhouse areas, the shortage of skilled labour is becoming
an increasing problem. The use of Al helps to compensate for this shortage by automating
many tasks that traditionally required human intervention. With the increasing demand for
high-quality food in urban areas, Al also enables producers to better respond to market needs
and optimize production processes to meet demand. Al enables the analysis of correlations
between growing conditions and shelf-life processes. This comprehensive approach ensures
that production processes in protected areas are aligned with market demand, leading to
increased competitiveness and long-term sustainability of the industry.

Timely detection of pathogens and pests is also extremely important. If it is not known
what the plant is suffering from, nothing can be done about it. The earlier pests and pathogens
are identified, the easier it is to combat them. Therefore, horticultural producers are
increasingly relying on automatic detection of pathogens and pests to identify them early and
minimize plant damage (Polder et al., 2014). Accurate pest detection requires high-resolution
imagery and advanced deep learning techniques. To train deep learning algorithms, a large
database of labeled images is required. After collecting the database, the Al is able to
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distinguish a healthy plant from a diseased plant based on colour changes. There are different
types of cameras for recognizing the morphology of plants, the most commonly used being
an RGB camera that produces images in the visible spectrum. Such sensors are often used in
horticulture for phenotype determination, fruit detection and counting. When producing in
protected areas, it can often be difficult to photograph plants from all sides. This can be solved
by using more advanced imaging methods, such as a mobile cart system with a mounted
camera, drones or a robot equipped with a 3D camera to scan plants. The use of technologies
such as chlorophyll fluorescence imaging and thermal imaging shows promising results,
especially when applied to different parts of plants, including individual leaves. Image
spectroscopy enables a detailed examination of the chemical composition of plants, providing
information on pigments, sugars, proteins, fats and water.

AI IN ANIMAL PRODUCTION

In modern livestock farming, various technologies are making it easier and more precise
for farmers to manage their production processes. Among the most notable technologies
generating data on livestock farms are:

- Farm equipment: Most standard equipment, whether for climate control, automated
feeding, or milking, gathers valuable information about animal productivity, energy
usage, and overall welfare. Advanced machinery, such as automatic milking systems,
can also monitor individual animal health and productivity. The potential to combine
these datasets is increasingly recognized, with some companies developing platforms
to integrate this information.

- RFID technology: RFID tags, commonly used in supply chain management, are also
applied in livestock farming to identify individual animals, verifying their origin
throughout the supply chain. These tags can further provide insights into animal health
and welfare, though commercial applications remain limited.

- Wearable sensors: Devices such as accelerometers can be attached to animals, typically
on their necks or legs, to monitor their behaviour. In the dairy sector, these sensors
have been successful in detecting increased activity linked to the onset of oestrus,
making them widely adopted. However, their use in other livestock sectors has been
less impactful.

- Computer vision technology: Computer vision is gaining importance in monitoring
animal health and welfare. Advances in machine learning for image analysis have
expanded its potential applications, but this technology is still largely in the research
phase, with limited practical success so far.

- Sound monitoring technology: Sound analysis is being explored as a tool to detect
signs of compromised animal health and welfare. While much research has focused on
analysing animal vocalizations and environmental sounds, most applications remain at
the experimental or research farm stage, with few real-world implementations.

AI IN THE AGRICULTURAL MACHINERY INDUSTRY

People, machines, and progress are interconnected: people design and use machines to
enhance or simplify life. In this regard, Al represents just another advancement in improving
machines, enabling the achievement of production, cost-saving, and quality goals that would
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otherwise take longer or be unattainable. General Al, which handles personal data and
controls access to essential services, is regulated similarly to narrow Al systems, such as those
used in the field to safeguard crops. The broad scope of such regulations makes unintended
consequences likely, with the machinery sector potentially among the most impacted. As
control systems become more intelligent and complex, a growing number of smart systems
are being integrated into machinery, often replacing human operators or drivers. With the
increasing reliance on features, functions, and services that require connectivity and
collaboration, there is a rising demand for secure data sharing and enhanced cybersecurity
protocols. For the industry, this necessitates accessing machines via a platform rather than
direct access, in order to protect intellectual property, trade secrets, and ensure product
compliance.

AI IN THE PROCESSING OF AGRICULTURAL PRODUCTS

The processes of processing agricultural products involve a series of complex steps that
require strict control, compliance with regulations and the guarantee of product quality and
worker safety. Given the nature of the production process, Al is becoming one of the ways to
improve production. In quality control, machine learning models can detect patterns and make
predictions by analysing large data sets, which help optimize food quality. In a study
conducted by Zhu et al. (2021), the application of deep learning and machine vision in
agricultural food processing was analysed. The research results show that the use of machine
vision can significantly improve the efficiency of the process, which is crucial for ensuring
product quality and safety. Wang et al. (2021) investigated the application of Al for food
safety monitoring and prediction. The authors demonstrated high prediction accuracy,
suggesting that Al models are a promising method in food processing. There are different
losses and inefficiencies in each production line and even in different products in the same
line: waste that can occur during the technological process, rejects due to quality defects,
variations in size and shape, uneven colour, etc., and the causes of these losses also vary
greatly from production line to production line. By detecting variations at the entrance to the
production line as well as other factors during production, machine learning models can help
identify correlations that may go unnoticed by human observers. Al can be used to analyse
the chemical composition of various food ingredients, such as protein, fat and fiber content.
This can help to optimize food formulations by identifying the ideal combination of
ingredients for a particular species or stage of development. One possible application of Al is
predictive maintenance. It goes one step further than preventive maintenance, where
equipment is serviced or replaced according to a set schedule. Predictive maintenance
involves the continuous monitoring of equipment and the development of its performance
profile, which indicates when it is necessary to pay attention to a particular segment of the
equipment. The aforementioned models help develop this profile by continuously evaluating
parameters such as temperature and vibration. Sensors that monitor the operation of
equipment components such as motors, gearboxes, etc. continuously send feedback data that
is analysed and used to develop a profile for equipment replacement. However, a predictive
maintenance program is neither simple nor easy to implement. It requires specialized
knowledge, especially for certain parameters such as vibrations, which are subject to many
external variables. For this reason, it is difficult to find failure patterns and further research
should focus on developing new methods and algorithms that allow even better results. In
terms of controlling working environment conditions, Al can be used to optimize temperature,
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humidity and airflow in production facilities. Contamination by foreign bodies is one of the
main reasons for food withdrawal from the market and rejection by consumers. This type of
contamination harms consumers and leads to a loss of loyalty to the manufacturer, resulting
in high recall costs. Examples of foreign bodies are insects, glass, metal, rubber and the like.
These foreign bodies can accidentally enter the food at any step in the production process.
Although the degree of hazard posed by foreign bodies depends on the size, type, hardness
and visibility of the body, consuming food containing foreign bodies can lead to choking or
certain illnesses (Mohd Khairi et al., 2018). Detecting foreign bodies with the naked eye is
difficult. On the other hand, modern technologies and detection methods now enable their
easy detection. Examples of such technologies include X-ray imaging, ultrasound, thermal
imaging and image and video analysis (Mohd Khairi et al., 2018). These techniques are
precise and non-invasive, which makes them acceptable. In addition to detecting foreign
objects, Al models can be trained to detect other defects in food mixtures, such as the presence
of lumps, and trigger alerts when these anomalies are detected to inform operators of potential
problems. When it comes to maintaining hygiene, traditional cleaning systems have often
been ineffective. Modern Al-based technologies, on the other hand, use various sensors, such
as an ultrasonic sensor, to feed machine learning algorithms with data that can be used to
detect contamination and food residues on the equipment. After preparation, the food products
are packaged to preserve their quality and facilitate storage and transportation. Non-automated
monitoring of food packaging can lead to human error and low efficiency (e.g. mixing of
unwanted ingredients in the packaging). These shortcomings can be addressed by using
technologies such as machine vision systems, to monitor food processing and packaging. Food
manufacturers can use machine learning technology to analyse and identify customer
behaviour and needs. The data obtained can then be used to produce "personalized" products
that meet these needs and help manufacturers increase their sales.

AI IN STORAGE AND TRANSPORTATION OF AGRICULTURAL PRODUCTS

Al also have some key applications in the storage and transport of agricultural products.
For example, Al can monitor and adjust environmental factors such as temperature, humidity
and ventilation in storage facilities to maintain crop quality and prevent spoilage. Al-powered
systems can predict when storage facilities (e.g. refrigeration units) or transportation vehicles
need to be serviced, reducing the risk of breakdowns and ensuring smooth operations. In
supply chain management, Al helps optimize logistics by predicting demand, managing
inventory and planning efficient transport routes, minimizing delays and reducing costs. In
quality control, Al-based image recognition and sensors can automatically detect defects or
contamination in stored or transported products and ensure that only high-quality goods reach
the market. One of the most important roles of Al is in the field of traceability, where Al
systems can track agricultural products throughout the supply chain, increasing transparency
and helping to verify the origin and quality of goods, which is important for food safety and
certification purposes.

BARRIERS TO ADOPTION OF Al

As artificial intelligence becomes increasingly important in agricultural production, it is
crucial to make it accessible to as many users as possible. The main barriers to the adoption
of modern digital technologies today are:

200



The role of artificial intelligence in modern agriculture

- High initial costs: The introduction of Al technologies such as precision farming
equipment or autonomous machines requires significant upfront investment, which can
be prohibitively expensive for small and medium-sized farms.

- Lack of technical expertise: Many farmers may not have the necessary knowledge and
skills to effectively operate and maintain Al systems and require specialized training
or support that is not always readily available.

- Accessibility and quality of data: Al systems are highly data-dependent, but many
farms lack the necessary infrastructure to collect, store and consistently manage high-
quality data, limiting the effectiveness of Al solutions.

- Limited rural connectivity: Poor internet access in rural and remote areas can hinder
the use of cloud-based Al solutions and limit real-time data analysis and remote
monitoring capabilities.

- Interoperability issues: Different Al systems and farming equipment may not be
compatible with each other, making it difficult to integrate different technologies into
a cohesive system.

- Resistance to change: Traditional farming practices are deeply ingrained, and some
farmers may be reluctant to adopt new technologies because they are sceptical, unsure
or afraid of losing control of their farm.

- Ethical and privacy concerns: The use of Al in agriculture raises questions about data
ownership, privacy and the potential misuse of personal or agricultural data, which can
affect adoption.

- Regulatory challenges: The regulatory framework for Al in agriculture is still
evolving, and uncertainties regarding compliance with privacy, safety and
environmental regulations may slow adoption.

RECOMMENDATIONS FOR THE USE OF AI IN THE REPUBLIC OF CROATIA

Within the framework of the "Scientific Council for Technological Development and the
Scientific Council for Research Infrastructure of Croatia", the Croatian Academy of Sciences
and Arts with the "Scientific Centre of Excellence for Data Science and Cooperative Systems"
presents a document recommending national characteristics and goals for the use of artificial
intelligence in the Republic of Croatia. The document identifies the need to achieve the
following goals:

- promote the development of technological and industrial capacities of the Republic of
Croatia and the application of artificial intelligence in all areas of the economy and in
the private and public sectors;

- prepare society for the socio-economic changes in the Republic of Croatia caused by
artificial intelligence;

- ensuring an appropriate ethical and legal framework in the Republic of Croatia for the
application of artificial intelligence.

Activities in the field of artificial intelligence in the Republic of Croatia should be
coordinated with the digital transformation and an appropriate innovation ecosystem should
be built, as the effective application of artificial intelligence is only possible in a highly
digitized environment. Digital transformation includes recognizable areas such as cloud
computing, the Internet of Things, robotics, digital platforms, distributed business ledgers,
cognitive computing and the next generation internet.
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CONCLUSION

The use of artificial intelligence in agriculture makes it possible to recognise patterns and
solve complex problems in animal breeding, primary production and agricultural food
processing. These models offer new opportunities to improve the quality of the final product,
taking into account all the factors that influence it. Through this customization, Al provides
tools for fast and efficient decision-making, leading to automation and improved efficiency
in production. As far as the economic justification for investing in Al technologies is
concerned, it is primarily reflected in increasing productivity, improving quality and control
of the production cycle and production lines, improving quality and control of the final
product, increasing efficiency and simplifying work processes, optimizing energy
consumption, increasing technological and managerial discipline, and rapid and complete
verification of work and work processes.
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ABSTRACT

Artificial Intelligence (A1) is revolutionizing how farmers plan for the future
their crops. By analysing massive amounts of data from satellites, weather
stations, and soil sensors, Al algorithms deliver hyperlocal weather forecasts
with unprecedented accuracy, allowing farmers to optimize irrigation
schedules, phytosanitary treatments and harvesting times for maximum yield.
Sudden temperature swings, heavy rainfall, or conversely, prolonged drought
can significantly impact the optimal harvest time. At this time, on a global scale,
weather is considered to be a major risk factor for agriculture. Adaptability,
innovation, and a very good planning are essential to mitigate the negative
impacts of weather and ensure stable and plentiful food production in the near
future. This study introduces a hybrid approach to predicting the precise
harvesting time for winter wheat, considering grain moisture requirements. The
approach leverages high-resolution Sentinel-2 satellite imagery (Level 24),
specifically the Normalized Difference Vegetation Index (NDVI), to analyze
vegetation dynamics throughout the growing season. Recognizing the
limitations of NDVI alone in determining optimal harvest time, the study
incorporates both climate data and reported crop information to develop a
robust empirical mathematical model. This model seeks to empower farmers
with a more precise and dependable tool for harvest scheduling, ensuring
optimal grain quality by integrating spectral data and localized weather
forecasts.

Keywords: Al application; climate variability, remote sensing, data
analysis; harvest optimization.

INTRODUCTION

This research underscores the significance of integrating modern technologies, such as
Sentinel-2 satellite imagery and climatic data, to refine harvest timing for winter wheat, in
relation to grain moisture requirements, through the lens of the Normalized Difference
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Vegetation Index (NDVI). The proposed hybrid approach offers a pragmatic and reliable tool
for farmers, contributing to increased efficiency in agricultural operations, particularly for
winter wheat harvesting.

Nowadays concepts of Artificial Intelligence (A7), Deep Learning (DL) and Machine
Learning (ML) are becoming increasingly well-known across numerous fields. They have
been integrated into various domains, including atmospheric sciences (Dewitte et al., 2021),
remote sensing (Janga et al., 2023), agriculture (Oliveira et al., 2023), healthcare (Hirani et
al., 2024), finance (Goodwell et al., 2021), transportation (Bharadiya, 2023), retail (Goti et
al., 2023), manufacturing (Gao et al., 2024), education (Wang et al., 2024), energy (Entezari
et al., 2023), entertainment (McCarthy, 2024), telecommunications (Balmer et al., 2020),
human resources and many others domains.

Weather predictions have played a critical role across different epochs, significantly
impacting societies and economies. The ability to predict weather patterns has evolved from
rudimentary observations to sophisticated technological models, reflecting the increasing
complexity of our interactions with the environment. Artificial Intelligence (4/) and Machine
Learning (ML) algorithms can analyze vast amounts of data from various sources, including
historical weather patterns, current atmospheric conditions, yield forecast and real-time
information from Internet of Things (/oT) devices (Song et al., 2022). This capability enables
meteorologists to identify complex patterns and make highly localized predictions. As a result,
weather forecasting is now more responsive, employing deep learning models for predicting
the weather (Abdulla et al., 2022).

In the study conducted by Olivetti and Messori (2024), the authors provide a
comprehensive review of the latest advancements in deep learning methodologies applied to
weather forecasting. They critically assess the challenges that extreme weather events present
to contemporary deep learning systems. The paper articulates the imperative for the
customization of data-driven models to enhance their efficacy in predicting extreme weather
phenomena and proposes a foundational workflow for the development of such tailored
models. The data-driven models can be successfully used by the farmers to optimize irrigation
schedules, phytosanitary treatments and harvesting times for maximum yield (Younes, 2024).

In the context of agriculture, the impacts of abrupt temperature fluctuations, excessive
precipitation (Song, 2019), and extended drought conditions (Chen et al., 2024) on the
harvesting of winter wheat illuminate the inherent vulnerabilities of contemporary agricultural
systems in relation to climate change. A comprehensive understanding of these phenomena,
coupled with the implementation of innovative risk mitigation strategies, empowers farmers
to foster more sustainable and resilient food production systems. As climate variability
persists in presenting challenges to agricultural practices, it becomes imperative to adopt
proactive interventions to safeguard crop yields and promote global food security.

The key index used in this research is The Normalized Difference Vegetation Index
(NDVI). NDVI has undergone substantial evolution since its inception by Rouse et al. (1973),
establishing itself as a fundamental instrument within the realms of remote sensing and
agricultural research. NDVI utilizes the spectral reflectance properties of vegetation,
particularly in the red (R: 620-670 nanometers) and near-infrared (N/R: 841-876 nanometers)
wavelengths, to quantify vegetation greenness. The index is calculated using the formula:

NIR—R
NIR+R

NDVI = (1)
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Its advantages — namely, user-friendliness and robust correlations with indicators of
vegetation health — render it a valuable tool for agricultural or even environmental monitoring.
However, it is imperative that researchers remain cognizant of its intrinsic limitations.
Recognizing these shortcomings is essential for the effective utilization of NDVI in
agricultural studies. Moreover, ongoing advancements in remote sensing technologies and
methodologies are anticipated to enhance the utility of the NDVI in forthcoming research
endeavors. As the demand for precise and comprehensive assessments of vegetation continues
to escalate, the evolution of NDVT is poised to play a crucial role in tackling the challenges
arising from global environmental changes.

In the context of agricultural research, grain moisture content emerges as a critical factor
influencing both the quality and yield of winter wheat (7riticum aestivum). The moisture
content of harvested grain serves as an essential indicator of crop maturity, affects post-
harvest handling (Risius et al., 2017; Sangha et al., 2024), and impacts the overall storage and
marketing strategies employed by farmers.

MATERIAL AND METHODS

Experimental site

This study was carried out over a single agricultural season due to the rotational nature of
winter wheat as a crop. As illustrated in figure I, the experimental plot is situated in lasi
County, Romania, located in the northeastern part of Europe, specifically at the "lon Ionescu
de la Brad" Ezdreni Student Practice and Research Station.

27°30.600" 27°30.960 27°31.320°
47°7.800" T N

Plot 134 ‘

47°7.440"

47°7.080"

Figure 1. Study Area
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The winter wheat cultivation for the selected varieties, Abund C1 and Glosa C1, was
carried out over the period of October 13-14, 2023, with a seeding rate of 180 kg ha™! applied
to both varieties. For soil fertility, a base fertilization with Eurocereal 10:24:0 was
implemented at a rate of 200 kg ha™'. In the spring, a supplementary application of ammonium
nitrate was performed, with a dosage of 170 kg ha™! to enhance nitrogen availability. Herbicide
treatment was conducted using Sekator Progress at a rate of 0.15 1 ha™! to manage weed
populations effectively. For pest and disease control, the first treatment (T1) involved the
application of Decis Expert 100 EC at a rate of 75 ml ha™! combined with Tilmor fungicide at
1 1 ha'!. As a second fertilization, Sulfammo was applied at a rate of 150 kg ha! to further
support plant growth. The second treatment (T2) included another application of the
insecticide Decis Expert 100 at 75 ml ha! to ensure effective pest management.

Data collection
Satellite data collection

The Sentinel-2 data employed in this study were obtained from the Copernicus portal, a
European initiative supported by the European Space Agency (ESA), dedicated to providing
comprehensive Earth observation data for environmental monitoring, agricultural research,
and related studies. Due to potential inaccuracies in satellite data under high nebulosity
conditions, only days with less than 2% cloud cover were considered for analysis throughout
the growing season. Atmospheric correction was applied using the Sentinel-2 Level 2A
(S2L2A) data collection.

Meteorological measurements

Throughout June 2024, prior to the harvesting period of winter wheat, a portable ATMOS-
41s (METER-Group, Pullman, WA, USA) weather station was installed at a height of 1 meter
above ground level to monitor the local microclimate.

Grain moisture measurements

Starting with 15" of June 2024, the determination of winter wheat grain moisture was
conducted using the Granomat V1.0 (Pfeuffer GmbH, Kitzingen, Germany), a precision
moisture meter specifically designed for rapid and accurate analysis of grain moisture content.
The process involved placing a representative sample of winter wheat into the device, which
utilizes a high-frequency oscillation method to measure moisture levels.

Statistical analysis

For the Sentinel-2 data utilized in this study, the Copernicus portal offers comprehensive
statistical information, facilitating access to a wide range of datasets and analyses relevant to
this study, including standard deviation (SD - o).

For the meteorological measurements, the data were interpreted in their intrinsic context,
as the recorded values fell within the calibration range of the ATMOS-41s weather station.

For the winter wheat grain moisture measurements, random errors or imprecision of
measurement were quantified computing standard deviation (SD - o) of repeated
measurements.

Hxi—w)?
o= [Hen @
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where:

o — standard deviation;

n — the number of data points in a data set;

Y% — the total of all data values;

x; — the difference between each individual data point;

u — the sum of all of the data divided by the size.

This formula (2) provides a statistical measure of the spread of data points in a dataset

around the mean, helping to understand the variability and consistency of the grain moisture
measurements.

RESULTS AND DISCUSSION

The findings of this research demonstrate a significant alignment with existing studies
conducted by other researchers in the field of agricultural monitoring. Specifically, the
analysis of the NDVI throughout the growth stages of winter wheat corroborates several key
observations reported in the literature (Yue et al., 2024).

Variability of the Normalized Difference Vegetation Index (NDVI)

The graphic presented in figure 2 illustrates the fluctuations in the Normalized Difference
Vegetation Index (NDVI) values over the growing season of winter wheat. The NDV1 is a key
indicator used to assess vegetation.
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Figure 2. Variation of the NDVI throughout the growing season of winter wheat

The x-axis represents the timeline of various growth stages of winter wheat, while the y-
axis denotes the mean ND VI values. The graphic illustrates a general increase in NDVI during
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the early growth stages, indicative of healthy vegetation development, peaking at a value of
0.8795 with a standard deviation of 0.0371, observed at crop maturity on April 19, 2024.
Significant fluctuations in NDVI throughout the season are attributed to heavy snowfall in
January 2024, which resulted in mean NDVI values dropping below zero, -0.0055 with a
standard deviation of 0.0387 on 10" of January 2024. A notable variation occurred on June
24,2024, when the NDVI value unexpectedly increased from 0.254 on June 18, 2024, to 0.286,
despite the anticipated downward trend. If compared to the results presented in figure 3, it is
evident that rainfall occurred on June 22, 2024, of 5.3 1 m* which likely influenced the NDVI
values observed.

Meteorological Results

Among parameters measured by the ATMOS-41s weather station, only the mean values
of the air temperature, wind speed, relative humidity and the precipitation levels were
specifically selected for analysis.

Figure 3. Meteorological parameters from the ATMOS-41s weather station

According to the information presented in figure 3, the average temperature fluctuated
throughout the month, with mean values ranging from a low of 16.8°C on June 13 to a peak
0f29.1°C on June 30. The temperature of 23.9°C suggests generally warm conditions that not
only promote crop growth but also facilitate crop maturity. Wind speed varied significantly
during June, with mean values ranging from 2.91 m s on June 15 to 13.0 m s on June 11.
The average wind speed throughout the month was approximately 4.54 m s™!, suggesting
moderate wind conditions that could impact evapotranspiration rates. Precipitation data
revealed significant variability, with the highest recorded rainfall of 15.9 1 m? on June 11.
Cumulatively, the recorded rainfall indicated periods of wet weather that could enhance soil
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moisture levels; however, these conditions may also raise concerns regarding the quality of
winter wheat grains, particularly in relation to grain moisture content.

Grain Moisture Results

The mean values of winter wheat grain moisture are depicted in the graph shown in figure
4.
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Figure 4. Mean values of the Grain Moisture from the Granomat V1.0 moisture meter

The dataset presents daily measurements of winter wheat grain moisture from June 15 to
June 26, 2024, with values ranging from 23.05% to 12.801%. The mean grain moisture values
show a declining trend over this period, indicating a possible decrease in moisture content as
the harvest approaches.

The standard deviation values, which range from 2.05% to 0.50%, reflect the variability
in grain moisture measurements across the days. The notably high standard deviation of
2.05% observed on June 22, 2024, indicates significant fluctuations in moisture levels on that
date, as illustrated in figure 3. This variance can be attributed to the recorded precipitation of
5.3 1m™, which likely affected the moisture content of winter wheat grain. In contrast, lower
standard deviation values, such as 0.50% on June 26, indicate a stable and uniform
consistency in moisture levels as the data approaches the harvest period.

The analysis of NDVI values in relation to winter wheat grain moisture revealed a strong
correlation between these two factors. As the winter wheat crop approaches maturity, both
NDVI and grain moisture demonstrate a linear decline. Additionally, it was found that both
parameters are influenced by precipitation levels.

To accurately predict harvest time using NDVI, particularly when its values show a
downward trend due to crop desiccation, it is essential to incorporate correction coefficients
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or specific intrinsic values that must be collected or simultaneously predicted using A/-driven
weather forecasts. The formulation can be expressed as follows:

Th=(NDVIZ*100)+\/5+(1—ﬁ)—(1—%)—(1—%5)—(e) 3)

where:

T}, - represent the time, in days, till harvest;

NDVI - represent the value of the Normalized Difference Vegetation Index;

w — 1is a coefficient for precipitation levels and could be represented as a specific value;

v— is a coefficient for wind speed and could be represented as a specific value;

6 — is a coefficient for temperature and could be represented as a specific value;

Ay, — is a coefficient for air humidity and could be represented as a specific value;

€ — error term, having the value of 2.5, accounting for other unmeasured factors
(bioactivity, sunlight, evapotranspiration rates, solar radiation, soil temperature, soil
quality and nutrients level, soil compaction, pests and diseases, weed control, etc.).

If the Ty, values are negative, it indicates that the harvest time was supposed to have already
occurred. This mathematical model is validated for winter wheat within a specific
microclimate context and is formulated independent of measurement units, emphasizing the
relationships between variables rather than their dimensional attributes.

CONCLUSION

The Copernicus platform, developed by the European Space Agency (ESA), is freely
accessible, promoting public engagement and enabling users to leverage advanced Earth
observation tools for diverse applications, particularly in agriculture. Additionally, various
free weather forecasting services can accurately predict conditions for up to 30 days, which is
essential for agricultural planning and helps farmers make informed decisions and anticipate
harvest times.

Utilizing the insights from this article, researchers and practitioners can enhance
methodologies for predicting winter wheat harvest times by integrating advanced weather
forecasting services that harness A/ and ML techniques. This approach fosters the
Digitalization of Agriculture and fosters Precision Agriculture principles.

While this mathematical model demonstrates utility, its limitations, particularly
concerning ND VI values derived from satellite observations and the four-day revisit frequency
of the Sentinel-2 satellite, highlight the need for further research with appropriate equipment
to enhance accuracy and applicability.
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ABSTRACT

Agricultural and horticultural productions depend on the occurrence of
pests, in addition to insects and rodents, birds cause significant damage to
crops, especially in the ripening stage of cereals and especially fruits. Bird
attacks are very harmful to farmers because birds attack in large numbers and
if there is no deterrent, complete loss of crops is possible, causing significant
economic loss to farmers. A number of factors influence the populations of pest
birds and the damage they cause, among them the most important are: the
characteristics of the crop and the surrounding area, the availability of food,
the ripening time and other characteristics of the cultivated variety, temporal
and climatic factors, the behavior of reproduction and movement patterns of
birds. The solutions for driving away harmful birds are represented by the use
of a complex system that randomly or synchronously uses both acoustic
deterrents and light deterrents, by developing an operating algorithm
depending on the culture, the harmful bird, the weather conditions, the type of
sound and its frequency, the intensity and color of the light, the variety of tools
used, the exchange between equipment at certain time intervals, to prevent the
birds from getting used to a certain type of rejection. Therefore, proper
selection and management of repellent techniques can reduce bird strikes and
protect crops while reducing environmental impact.

The main objective of this paper is to present an innovative technical
solution, represented by an intelligent, mixed, automated system that uses
renewable energy sources, digital technologies for the detection of harmful
birds and information processing, acoustic and light repellants for scaring
birds. The system consists of three component modules: power module,
detection module and rejection module. The entire system ensures the
protection of crops and can be used in agricultural and horticultural farms with
the aim of driving pests from target crops and increasing farmers' production.

50" Symposium "Actual Tasks on Agricultural Engineering", Opatija, Croatia, 2025

213



A. Pruteanu, A. Ionescu, C. Sorica, N. A. Vanghele, D. A. Cirstea, R. D. Cristea

This paper aims to present the constructive elements of the intelligent mixed
crop protection system, the software operation algorithm for detecting harmful
birds and the preliminary results obtained by using the YOLOvS (You Only
Look Once) system in order to identify birds in real time pests from crops
(example on crows).

Keywords: attack, bird; crows, protection crops; mixed intelligent system

INTRODUCTION

The current increase in the population has determined the increase in the demand for
agricultural goods in order to ensure food for mankind. Thus, the development of deep
learning techniques as well as the automation of components are of great help for increasing
agricultural production. The advantages of using deep learning in agriculture are: soil
management, water management, crop management, yield prediction, disease detection, fruit
counting, and weed detection (Albahar M. A, 2023).

Research in the field of bird species identification and classification is a challenge because
both their diversity in certain landscapes and environmental changes can lead to improper
identification. The large number of birds and the diversity of bird species are important
indicators of monitoring target areas with birds in field studies, therefore there are some
limitations in the data collection process. Three of these are:

- Dbirds have large habitats, and by observation it is difficult to monitor them;
- qualified personnel (ornithologists) are needed for an exact identification of the birds;
- monitoring birds is expensive because they randomly change their place.

Computer vision and deep learning technologies are up-to-date, effective, significantly
reducing the effort and resources needed in the field for bird monitoring, especially in
stationary observation areas. Convolutional neural network classification methods include:
Faster R-CNN, YOLO, GFL, VGGNet, GoogleNet and ResNet have been applied to bird
image classification (Wang et al., 2023).

Many papers present deep learning techniques such as Convolutional Neural Networks
(CNNs) which help to successfully identify bird species either from images (Dharaniya et al.,
2022; Sivaranjani et al., 2023;Yoshihashi et al., 2017; Rath et al., 2022; Dave et al., 2023;
Shetty et al., 2023), or sounds (Eichinski et al., 2022; Stowell et al., 2019; Indumathi et al.,
2024; Sprengel et al., 2016; Tang et al., 2024).

In the paper (Hong et al., 2019) deep learning techniques were developed that were based
on images of birds in different habitats collected with the help of a drone. Bird detection
models were created based on the dataset, such as: Faster Region-based Convolutional Neural
Network (R-CNN), Region based fully convolutional network (R-FCN), Single Shot
MultiBox Detector (SSD), Retinanet si You Only Look Once (YOLO). The results showed
that Faster R-CNN is the most accurate and YOLO is the fastest.

The results obtained in different specialized works based on data sets with common bird
species globally and images with manually identified (annotated) birds, different accuracies
were obtained depending on the applied learning model, as follows: with Yolov8 maximum
accuracy 94 .3% (mAP), (Dave et al. 2023) with Faster R-CNN and Cascade R-CNN average
accuracy 73.7% (mAP), (Wang et al., 2023).

214



Mixed intelligent system for the protection of agricultural and horticultural crops from the attack of pest birds

The paper ( He et al., 2016) presents object detection on PASCAL and MS COCO, the
authors adopt Faster R-CNN as the detection method and improvements of replacing VGG-
16 with ResNet-101. Results of precision (mAP) were:

- 73,2% on the VGG-16 and 76,4% on the ResNet-101 on the PASCAL VOC 2007/2012
test sets using baseline Faster R-CNN.

- 41,5% onthe VGG-16 and 48,4% on the ResNet-101 on the COCO validation set using
baseline Faster R-CNN.

In another paper (Fan et al., 2020) bird detection results based on Faster R-CNN of
extraction model VGG-16 were 78,4-86,2%.

The present work presents from a constructive, technical and automatic point of view a
mixed intelligent system intended for the protection of agricultural and horticultural crops
against the attack of harmful birds, provided with a dedicated software that can identify and
monitor the activity of crows in a target area.

MATERIALS AND METHODS

The intelligent mixed crop protection system has two different control architectures and
can be used on agricultural farms to repel pests from target crops and increase farmers'
production.

The mixed system for the protection of different crops (agriculture, orchards, vineyards)
represented schematically in figure 1 is an experimental model that uses renewable energy
sources, digital technologies for detecting harmful birds and processing information, acoustic
and light repellants for scaring birds.

The system consists of three component modules: power module, detection module and
rejection module:

- The power supply module consists of: solar panels, solar panel system controller,
battery and inverter;

— The detection module consists of bird movement detection sensors, smart camera
and/or central computer;

- The repulsion module consists of various repelling devices, acoustic and light, which
work on different principles: sound generator, ultrasound generator, laser, kites,
balloons, reflective tape.

Control architecture 1 Control architecture 2

Figure 1. Intelligent mixed system of agricultural crop protection
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The mixed intelligent system for the protection of agricultural and horticultural crops
includes two control architectures: Control architecture 1 and Control architecture 2.

Control architecture 1, represented schematically in figure 2, is composed of the following
main elements: solar power system, smart camera, camera support, laser system, laser support,
balloon scarers, ultrasound generator, ultrasound speaker supports.

The solar power system has the role of providing the electricity needed for the crop
protection equipment, such as: the laser system, the motion sensors, the ultrasound generator,
the bird of prey sound generator and the actuators. The solar power system consists of the
following elements: solar panel, solar controller and solar battery.
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Figure 2. Control architecture 1

The Neon — 203 B-JNX smart camera, with 2M image resolution, is designed to monitor
the target area, rotating at 3600 so as to cover the entire surface of the target area and detect
birds from all directions, using deep learning methods based on of artificial intelligence
algorithms such as supervised neural networks, using collections of images of pest birds in
different poses for training. The camera is supported in the field by a support.

Camera support, supporting the camera in the agricultural area of the experimental area.
It represents the supporting element of the room, giving rigidity and stability to the entire
construction. It is a welded sub-assembly made of square section pipes and sheet steel.

Laser system, multi-colored (green - with the wavelength of the beams of 532 nm; red -
with the wavelength of the beams of 650 nm), acts against birds using laser diodes class 3R,
with powerful rays of 50-100 milliwatts (mW). To prevent the birds from getting used to the
laser, the laser beams change color and direction constantly. The laser is supported by a
support. Balloon-type scarecrows are made of plastic, resistant to high temperatures and
humidity. Two bright hawk eyes are drawn on them to help scare the birds and they move in
the wind imitating birds of prey, reflecting the light so that the birds are intimidated and driven
away from the target area.
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The ultrasonic generator has 4 speakers, with the ultrasonic acoustic spectrum in the 15-
25 kHz range, the acoustic power being between 95-102 dB up to a one meter source. The
four loudspeakers are placed in the field on some metal supports, at different distances
depending on the surface of the protected area and the range of action of the sound waves so
that the entire perimeter is covered.

Control architecture 2, represented schematically in figure 3, it consists of the following
main elements: solar power system, motion sensors, sensor support, central computer,
holographic tape, kite, sound generator and supports for sound speakers.
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Figure 3. Control architecture 2

The solar power system is the same as in Control architecture 1, consisting of: solar panel,
solar controller, battery and inverter.

Motion sensors placed on the supports, at distances of approximately 5-8 m, one to the
other, with a role in detecting the presence of birds in the area to be monitored.

The holographic tape is bright and has the role of producing light reflections, extremely
disturbing for birds.

The kite can be soared a few meters above the target area with a special string equipped
with rotating rings, to ensure a more natural flight, imitating the hawk, a bird of prey that
scares away harmful birds from agricultural and horticultural crops.

The sound generator, fixed on the support, is made of hard materials that make it resistant
to the weather. It is equipped with a speaker whose volume can be adjusted, the sound emitted
by a predatory bird (eagle, hawk, owl, owl) and the sound playback mode (random, sequential)
can be chosen. The sonic frequency is between 3-5 kHz and the sound propagation has
acoustic powers between 105-110 dB, the sounds emitted are not acoustically disturbing to
people.

The operating principle of Control architecture 1 is as follows: the detection module
formed by the smart camera continuously monitors the target surface and if the bird is
detected, the rejection mode is activated, by turning on the laser and/or the generator with
ultrasonic sound waves of different frequencies.
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The working principle of Control architecture 2 is as follows: motion sensors will detect
the movements of birds in the target area and transmit the data to a central computer which
will activate the repellent module, which triggers a certain repellant frequency and a certain
sound, so that the birds will they will move away from it, or one of the other repellents, the
holographic tape or the kite, will act.

The algorithm of operation of the software for the detection of harmful birds (in our case,
crows) was designed to perform periodic checks in a specific area. In the first stage, the
collected images or data are analyzed to detect the presence of birds. If birds are detected, the
algorithm initiates a continuous check to monitor their presence constantly. As the time spent
by the birds in the monitored area increases, the algorithm identifies their stable presence. At
this moment, a bird scaring system is activated. This action is random to prevent the birds
from learning and becoming accustomed to a specific sequence.

In our research, the YOLOvV8 (You Only Look Once) system was used to identify crows
in real time. After one or more crows have been identified, the program sends, after 30
seconds, a digital signal to an Arduino system. It further activates the systems (laser, sound
and/or ultrasound) used to repel crows. Figure 4 shows the running time for the software
operation algorithm for the detection of pest birds in crops.

Continuous Fhoosmg a ran.dom time - No birds were
check | interval in which to do Initial check |——————|Waiting
detected

the check (20-60 seconds)

The number of birds > 0
Time limit not exceeded|

Counting birds | Mumber ofbirds =0 [ Resettime

Threshold time check Time limit exceeded Timing detection

>0

The number of birds
Time limit exceeded

Rejection system
action randomly for
30-120 seconds

Figure 4. The duration of time required for the operation of the mixed intelligent system for
the protection of agricultural and horticultural crops

RESULTS AND DISCUSSION

Preliminary results of the training process of dedicated software for the identification
of crop pest birds (Crows case study)

The parameters of the confidence threshold for the YOLOvVS model used in the program
to identify crows are shown in table 2. The confidence threshold of the prediction has values
from 0 to 1 and the F1 score is the harmonic mean of precision and recall. In order to evaluate
the performance of the developed model, it was appreciated that: a higher confidence
threshold means that only predictions with higher confidence scores are considered valid and
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the F1 Score provides a unique measure that balances both precision and recall. The results in
the table 1 indicate that the F1 score changes as the confidence threshold increases

Table 1. The parameters of the confidence threshold of the prediction versus the score
F1 for Yolov8

Confidence threshold 0.0 0.2 0.4 0.6 0.8 1.0
F1 score 0.18 0.32 0.49 0.54 0 0

Analyzing the data in table 2, it is found that both the confidence threshold and the F1
score increase from 0 to 0.6, indicating a good performance between these values. At
confidence thresholds greater than 0.6, the F1 score drops sharply to 0, suggesting that higher
thresholds may remove too many predictions, significantly reducing recall.

Precision, recall, mAP (mean Average Precision) and F1 score are essential metrics for
evaluating the performance of a machine learning (ML) model. Precision indicates the
proportion of correct positive predictions to the total number of positive predictions made by
the model, reflecting the accuracy of the model's detections. Recall (sensitivity) measures the
proportion of positive cases correctly identified by the model over the total number of true
positive cases, demonstrating the model's ability to detect all relevant objects. mAP (mean
Average Precision) is the average of the precisions calculated at different recall levels and
provides an overall measure of the model's performance across all detection classes and
thresholds. The F1 score is the harmonic mean between precision and recall, showing a
balance between these two metrics and being useful in situations where both precision and
model sensitivity are important. These metrics are critical to understanding and optimizing
model performance.
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£ 0,5600
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0,5200
0,5000
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Precision Recall mAP Scor F1
The metrics of the automatic learning program
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Figure 5. Metrics values from the machine learning model used in the crow identification
program

In the images in figure 6, one can see the process by which the program applies a
"bounding box" (border) over the objects recognized as crows, with the confidence index of
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the program varying between 0 and 1. In the left part of figure 6, you can see raw images
(with unlabeled crows), and on the right side, images after applying the crow identification
algorithm.
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Figure 6 Images before and after applying the crow identification algorithm

A confusion matrix was used to evaluate the performance of a crow classification model.
The obtained values are reproduced in table 2.

Table 2 Confusion matrix values for the YOLOv8 model used in crow classification

Prediction True positive False negative
Positive 27 0
Negative 5 0

True positive (TP) shows the number of examples that were correctly classified as crows,
in this case there were 27.

False negative (FN) shows the number of examples that should have been classified as
crows but were misclassified as "background", in this case, there were 5.

The preliminary results obtained in the training process of the dedicated software for
identifying crows, considered harmful birds in crops, showed that the efficiency of the
YOLOvV8 model in identifying crows has certain limitations, namely:

- the F1 score of 0.60002 indicates a balance between precision (0.56025) and recall
(0.53214), suggesting that the model is moderately successful in detecting crows while
handling false positives and negatives;

- the mAP (mean Average Precision) of 0.63120 shows the general ability of the model
to accurately predict the presence of crows above different confidence thresholds;

- the confusion matrix shows us that the model correctly identified 27 crows and
erroneously 5 crows, classified as background, which shows the compromise between
precision and recall.

- the parameters of the confidence threshold of the prediction versus the F1 score for
Yolov8, indicate the optimal confidence threshold at approximately 0.6, the value at
which the model achieves the best F1 score. In the case of practical applications, this
selected threshold is valuable in terms of maintaining a balance between detecting true
positive predictions and minimizing false detections.
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Said et al. (2024) in their study, report that performance metrics for her proposed work
(images file contains 20925 labelled images following the YOLOV7 specifications) named
ATAN.(attention-based temporal analysis network) and SACN (spatially aware convolutional
network): Precision (0.97), Recall (0.96), mAP (0.96) and Score F1 (0.9650) with the
identification of 970 birds and 40 erroneous identifications. This recent research has
successfully demonstrated the development and implementation of a novel deep learning
framework for real-time bird detection. (Suleyman et al., 2021) in their study, report that deep
learning for birds’ identification system using VGG-19 for extracting features from images
(database of this study is contained 4340 images) with PCA (principal component analysis)
and ANN (artificial neural networks) showed high classification accuracy (70.9908),
precision (0.718), recall (0.71) and F-Measure (0.708) compared to other classifiers.

CONCLUSIONS

Due to the significant impact of pest birds on agriculture, the development of an intelligent
mixed agricultural and horticultural crop protection system controlled by specialized software
for the detection of pest birds in crops is a vital research area.

From a constructive point of view, the intelligent mixed system for the protection of
agricultural and horticultural crops consists of 2 control architectures, each with 3 component
modules (supply mode, detection mode and rejection mode). Within the two control
architectures, modern, intelligent and energy-efficient devices and equipment were used and
a dedicated software was developed for the identification of crows.

During the training process of the dedicated software for identifying crows presented in
the paper, the YOLOVS8 algorithm identifies crows and monitors their activity, then transmits
a digital signal to an Arduino system, which further activates the systems (laser, sound and/or
ultrasound) used to repel crows, depending on changes in their behavior or in the surrounding
environment, with the aim of maintaining the efficiency and adaptability of the system in the
face of different conditions, preventing the habituation and adaptability of the birds to a
specific sequence.

In conclusion, although the YOLOv8 model shows good results in the detection of crows,
an improvement of the model, through additional training data or by adjusting the optimal
parameters, is beneficial in the more accurate identification of harmful birds in agricultural or
horticultural crops.
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ABSTRACT

The best management practices in agriculture targeted on increasing food
production, must be mandatory focused on remote sensing and GIS techniques
based on satellite results. The present paper is a study realized in Timis County
area by comparing the resolution of two systems specialized in measuring and
recording the amount of atmospheric precipitation: OneSoil Platform and
Meteorological Station Network from CLINSIM Cross-Border Project. Three
meteorological stations (located in Timisoara, Cenei and Grabat), randomly
selected for measuring the accumulated precipitation in July, August and
September 2024. For the same period and places, the quantities of precipitation
existing in the database of OneSoil Platform were determined also. The data
were segmented on months and days. Information regarding precipitations was
statistically processed using Microsoft Excel and Stategraphics Centurion 19.
The significance of differences between groups and validity of hypothesis were
verified by Fischer Test. Using ANOVA any relationships between position (in
field farm, in warehouse of the farm and in the town) and differences between
correspondent values were sought, analyzed and explained (causes). The
average precision/resolution for OneSoil platform was between 95 to 63%,
depending on the absolute value of precipitations. The main conclusion
resulting from the study is the use of OneSoil platform in applications of remote
sensing of the Earth regarding Precision Agriculture could be strongly
recommended, thanks to its capacity and optimal terms and timing of work and
cost.

Key words: OneSoil Platform, accumulated precipitation, remote sensing,
precision
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INTRODUCTION

Today, digital technology, remote sensing, Unmanned Aerial Vehicles (UAVs), etc. are
important key tools for monitoring agricultural conditions by providing essential parameters
such as: normalized difference vegetation index (NDVI), continuous monitoring and yield
prediction using optical signals, and biophysical models (Sishodia et al., 2020; Gao et al.,
2020), providing timely information critical for decision making (Franch et al., 2022; Cintas
et al., 2023), etc. So that farmers and agricultural managers, by analyzing remote sensing data,
can make informed decisions about interventions in a lot of agricultural technologies such as:
irrigation, fertilization, pest control, etc. (Shi et al., 2019). An important solution, as several
studies have already demonstrated, is the utility of freely and commercially available satellite
data for field-scale monitoring (Kalecinski et al., 2024). Directly or by dedicated platform
(example ,,precision farming platform OneSoil”(OneSoil, 2024)), the satellite Sentinel-2,
thanks to high quality images, is frequently used to assess conditions and vegetation indices
for estimate yield at the field conditions (Hunt et al., 2019), inclusive for analysis of low-
pressure tires in the cultivation technologies (Truflyak et al., 2022). Despite these possibilities,
even the significant potential to improve management strategies, there is a gap in the literature
regarding the applications of remote sensing data in agriculture, excepting few extensions,
example the use of UAVs for image capture (Lontis et al., 2023; Tucu et al., 2023). The most
important problem is the precision of data from remote sensing determined by comparing
simultaneously different methods (classic on site and remote) and statistical analysis of
precision (Huang et al., 2020; Bota et al., 2020).

The main objective of the present paper was to evaluate the performance (feasibility) of
using OneSoil platform satellite and Meteorological Station Network from CLINSIM Cross-
Border Project in measuring and recording the amount of atmospheric precipitation, in Timis
County area, by random selection of meteorological stations.

METHODS

The succession of methodological steps was created for design the study’s workflow
included in present paper (figure 1)

The field of experiment was situated in Timis County, in 3 sites, with meteorological
stations, included in agricultural farms at Cenei (noted SM1, (45.725408N, 20.206538W, 86.4
m altitude)) and Grabat (noted SM2, (45.882604N, 20.728288W, 94 m altitude)), and last
situated at Mechanical Engineering Faculty in Timisoara (noted SM3, (45.745249N,
21.225853W, 85.5 m altitude)) (figure 2). The local climate is classified as temperate
continental situated in flat fields, in the influence of Bega River. The base information (data)
of this experiment were obtained from the 3 meteorological stations (Pessl, IMETEOS 3.3)
parts of the project CLINSIM, having technical specifications (for station generally and rain
gauge) presented in table 1. The study period was between 30.06.2024 and 30.09.2024, with
daily registration of precipitation.
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Step 1

Step 2

Step 3

Step 4

Step 5

*Establishing the collecting points (meteorological station
area)

«Identification and selection of possible areas (fields of
experiment)

*Collecting of experimental data

+Sorting of data
« Statistical preparing and processing

* Analysis of statistic significance between CLINSIM and One
Soil platform

Figure 1. Methodological flow

Table 1. Technical specifications of meteorological stations

No. Feature Value

. 1 wind speed, 1 leaf wetness, 1 rain gauge, 1 water-meter
o I Sensors layout (rec?d?, 2 .hygro.chps (air temperature and ‘rfalatlve hum{dlty)
o 5 digital inputs: automatic sensor recognition, supporting
E sensor chains (max. 600 sensors)
E 2 Memory 8 MB flash memory
g 3 Dimensions without 4lcmLx13ecm Wx7cmH
= sensors
fZJ 4 Weight without sensors 2.2 kg
<
'é‘) 5 Battery Rechargeable 6V, 4.5Ah, Operating range: -35 °C to 80 °C
° 6 Solar panel Dimensions: 13.5 x 13.5 cm, 2 Watt solar panel
o
3 7 Measuring interval 5 minutes
= 8 Logging interval 15 minutes

9 Transmission frequency 60 minutes

10 Sensor Type Double tipping buket rain gauge

11 Output Switch signal
go 12 Switch Reed contac, solid state
<
O 13 Sensitivity 1 tip per 0.2 mm or 1 tip per 0.5 mm
=
S 14 Collector Surface 200 cm2

15 Evaluation Digital

16 Maximum Rain 12mm/min

17 Dimensions 185 mm (diameter) x 250 mm (height)
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The experimental plot size was rectangular 8 m x 3 m (24 m?), according to usual
specifications.

For testing the performance of precision farming platform OneSoil the information
regarding precipitation taken from OneSoil Yield App — Simple Precision Farming. Collected

data were prepared using Microsoft Excel, for statistical analysis by STATGRAPHICS
Centurion 19, calculating absolute and relative error (Aa, respectively, Ar):

Aa = |pOi — SMi|,
where:

pOi — indication from OneSoil platform for place i (i=1,2,3- corresponding to the site);

SMi- — indication from meteorological station for place i (i=1,2,3- corresponding to the

site),
and:
|pOi — SMi|
pOi
§ Igns Seitin sermiac e -
Grabat-SM 2 Secusigiu
| |
§ Variag : V\l}gé" f

Facultatea

‘de Mecanica-SM3

Specijalni
rezervat
prirode
»Pasnjaci.."

Sldog

Ki
. KukiiHga
now “SEE—, A

Banatsko
Veliko Selo
“EE Baratcko

~._Benuko Ceno

ocar o p \ —\
o Cenei-SM1 BeregdiuMare  gscaiar——€) " Chirodh
] cea | —— -~
: 9 ,.
Mu%s;l;m i / Mognita Noud
Musioweso sanmihail .
g ( Roman /' “Giroe f
| Ao b | Urseni
{ "
| \
| o o
e — / Parta @
telec 1
Peciu Nou \
Karadordevo

Topaa ., bafatcko

Liebling

Figure 2. The field of experiment, position of sites (Picture from drone, map from Google)

Statistical relevance was verified Multiple-Sample Comparison by ANOVA, and Multiple
Range Tests, if existing influences of station site.
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RESULTS

Variation of precipitation quantity pOi (indicated from OneSoil platform for place i
(i=1,2,3- corresponding to the site) and SMi (indication from meteorological stations for place
1), and relative error, Ari are presented in figures 3,4,5, respectively for SM1, SM2 and SM3.
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Figure 3. Variation of precipitation quantity for the site SM1, Cenei
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Figure 4. Variation of precipitation quantity for the site SM2, Grabat
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Table 2 presents the Summary Statistics results of Multiple-Sample Comparison for Arl,
Ar2 and Ar3, noted, respectively, Drl (93 values ranging from 10.13 to 24.34), Dr2 (93 values
ranging from 18.35 to 32.15) and Dr3 (93 values ranging from 22.48 to 40.29). Because the
standardized skewness and/or kurtosis is outside the range of -2 to +2 for 3 columns, some
significant non-normality in the data is present, which violates the assumption that the data
comes from normal distributions.

Mechanical Engineering Faculty, SM3
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Figure 5. Variation of precipitation quantity for the site SM3, Mechanical Engineering
Faculty

Table 2. The Summary Statistics results of Multiple-Sample Comparison

Standard Coeff. of Stnd. Stnd.

Count Average . . . Minimum Maximum Range .
8¢ deviation variation 8¢ Skewness kurtosis

Drl 93 17.97 3.23 17.99% 10.13 2434 1421 -2321 -0.670
Dr2 93 2639 3.23 12.24% 18.35 32.15  13.80 -2.114 -1.292
Dr3 93  33.18 4.83 14.57% 22.48 4029 1781 -4.224 -0.470
Tot. 279  25.83 7.29 28.23% 10.13 40.29  30.16 0.161 -3.344

The results presented in previous figures demonstrate the favorable influence of
precipitation’ quantity on the relative error, Ari, due to the increasing of the number of rainy
days in September.

The results of test for significant differences amongst the Ari means, Analysis of Variance,
are presented in table 3. Can be observed the F-ratio, is equal 363.661 and the P-value of the
F-test is less than 0.05 (0.0000), so, a statistically significant difference was demonstrated
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between the means of variables Ari means, at the 95.0% confidence level. It was confirmed
that the differences between the place (site) of determination influenced statistically
significant the difference relative between the indication of meteorological stations and
OneSoil Yield App — Simple Precision Farming platform.

Table 3. The results of test for significant differences amongst Ari means, ANOVA

Source Sum of Squares Df Mean Square F-Ratio P-Value
Between groups 10713.80 2 5356.88 363.66 <0.005
Within groups 4065.60 276 14.73
Total (Corr.) 14779.40 278

The Multiple Range Tests results for determining which means are significantly different
from which others are presented in table 4. By multiple comparison procedure table 4 applies
to determine which means are significantly different from which others. Because an asterisk
has been placed next to 3 pairs, it indicates that all pairs present statistically significant
differences at the 95.0% confidence level.

Table 4. The Multiple Range Tests results

Count  Mean  llomogencous Contrast  Sig. Difference +/- Limits
Groups
Drl 93 17.97 X Drl - Dr2 * -8.42 1.108
Dr2 93 26.39 X Drl - Dr3 * -15.15 1.108
Dr3 93 33.12 X Dr2 - Dr3 * -6.73 1.108
* Denotes a statistically significant difference.
Dr1 I + |
Dr2 — | —d
Dr3 oo |7 + —|
0 10 20 30 40 50
response

Figure 6. The Box-and-Whisker Plot for relative differences corresponding to the sites

Figure 6 presents the Box-and-Whisker Plot for relative differences corresponding to the
sites. It indicates that for the sites situated in field (SM1 is in field), the data regarding
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precipitation has a precision with more than 80% in about 75% (3 quartiles) of determination.
The lowest precision was in the case of determination in urban areas (more than 63% in about
75% (3 quartiles) of determination), at SM3 situated in the town Timisoara, a lot of building
around.

CONCLUSIONS

This study demonstrates, by combining innovative information from meteorological
stations and OneSoil satellite platforms, the influences of natural surroundings (position in
field) and quantity of precipitations on their performed comparably performance. The average
precision/resolution for OneSoil platform, expressed by relative error, was between 95 to
63%, substantially influenced by absolute value of precipitations. The main conclusion
resulted after study is the use of OneSoil platform in applications of remote sensing of the
Earth regarding Precision Agriculture could be strongly recommended in field areas, thanks
to its capacity and optimal terms and timing of work and cost (can be used for free). Another
recommendation is to carefully use the satellite platform in measuring precipitation inside the
town area due to the influences of buildings and trees on the satellite signal (error Multipath).
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ABSTRACT

As part of the EIP Precision Agriculture and Digitization project, an
experiment with precision fertilization on a winter wheat crop was carried out
on the Stefan Cigut farm. The experiment was carried out on a very
heterogeneous area of 11.73 ha. The sowing of winter wheat of the RGT
REFORM cultivar was carried out on October 23rd 2023. Pre-sowing soil
treatment without plowing in a conservation way was carried out with a
circular harrow and a Horsch Pronto seed drill. The area with the wheat crop
was divided into two parts, half of the area was fertilized with a variable dose
of fertilizer, and the other part of the area was fertilized with a fixed dose of
KAN fertilizer in four doses. The preparation of fertilization maps was carried
out in the GeoPard Agriculture program. The trial harvest was carried out on
July 10" 2024 with a New Holland CR 9060 combine with simultaneous crop
mapping. The average yield on the surface with a fixed dose of N fertilizer was
6.749 t ha'!, and the yield on the variant with variable fertilization was 6.716 t
ha'!. The yield on both variants of the study was the same. The reason is the
comasation in the previous year. The limiting factor for a higher yield was not
a lack of nitrogen, but rather a low pH of the soil in individual parts of the
surface, the basic supply of soil with phosphorus and potassium, and high soil
compaction in individual areas of the field.
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INTRODUCTION

Innovative technology has changed the way our world works over the past 60 years.
Agriculture is also experiencing development, where robotization and modernized technology

50" Symposium "Actual Tasks on Agricultural Engineering", Opatija, Croatia, 2025

235


mailto:damijan.kelc@um.si

D. Kelc, D. Stajnko, P. Vindis, J. Rakun, P. Berk, B. Zaloznik, L. Resman, B. Feren&ak, S. Cigiit Jr., M. Lakota

are gaining ground. Maintaining human needs for food in a world with a global population
has been identified as a major challenge for agriculture in the future. How to produce enough
quality food?

The beginning of wheat cultivation dates back to the very cradle of human civilization. It
began as early as 9.000 to 11.000 years ago in the "Fertile Crescent", along the Euphrates and
Tigris river basins. It was in this area that the first forms of cultivated wheat appeared. On the
basis of archaeological discoveries of wheat, it was established that the original wheat was a
wild type of single-grain mash, which was initially more harvested than cultivated.
Somewhere at the end of the seventh millennium, they began to grow wheat. Cultivation of
wheat represented the foundation in the further development of civilizations. Around 6000
years BC the wooden plow appeared, expanding the possibility of cultivation. The
introduction of a three-field rotation (winter, spring and fodder crops) helped to increase the
yield. Kolobar began to be established somewhere at the end of the migration of peoples. In
the 17th century, wheat began to spread in America, first from the Atlantic direction, and a
century later also towards the Pacific to Mexico and California. The 18th and 19th centuries
are characterized by rapid industrialization and the introduction of mechanization into
processing procedures. At the same time, the crop rotation improved, and more and more
scientific attention was paid to cultivation. Breeding of varieties that yielded much more grain
per hectare began gradually. Today, with the help of modern mechanization, wheat yields in
certain countries exceed 10.000 kg/ha (Tajnsek, 1988).

Wheat is the most widespread crop in the world, it is covering an area of more than 218
million hectares and occupies almost 30% of grain crops (FAOSTAT, 2024). Low yields
have always been associated with biotic and abiotic stresses since approximately direct crop
losses due to pests and diseases account for 20 to 40% of world wheat production (Ali et al.,
2019).

With continued population growth and increasing demands on water resources, precision
conservation will have an increasing role during this new millennium. It has been reported
that world population is expected to be about 9.4 billion by 2050, and that increases in crop
yields will have to be achieved primarily from land that is currently under production since
most of the world's arable land is already being cultivated. These increases in population
growth and food and water demands will put increasing pressure for development of new
more efficient technology and production practices that contribute to higher yields. Since
intensive farming can potentially impact soil and water quality, parallel increases in new
practices and technology contributing to improved soil and water conservation practices will
be needed to help sustain and maintain the needed yield increases from agricultural systems
(Berry, 2003).

Research is lacking on the long-term impacts of field-scale precision agriculture practices
on grain production. Following more than a decade (1993-2003) of yield and soil mapping
and water quality assessment, a multi-faceted, ‘precision agriculture system’ (PAS) was
implemented from 2004 to 2014 on a 36-ha field in central Missouri. Therefore, the greatest
production advantage of a decade of precision agriculture was reduced temporal yield
variation, which leads to greater yield stability and resilience to changing climate (Yost et al.,
2017).

For a good wheat crop, the amount of nitrogen is one of the key fertilization factors. Wheat
can take up to 30% more of it than it actually needs. Of course, overabundant meals cause
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more serious consequences on the crop, so it is necessary to add nitrogen when the plant needs
it most, or at most two months in advance. From sowing to the beginning of growth, wheat
consumes somewhere between 8 to 22%, and from the beginning of kneeling to flowering it
takes in somewhere between 70 to 80% of nitrogen (Tajnsek, 1988).

Nitrogen can be applied with organic fertilizers or mineral fertilizers. Organic fertilizers
such as manure, slurries and slurry work very well on the physico-biological properties of the
soil, they increase the air permeability of the soil in heavier soils and the ability of the soil to
retain water in lighter soils. Barn manure enriches the soil with organic matter, as 10 tons of
manure is known to contain somewhere up to two tons of organic matter. With mineral
fertilizers, we can more precisely and consistently add individual nutrients that we know are
lacking in the soil. Nitrogen mineral fertilizers are mainly available in the form of limestone
ammonium nitrate - KAN with a content of 27% and UREA, which contains 46% of nitrogen.
The latter form of nitrogen is widely used in the form of foliar fertilization of cereals in the
generative phase and when there is a lack of moisture in the soil, because then the movement
of nitrogen is the most limited. It is necessary to be careful not to overdo it with UREO, as it
can cause blight on the plant, which leads to a decrease in yield or even to the collapse of the
plant (Tajnsek, 1988).

Nitrogen monitoring is extremely important for the investigation of many metabolic and
structural processes and the optimal ripening of wheat. The element plays an essential role in
wheat health. Since nitrogen is not immobilized in the soil and there is no excess of reserved
plant nitrogen, fertilization is absolutely necessary during the individual periods of wheat
growth (Krishna, 2018).

If nitrogen is low, stunted growth, poorer growth, fading leaves and a small yield occur.
Fertilization requirements are greatest near flowering, at which stage plants absorb 80% of
total nitrogen. Fertilizing before this period is crucial and directly affects the amount of the
crop. During the growing season, wheat needs around 130-200 kg of nitrogen per hectare
under average weather conditions (Tajnsek, 1988).

The usual method of determining the application of nitrogen involves a field measurement
with a chlorophyll meter, which determines the actual supply of plants with nitrogen in the
leaves based on the content of chlorophyll in them. The proportion of nitrogen in plants is
also checked in laboratories. While the stocking in the soil is mainly checked by analyzing
individual soil samples. These methods provide reliable results, but are often more difficult
to implement for practical and economic reasons. The surfaces are often extensive and
individual areas are too specific and variable in terms of nitrogen content (Weber et al. 2017).
Establishing the correct fertilization with nitrogen and a special level, the fertilization must
be regulated and adapted to various factors, such as e.g. variety, expected yield quantity and
quality, soil nitrogen availability, mineralization potential and plant needs during the growing
season (Bavec and Bavec, 2014).

Modern agriculture emphasizes both environmental protection and the economic aspect of
production. The correct determination of nitrogen requirements is crucial, as surpluses in
fertilization can make production more expensive, and this also leads to leaching and
evaporation of the fertilizer, which has a negative impact on the environment. Of course, we
have to make sure that fertilization is sufficient in order to achieve the desired yield (Gastal
and Lemaire, 2002).
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MATERIAL AND METHODS

As part of the EIP Precision Agriculture and Digitization project, an experiment with
precision fertilization on a winter wheat crop was carried out on the Stefan Cigut farm. The
experiment was carried out on gerk no. 6413883, name: Velki travnik, surface area 11.73 ha.
The area on which the experiment was carried out is very heterogeneous, because compaction
was made in the previous year and now the new area consists of several smaller areas, which
were cultivated by different farmers, and different crops were also grown. Aggregation or
consolidation of agricultural land is an administrative procedure in which the land in a certain
area is consolidated and redistributed among the previous owners so that everyone gets the
most rounded land (Sklad, 2024).

In the experiment, the winter wheat variety RGT REFORM was sown on 23 October 2023.
Pre-sowing tillage was done without plowing in a conservation way using a circular harrow
and a Horsch Pronto planter. The machinery used in the experiment is presented in Table 1.

Table 1. The machinery used in the experiment

Basic tillage tractor Fendt 724

Tractor for fertilizing, spraying,... Fendt 516

Seeder for compact sowing Horsch pronto
Mineral fertilizer spreader Amazone ZA-TS 4200
Sprayer Amazone UF2 2200
Combine harvester New holland CR 9060

The experiment compared fertilization of winter wheat with a fixed dose of nitrogen over
the entire area and a variable dose of nitrogen. The area with the wheat crop was divided into
two parts. Half of the area was fertilized with a variable dose of fertilizer, and another part of
the area with a fixed dose of KAN fertilizer. The KAN fertilizer dose on the surface where
the fixed dose was always equal to the average fertilizer dose on the surface where the variable
dose was applied. Both treatments were fertilized with the same average fertilizer doses. The
wheat was fertilized with four doses of KAN fertilizer (Table 2). The preparation of
fertilization maps was carried out in the GeoPard Agriculture program. Sampling folders
(Nmin soil and plant tests) were prepared on the basis of satellite images. Samples were then
taken from the assigned zones. They were analyzed for nitrogen content. Then folders for
nitrogen fertilization were made, after which top dressing was carried out.

Table 2. Dates of fertilization and doses of nitrogen fertilizer

Fertilization stages Fertilizer Date Amount of fertilizer
1. KAN 27 % 17.2.2024 230 kg ha!
2. KAN 27 % 19.3.2024 187 kg ha'!
3. KAN 27 % 19.4.2024 183 kg ha'!
4 KAN 27 % 12.5.2024 156 kg ha'!
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The harvest was done on 10.7.2024 with a New Holland CR 9060 combine, and a crop
map was also made. The data was then processed in the Ag Leader program.

RESULTS AND DISCUSSION

The harvest of the experiment was carried out on 10.7.2024 with a New Holland CR 9060
combine with simultaneous crop mapping. Based on the yield map, the average yield was
calculated, which was 6.749 t ha'! on the surface with a fixed dose of N fertilizer (Figure 1),
and the yield on the variant with variable fertilization was 6.716 t ha! (Figure 2).

Cultivar RGT REFORM for intensive technology requires higher doses of mineral
nutrition, and is characterized by high grain productivity. Potential yield is 11-12 t ha™!, the
average yield on the farm is 9.4 t ha! (Agroprodservice, 2024). In our case, the yields are
much lower, which confirms the poorer productive capacity of the soil for higher yields. The
reason is the large heterogeneity of the surface, as a result of land compaction in the previous
year.

[srpmm- a=-1 8. o Bies o B a0 B-0-

wield FMass (Dryd
Ctonnefhal

MW =2.84 - 10,41 (1,669 hal
2,10 - £,54 {1,688 hal
Fa6d — 8,10 {1,756 hal
5,83 — 7,64 (1,622 hal
5.38 - 6,83 ({1,550 hal

o oa,38 — 5,38 {1,731 hal

MW °.51 - 4,38 (1,817 hal

Figure 1. Yield map for the area where fixed doses of N fertilizers were applied over the
entire area (circled part)
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Figure 2. Yield map for the area where variable doses of N fertilizers were applied (colored
black)

Yields in both variants of the study were practically the same (the difference is +33 kg/ha
in the variant with a fixed dose), although we would expect that the yield of wheat in the
variant with variable fertilization would be higher compared to the fixed dose of N over the
entire area. The reason that this was not the case is the great heterogeneity of the surface, the
cause of which is the implementation of compaction in the previous year. For this reason, it
is estimated that the limiting factor for a higher yield was not a lack of nitrogen, but in
individual parts of the surface, low pH of the soil, basic soil stocking with phosphorus and
potassium, and high soil compaction in individual areas of the field. We also noticed all this
during the growing season as poorer crop growth in certain areas of the field.

For this reason, it would be reasonable to repeat the experiment on the surface, where we
would not have the previously mentioned limiting factors, such as soil compaction, low pH
and basic nutrient supply. In this case, nitrogen will have a major impact on the quantity and
quality of the crop.
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CONCLUSIONS

Due to consolidation carried out in the previous year, the new and larger area consists of
several smaller areas cultivated by different farmers. Various crops were grown. The main
factor for a higher yield is not a lack of nitrogen, but different pH values of the soil, the basic
supply of soil with phosphorus and potassium, and high soil compaction. During the growing
season, we noticed poor growth of the crop in certain areas of the field. In our case, there are
two solutions. The first involves a multi-year experiment where we could see differences over
a longer period. Further research needs to be caried out, because no valid conclusions can be
made based on one year. Another solution is that the experiment must be repeated on a surface
where there would be no limiting factors, such as soil compaction, low pH, and basic nutrient
supply. Nitrogen will play a major role in this case in the quantity and quality of the crop.
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ABSTRACT

Watermelon (Citrullus lanatus) is the fruit of a plant with the same name
from the Cucurbitaceae family belonging to the genus Citrullus. This fruit has
excellent nutritional properties and a rich phytochemical profile with numerous
health benefits. It has a high content of antioxidants and contains various
bioactive chemicals, such as carotenoids, phenolic compounds, vitamins,
minerals, amino acids, and alkaloids, which are all distributed and
concentrated differently in the pulp, peel, leaves, and seeds. Watermelon seeds,
often considered a waste, are nutrient-rich, containing folic acid, protein,
dietary fiber, minerals, fats, B-vitamin complex, and are also known for their
remarkable antioxidant activity. This study investigated the nutritional
composition of watermelon seeds commercialized in local agri-food markets
for possible use as a feed fortifier. The results obtained from the analysis of
nutritional parameters: 4.77 - 5.54% moisture, 2.71- 3.07% ash (minerals),
32.20 - 34.20% crude fat, 28.40 - 31.60% crude protein, 6.47 — 7,93% crude
fibers, 18.80 - 24.10% carbohydrates, show that analyzed watermelon seeds
contain significant amounts of crude fat, crude protein and minerals, sufficient
amounts of crude fiber and carbohydrate and low amounts of moisture.
Therefore, the nutritional composition of the analyzed watermelon seeds allows
their inclusion as ingredients in animal feed formulation. Furthermore,
utilizing this by-product from watermelon processing could constitute an
ecological method for reducing environmental pollution.

Keywords: watermelon seeds, nutritional properties, by-product
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INTRODUCTION

Watermelon (Citrullus lanatus), belonging to the tropical fruit family Cucurbitaceae, is
one of the most cultivated fruits in the world (Yadav et al., 2022). As a fruit, watermelon is
low in calories, salt, cholesterol and rich in nutrients, minerals, and phytochemicals (Yadav
et al., 2022) with numerous health benefits such as improving cardiovascular health,
hypotensive effect, lowering LDL (low-density lipoprotein) oxidation, combating age-related
degenerative diseases and certain types of cancer (Meghwar et al., 2024).

The edible portion of the Citrullus lanatus fruit is eaten, while the other portion is
discarded. Citrullus lanatus is rich in antioxidants and contains a variety of bioactive
chemicals, such as carotenoids, phenolic compounds, vitamins, amino acids, and alkaloids,
that are all distributed and localized differently in the pulp, peel, leaves, and seeds (Jibril et
al., 2019).

Regarding the nutrition profile of watermelon, Nadeem et al. (2022) cite that one cup (152
g) of watermelon contains 11.6 g carbohydrate, 1.863 mg sucrose, 2.433 mg glucose, 5.174
mg fructose, 92.4 mg maltose. Watermelon has a protein content of 0.9 g per serving.
Watermelon also contains B-carotene (0.467 mg), B-cryptoxanthin (0.12 mg/100g), lycopene
(6.9 mg), vitamin C (0.0125 mg), betaine (0.5 mg), pantothenic acid (0.3 mg), choline (6.3
mg) and folic acid (0.0046 mg). Mono-unsaturated and polyunsaturated fatty acids are found
in trace amounts of 0.1 g each, while the phytosterol content is 3.1 mg. Regarding minerals,
noticeable found in watermelon are 10.8 mg Ca, 15.4 mg Mg, 16.9 mg P, 173 mg K, 1.5 mg
Na, 0.2 mg Zn, 0.1 mg Cu, 0.0006 mg Se, and 0.0023 mg F. Only half of a watermelon fruit
is consumed - i.e. the pulp, while the other half, consisting of the rind and seeds (about 40-
45%), is generally discarded as solid waste (Capossio et al, 2022).

Watermelon seeds are known to be highly nutritious; they are rich sources of protein, B
vitamins, minerals (such as Mg, K, P, P, Na, Fe, Zn, Mn, Cu), and fats, among others, as well
as phytochemicals (Tabiri et al., 2016). According to Gabriel et al. (2018), watermelon seeds
show the following proximate composition: 19.43% crude protein, 26.10% crude fiber,
21.54% crude lipid, 5.03% ash, 10.92% moisture, 16.68% carbohydrates. These nutritional
values make using watermelon seeds to develop novel health-promoting functional foods
possible. Opara et al. (2019) found that C. lanatus seeds have an increased content of
nutritional components and 4.20% moisture, 30.30% crude lipid, 32.08% crude protein,
7.20% crude fiber, 2.70% ash, and 23.2% carbohydrates.

In addition, the analyzed seeds also contain significant amounts of phytochemicals, such
as alkaloids, steroids, glycosides, saponins, flavonoids, terpenoids, and tannins. Kausar et al.
(2020) showed that watermelon seed flour can prepare cookies with improved protein, fat,
fiber, and ash content.

The proximate composition of watermelon seeds flour is as follows: 8.25% moisture,
3.73% ash, 46.78% crude fat, 26.37% crude protein, 4.10% crude fiber, and 10.77%
carbohydrates (Kausar et al., 2020). The fact that watermelon seeds contain significant
amounts of nutritional compounds was also noted by Jaroszewska et al. (2023), who reported
that watermelon seed flours contain 20.50% crude protein, 25.20% total lipids, and essential
mineral elements. Studying the utilization of proof watermelon seed in bread production,
Wojcik et al. (2023) showed that flours obtained from watermelon seeds contain 20% protein,
9% fat, and 60% carbohydrates. The seeds of Citrullus lanatus, considered waste materials,
are rich in therapeutic nutrients such as vitamins, minerals, fatty acids, phytosterols, proteins,
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phenolic compounds, dietary fiber, amino acids, and possess antioxidant activity contributing
to increase immunity, aid digestion and maintaining the health of the nervous system and
heart, Saeed et al. (2024) and Naveena et al. (2024).

Watermelon seeds may also contain antinutrient compounds such as tannins, phytates, or
oxalates, which generally reduce the bioavailability of nutrients such as proteins, vitamins,
and minerals (Kolawole Sunday et al., 2013). Several methods of reducing antinutrient
content have been reported, including high-temperature soaking, fermentation, extrusion,
roasting, blanching, and sprouting (Addo et al., 2018).

From the above, it can be observed that watermelon seeds contain significant amounts of
nutritional compounds, especially proteins, fats, but also minerals, fibers, and carbohydrates,
which vary within wide concentration limits, depending on several factors, including the
melon variety from which they originate (soil, climate, post-harvest processing and storage
conditions), seed collection, etc. (Nadeem et al., 2022).

To provide a clearer understanding of the nutritional composition of watermelon seeds,
we present below the findings from previous studies, which outline the concentration ranges
of key nutritional parameters.

Results obtained by different researchers show that watermelon seeds contain sufficient
nutritional compounds (proteins, fats, minerals, carbohydrates, and fibers) to be included in
feed formulations as sources of nutrients. On the other hand, the higher cost of some feed
ingredients (soybean, peanut oilcake, maize, and sorghum) used in animal feed requires using
unconventional materials such as watermelon seeds for feed formulation (Mudi et al., 2024).
In order to conduct a nutritive evaluation of watermelon seeds (Citrallus lanatus), Mahala et
al. (2010) found that watermelon seeds and seed cake contain 20.87% crude protein, 38.39%
crude fiber, 30.13% ether extract and 4.23% ash and 96.1% dry matter, respectively 25.39%
crude protein, 27.39% crude fiber, 7.84% ether extract, 2.7% ash and 95.6% dry matter. The
authors of this study concluded that the watermelon seed cake is an excellent protein
supplement. Acar et al. (2012) show that watermelon (Citrullus lanatus vercitroides) seeds
contain significant amounts of nutritional compounds: 4.56% moisture, 3.98% crude protein,
52.34% crude oil, 3.73% crude ash, 5.99% crude fiber and recommend their use in animal
feed.

In a study regarding the effects of feeding watermelon seed meal and full-fat seed on
broiler chicks' growth, Shazali et al., 2013 determined the following proximate composition
of watermelon full-fat seed (on dry matter basis): 97.3% dry matter, 17.7% crude protein,
22.8% crude fiber, and 4.3% ash. The study's authors recommended watermelon seeds as feed
ingredients in broiler diets. According to Das & Mallikarjunarao (2016), watermelon seeds
resulting as agro-industrial waste contain significant amounts of nutritional compounds: 4.3%
moisture, 34.1% protein, 52.6% fat, 3.7% minerals, 0.8% fiber, and 4.5% carbohydrate.
Therefore, this by-product from the processing units can be used in the industry as an
ingredient in food or animal feed. Results obtained by Tabiri et al. (2016), when analyzing
seeds from three watermelon varieties (Charleston gray, Crimson sweet, and Black diamond)
indicated that watermelon seeds with moisture contents in the range of 7. 40 - 8.00% contain
26.50 - 27.83% fat, 16.33 - 17.75% protein, 39.09 - 43.28% fiber, 2.00 - 3.00% ash, 9.55 -
15.32% carbohydrate and an energy value of 354.05 - 369.11 kcal/100g. In addition, the
analyzed seeds also contain essential amounts of minerals: 0.17-0.22% P, 0.11-0.16% Ca,
0.02-0.09% Mn, 3.40-3.85% K, 0.07 - 0.17% Na, 0.14 - 0.17% Mg. 2.72 - 4.60mg/100g Fe,
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0.38-0.58 mg/100g Cu and 0.66 - 3.71mg/100g Zn. The study's authors suggest that
watermelon seeds are a considerable source of nutrients in human and animal diets. Analyzing
the nutrient composition of processed and unprocessed watermelon seeds for possible use in
feed formulation, Milala et al. (2018) showed that they have the following proximate
composition: 5.06% moisture, 2. 98% ash, 32.90% crude fat, 49.70% crude protein, 2.10%
crude fiber, 6.06% crude carbohydrate - in unprocessed seed and 6.29% moisture, 2.59% ash,
2.59% ash, 47.1 % crude fat, 68.03% crude protein, 1.13% crude fiber, 24.99% crude
carbohydrate - in processed seed. Results obtained by the authors of this study showed that
the crude protein levels in processed and unprocessed watermelon seeds are high enough for
their inclusion in feed formulation as a source of protein.

Furthermore, processed seeds' carbohydrates and fat content are higher than unprocessed
seeds, making them a considerable energy source in animal feeds. The same study authors
cite Pal and Mahdevan, who recommended the incorporation of that watermelon seed cake
(with the content of digestible crude protein and total digestible nutrients found to be 20.42
and 52.73 kg/100kg respectively) in the feed of Kumaoni bullocks (Milala et al., 2018).
Therefore, the crude protein, fat, carbohydrates and minerals, and vitamin A levels in
watermelon seeds suggest their introduction in animal feed formulation. Information about
the nutritional compounds and utilization of the watermelon waste were also reported by Galit
et al., 2019, who cite the following nutritional values: 34.1- 35.66 % protein, 50 - 52.6% fat,
5.0% fiber, 100-150 mg/100g Ca, 16.8 - 937 mg/100g P, 1.2 - 10.6 mg/100g Zn, 11.4 mg/100g
Mg, 7.8 mg/100g K, 5.7 mg/100g Na. The analyzed seeds' rich protein and fat content indicate
they could be used in food formulations or animal feed (Galit et al., 2019). In evaluating the
medicinal properties and possible nutrient composition of Citrullus lanatus (Watermelon)
seeds, Enemor et al. (2019) found that watermelon seeds have a nutritional index and contain
48.68% moisture, 22.77% crude fat, 13.99% carbohydrate, 8.9% protein, 0.060 ash, and 2%
fiber; in addition, the analyzed seeds were rich in phytochemicals, vitamins A and C (68.13,
respectively 19.45 mg/kg) and mineral elements (such as K, Fe, Mg, Na). The study's authors
prove that watermelon seeds can be a good source of vitamins and minerals in the human diet
and animal feed. According to Mudi et al. (2024), the nutritional quality of watermelon seed
meal is comparable to that of proteins from oilseeds, including soybeans. The authors of the
study found that watermelon seed flour contains sufficient amounts of nutritional compounds:
6.26% moisture, 2.74% ash, 10.60% fats, 21.50% crude protein, 6.50% crude fiber, and
56.40% carbohydrate, to serve as an ingredient in fish feed. Saeed et al., 2024 investigated
the nutritional and functional properties and antioxidant profile of Cucumis melo and Citrullus
lanatus seeds. The results presented by the authors of this study showed that watermelon seeds
contained important protein, fat fiber, and essential elements: 7.4% moisture, 2.1% ash, 15.6%
crude protein, 27.4% crude fat, 7.8% crude fiber, respectively 86.6 mg/100 g Na, 236.7
mg/100 g K, Ca, 25.0 mg/100 Mg, 11.0 mg/100 Zn. The study's authors support using
watermelon seeds as ingredients in the formulation of fortified food products and show that
the recovery of watermelon seeds as food additives can contribute to reducing agro-industrial
wastes.

From the above-presented data, the composition of watermelon seeds showed different
percentages of moisture, ash, fat, protein, fiber, and carbohydrate contents. The possible
reason for such difference could be attributed to differences in varieties, mode of cultivation,
pedoclimatic conditions, etc (Tabiri et al., 2016).
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This study aims to determine the nutritional composition of watermelon seeds marketed
in local agri-food markets for possible use in improving the nutritional quality of animal feed.

MATERIALS AND METHODS

Materials

Watermelon fruits were purchased from a local agri-food market in Timisoara (Romania).
Three sample groups of watermelon seeds (W.M.S.) were formed on the agricultural plots,
according to the three agricultural areas of watermelon culture, and were denoted by P1, P2,
and P3. Watermelon seeds were extracted manually from the fruit pulp, after which they were
washed and sun-dried. The dried seeds were ground using a kitchen grinder and stored in
plastic containers for further analysis. Five samples from each group of watermelon seeds
were analyzed.

Methods

The determination of nutritional parameters: moisture, ash, crude protein, crude fats, crude
fiber, and carbohydrate in the powders of the three groups of watermelon seeds was carried
out according to methods validated and recommended by Velciov et al. (2021) and Milala et
al. (2018). The moisture content was determined by drying in an oven at 105 °C until constant
weight. The Kjeldahl method determined the crude protein content; crude proteins were
calculated as N x 6.25. The ash content was calcined in an oven at 600 °C for 3 hours. The
crude lipids (fats) were extracted with petroleum ether using a Soxhlet apparatus. The crude
fiber was extracted with 1.25% NaOH, drying the residue for one hour at 105 °C and
calcination at 600 °C. The carbohydrate content was calculated using the ratio [100 - (moisture
+ protein + fat + ash)].

Statistical analysis

All the data was statistically analyzed for variance (ANOVA) using R version 4.4.1 (R
Core Team 2024). The comparisons for means were made using Duncan's Multiple Range
Tests (D.M.R.T.). Duncan's Multiple Range Tests or Duncan's New Multiple Range Tests
provide significant levels for the difference between any pair of means, regardless of whether
a significant F resulted from an initial analysis of variance. The Shapiro-Wilk test was used
to assess the normality of the data (Ghosh & Mitra, 2020).

RESULTS AND DISCUSSION

The results obtained by analyzing the nutritional parameters of W.M.S. taken in the
experiment are presented in Table 1. As can be seen from Table 1, the analyzed W.M.S.
contains significant amounts of crude fat, crude protein and minerals, sufficient amounts of
crude fiber and carbohydrate, and low amounts of moisture ranging in limits between 4.77-
5.54% moisture, 2.71-3.07% ash (minerals), 32.20 - 34.20% crude fat, 28.40 - 31.60% crude
protein, 6.47 - 7.93% crude fibers, 18.80-24.10% carbohydrates. The concentration levels of
the analyzed nutritional parameters are generally within the range of values reported in
previous studies. Several factors justify the differences: the species of the plant, the soil
conditions, the climate and other factors of an anthropical or geogenic nature, the period of
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harvesting the leaves, and last but not least, the method of preparation and sample analysis
(Velciov et al., 2023).

Table 1. The nutritional properties of watermelon seeds”

Nutritional values (%)
Specification ) )
Moisture Ash Crude fat  Crude protein Crude fibers Carbohydrates
Plot1 (P1) 4.77+0.24a 3.07+0.37a 32.20+£0.78a 28.40+0.81a 6.67+0.3a  24.10+0.44a
Plot2 (P2) 5.54+0.18b 2.71+0.20a 33.20+0.83ab 31.60+0.94b 7.93+£0.37b 18.80+0.75b
Plot3 (P3) 5.12+0.39ab 2.88+0.15a 34.20+0.82b 29.50+0.69ab 6.47+0.40a 21.50+0.66ab
Mean value  5.14+0.31  2.87+0.13  33.20+0.82  29.83+1.33  6.99+0.60 21.47+2.18

*All data were expressed as means + standard error of five replicates; mean scores with different letters
on the same column are significantly different (P0.05).

The moisture content of any food material is a measure of the shelf life of food, and it
indicates how long a food material can be kept without spoilage (Milala et al., 2018). Moisture
content is essential for food preservation and, hence, in food processing (Velciov et al., 2022).

The analyzed W.M.S. samples contain relatively low amounts of moisture, within the 4.77
- 5.54% range. The highest moisture value (5.54%) was determined in P2, which was
statistically significantly higher than the values determined in P1 (4.77%) and P3 (5.12). No
statistically significant differences exist between the moisture determined in P1 and P3. The
mean value of moisture (5.14%) indicates that the analyzed dried watermelon seed powder
does not present a significant risk of degradation over time.

The ash content of the samples indicates the content of inorganic matter (Tabiri et al.,
2016), i.e., the sum of the mineral elements that are part of the analyzed samples (Velciov et
al., 2022). The mineral content of the analyzed W.M.S. seeds was determined in very close
concentrations within the range of 2.71 - 3.07%. No statistically significant differences are
reported between the values determined in P1 (3.07%), P2 (271%.) and P3 (2.88%). The mean
value of ash content (2.87%) reveals that the analyzed watermelon seeds contain significant
amounts of essential mineral elements that provide a wide range of health benefits for the
body's normal functioning (Mehra et al., 2015).

Lipids are essential macronutrients that play important physiological and biochemical
roles in the functioning of the human body, such as energy storage, structural components of
biological membranes, electron carriers, enzyme cofactors, light-absorbing pigments,
hydrophobic anchors for proteins, and emulsifying agents in the digestive tract (Velciov et al.,
2022). Fats are also excellent energy sources, improving the transportation of fat-soluble
vitamins (Velciov et al., 2022).

The fat concentration in analyzed W.M.S. samples range from 32.20 - 34.20%. Duncan's
test shows statistically significant differences between the fats determined in P1(32.20%) and
P3 (34.20%). No statistically significant differences were reported between the fats
determined in P2 (33.20%) and P3. The mean value of the fat concentration (33.20%) shows
that the analyzed W.M.S. contains increased amounts of fats, indicating that they represent an
essential source of calories.
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Proteins are essential nutrients for the body (Mehra et al., 2015). Proteins are important
biomolecules for body homeostasis (Mehra et al., 2015). Protein deficiency is closely related
to several diseases caused by energy deficiency: mental disorders, failure of various organs,
edema, and weakened immune system (Velciov et al., 2022). Protein and energy are
considered essential components of forages (Mahala et al., 2010).

The protein concentration in the analyzed W.M.S. samples ranged from 28.40 - 31.60%.
Comparing the crude protein content values among the three plots, there are statistically
significant differences between P1 (28.40%) and P2 (31.60%). No statistically significant
differences were determined between P2 and P3 (29.50%). The mean value of this nutritional
parameter (29.83%) shows that W.M.S. is rich in protein, which can be used in feed
formulation as a source of protein.

The interest in the knowledge of dietary fiber content is closely associated with its role in
water absorption and intestinal tract regulation, cholesterol reduction, and glucose regulation
(Velciov et al., 2022). The crude fiber in the diet consists mainly of plant polysaccharides that
cannot be digested by human dietary enzymes, such as cellulose, hemicelluloses, and some
materials that make up the cell wall (Opara et al., 2018). This suggests that watermelon seeds
would provide additional dietary fiber. The crude fiber of any seed indicates the presence of
a reasonable quantity of trapped water (bond) held by the hydrophilic polysaccharides of the
fiber (Milala et al., 2018). The lower crude fiber value suggests an advantage to monogastric
animals, which are known to have little ability to digest fibrous materials (Amadi et al., 2018).

The concentration of crude fibers in W.M.S. samples show relatively close values ranging
from 6.47 to 7.93%. However, the highest fiber content was determined in P2 (7.93%).
Statistically significant differences were identified between the fiber content of P2 (7.93%),
P1(6.67%), and P3 (6.67%), respectively; there are no statistically significant differences
between the fiber content between P1 and P3. These values are close to the value obtained by
Opana et al., 2018 when determining under similar conditions crude fiber (7.20%) from
Citrullus lanatus seed. The mean value of crude fiber content (6.99%) shows that the analyzed
W.M.S. exhibits relatively low crude carbohydrate contents but sufficient to be incorporated
in the feed.

Carbohydrates are the immediate energy source for the body in the form of calories, which
play an essential role in the normal functioning of body cells, tissues, and organs (Saeced et
al., 2024). These help in fat utilization, protecting cells against external harmful effects
(Velciov et al., 2022). According to Williams and Lenkat (2018), carbohydrates play an
important role in the diet as energy reserves, e.g., glucose, can be converted into many natural
substances such as fats, proteins, and vitamins (Williams et al., 2018). Although there are
different types of carbohydrates, only total carbohydrates are considered in food and remain
when protein, fat, moisture, and ash of food have been removed (Velciov et al., 2022). The
carbohydrates and fats contents of W.M.S.s make it a considerable energy source in animal
feeds [Milala et al., 2018]. W.M.S. samples contain appreciable amounts of carbohydrates,
their concentration ranging from 18.80 - 24.10%. These values are close to the value obtained
by Opana et al., 2018 when determining under similar conditions carbohydrate (23.52%) from
Citrullus lanatus seed. The analyzed seeds from P1(24.10%) are more prosperous in
carbohydrates. There are statistically significant differences between the carbohydrate content
of P1 and P2 (18.80%). No statistically significant carbohydrate differences are reported in
P2 and P3(21.50%). The average carbohydrate concentration (21.47%) reveals that the
analyzed W.M.S. contains sufficient carbohydrates that can be converted into fat, protein, and
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vitamins. It can be shown that watermelon seeds contain a total of 21.5% carbohydrates, of
which 6.7% are fibers, and the rest consists of other forms of carbohydrates, such as sugars
and possibly starch. Finally, it can be stated that the watermelon seeds taken in the experiment
contain sufficient amounts of nutritional compounds to be used for feed improvement.

CONCLUSIONS

Watermelon seeds, a by-product of watermelon processing, still contain sufficient
nutrients and phytochemicals. The results obtained from the analysis of the nutritional
parameters of watermelon seeds (mean values): 5.14% moisture, 2.89% ash, 33.22% fat,
29.84% protein, 6.69% crude fiber, and 21.49% indicate that they contain significant amounts
of protein, minerals, and adequate carbohydrates and fiber to be used for improving the
nutritional quality of animal feed.

Moreover, the high content of phytochemicals in watermelon seeds promotes their use in
animal feeding. On the other hand, the higher cost of some ingredients used in formulating
animal feed (soy, peanut meal, corn, and sorghum) necessitates the introduction of
unconventional materials, such as watermelon seeds, into the diet.

Additionally, using watermelon seeds as a by-product could constitute an ecological
approach to reducing waste from watermelon processing.

We consider it important to conduct studies on the nutritional content and the relationship
between fiber and carbohydrate levels; these will be the subject of future research.
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ABSTRACT

Pelleted feed is an important part of modern animal nutrition and offers
advantages such as better nutrient distribution, higher feed intake and lower
losses. However, the physical quality of the pellets is critical to maintaining
these benefits, as poor quality pellets tend to degrade, resulting in nutrient
losses and lower animal productivity. The durability and strength of the pellets
depends on the composition of the feed and the processing conditions. The most
important factors include starch gelatinisation, protein denaturation, fibre
content, fat content and moisture balance. In this study, the relationship
between the chemical composition of pelleted feeds and their physical
properties, in particular pellet durability index (PDI) and breakage strength
(BS), is investigated. Thirteen different feed mixtures for different animal
species were analysed, their nutrient content and the durability of the pellets
were evaluated. The results show that a higher starch and protein content
increases the durability of the pellets, while a too high fibre and fat content can
weaken the pellet structure. Statistical analysis confirmed a significant
correlation between protein content and pellet durability, while fibre content
has a complex interaction with pellet strength. Understanding these
interactions allows producers to optimise formulations, improve feed
efficiency, reduce waste and ensure consistent animal performance. The use of
additives such as lignosulphonates or plant-based adhesives is recommended
to increase the durability of fibre-rich pellets. Regular monitoring and
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adjustment of feed composition is essential to maintain optimum pellet quality
in animal feeding.

Keywords: pellets, feed, chemical composition, pellet durability index,
breaking strength

INTRODUCTION

Pelleted feed is an essential part of modern livestock nutrition and offers numerous
benefits that help improve animal performance and operational efficiency. Key benefits
include even distribution of nutrients, improved feed intake and minimization of feed wastage.
Despite these benefits, the physical quality of the pellets remains a critical factor in realizing
their full potential. Poor quality pellets tend to degrade during handling, transportation and
feeding, which can lead to nutrient losses, increased feed wastage and reduced animal
performance. To ensure high quality pellets, both the chemical composition of the feed and
the processing conditions must be carefully considered, as these factors have a direct impact
on key metrics such as Pellet Durability Index (PDI) and breaking strength. These metrics
measure the structural integrity and hardness of pellets, both of which are critical to
maintaining feed quality throughout the supply chain and ensuring optimal animal
performance (Briggs et al., 1999; Samuelsen et al., 2021).

The chemical composition of feed plays a decisive role in determining the physical quality
of pellets. Starch is one of the most important components in this respect. During the pelleting
process, starch undergoes a physical transformation known as gelatinization. This occurs
under the influence of heat and moisture, causing the starch granules to swell and gelatinize.
Gelatinized starch acts as a natural adhesive, binding feed particles together and significantly
improves the structural integrity of the pellets. Ingredients such as maize, wheat and sorghum,
which are rich in starch and have a high gelatinization potential, are particularly advantageous
for pellet production (Thomas et al., 1998). The extent of gelatinization depends on several
factors, including the moisture content of the feed mash, the conditioning temperature and the
residence time in the conditioner of the pellet mill. A moisture ledvel of 15% to 18% and
temperatures between 70°C and 90°C are usually required to achieve optimum gelatinization.
Insufficient gelatinization, which is often due to insufficient moisture or heat, results in weak
pellets that crumble easily during handling and thus impair feed quality and efficiency.

Proteins also play a decisive role in the formation and durability of pellets. During the
pelleting process, proteins are denatured by the application of heat and mechanical energy,
which changes their structure and improves their adhesive properties. This denaturation
process facilitates the binding of the feed particles and contributes to the formation of a strong
and cohesive pellet matrix. Protein-rich ingredients such as soybean meal, rapeseed meal and
fish meal are particularly effective in enhancing pellet durability (Wood, 1987). However, the
effects of proteins on pellet quality depend on their source and processing conditions.
Excessive heat during processing can lead to degradation of proteins, which reduces their
binding capacity and negatively affects pellet durability. In addition, proteins interacting with
other components, such as starch, affect the overall cohesion and integrity of the feed matrix,
highlighting the complex interplay of feed components in determining pellet quality (Kaliyan
and Morey, 2009).
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The fiber content of the feed presents a more differentiated challenge for pellet quality.
Insoluble fibers, such as those found in wheat bran or rice hulls, tend to reduce the durability
of the pellets as they weaken the binding capacity of the feed matrix. In contrast, moderate
amounts of soluble fibers can improve the pellet structure by increasing the cohesion between
the particles. To achieve optimal pellet quality, it is important to find the right balance of fiber.
Too high a fiber content not only affects the structural strength of the pellets, but also increases
the abrasiveness of the feed, which leads to wear on the pelleting line components. To
overcome these challenges, feed formulations with high fiber content often require additional
binders or adjustments to processing parameters, such as higher compaction ratios or longer
conditioning times, to obtain acceptable pellet quality (Astuti et al., 2022; Kaliyan and Morey,
2009).

Fats and oils play a dual role in the pelletizing process. On the one hand, they act as
lubricants, reduce friction in the die and improve throughput, while reducing energy
requirements. On the other hand, they have a negative effect on the durability of the pellets,
as they reduce the cohesion of the particles. High-fat feeds are particularly prone to producing
weak pellets, so the use of binders or other strategies is necessary to ensure adequate durability
(Abdollahi et al., 2013).

Moisture content is also critical to the pelletizing process. Adequate moisture content
facilitates particle binding by softening the feed ingredients and allowing gelatinization of the
starch. However, both too low and too high a moisture content can have a negative effect on
pellet quality. A low moisture content results in brittle pellets, while a high moisture content
can cause the pellets to disintegrate during storage and handling. Maintaining an optimal
moisture content is crucial for consistent pellet durability and quality (Corzo et al., 2011).

Additives are often used to improve the physical quality of pellets. Binders such as
lignosulfonates, bentonite and guar gum are particularly effective in improving the cohesion
of the pellets. These substances fill the voids between the particles and strengthen the feed
matrix, resulting in stronger and more durable pellets. Other additives, such as emulsifiers and
enzymes, change the physical properties of the feed components and thus improve their
pelletability. Conditioning agents such as molasses and whey are also used to improve the
moisture retention capacity of the feed, which enables better heat transfer during conditioning
and contributes to a better durability of the pellets (Behnke, 1996).

The Pellet Durability Index (PDI) is a widely used indicator for assessing the physical
quality of pellets. It measures the proportion of intact pellets remaining after mechanical
stress, such as tumbling or shaking, and simulates the conditions during handling and
transportation. The composition of the feed, especially the content of starch, protein and added
binders, has a direct influence on the PDI. A high PDI indicates strong, durable pellets that
are resistant to breakage, while a low PDI indicates pellets that are prone to crumbling, which
can lead to increased fines and reduced feed efficiency. Ingredients rich in gelatinizing starch
or denaturing proteins generally result in pellets with a higher PDI, as these components
improve interparticle bonding and structural integrity (Thomas et al., 1998).

Breaking strength (BS), another important parameter for assessing pellet quality, refers to
the force required to crush a single pellet. This measure of pellet hardness is influenced by the
chemical composition, particle size and processing conditions. A high starch and protein
content contributes to a higher crushing strength by improving the binding properties during
pelletizing. Conversely, a high insoluble fiber or fat content can weaken the structural matrix
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and reduce pellet hardness. The breaking strength of pellets is particularly important for
different livestock species as their feeding preferences vary. Poultry, for example, generally
require harder pellets to minimize fines, while pigs prefer softer pellets to make them easier
to consume (Muramatsu et al., 2015).

The interaction between the chemical composition of the feed and the processing
parameters, such as temperature, pressure and conditioning time, plays an important role in
determining pellet quality. For example, starchy feeds require sufficient moisture and heat to
achieve optimal gelatinization, while high-fat feeds may require lower conditioning
temperatures to prevent pellet breakdown. Matching processing conditions to the specific
characteristics of the feed ensures consistent PDI and breaking strength, resulting in improved
pellet quality and durability (Suwignyo et al., 2022; Xing et al., 2023).

High quality pellets with a high PDI and adequate BS are important to reduce feed
wastage, improve feed intake and ensure consistent nutrient intake. Conversely, poor quality
pellets that generate fines can reduce feed efficiency, lead to selective feeding behavior in
animals and ultimately reduce production performance. Producing durable and stable pellets
is critical to optimizing feed conversion and achieving economic efficiency in livestock
production.

MATERIALS AND METHODS

Materials

To investigate the influence of chemical composition on the physical properties of pelleted
feed mixtures (FM), randomly received at the Laboratory of the Department of Animal
Nutrition, Faculty of Agriculture, 13 different feed mixtures were sampled in five replicates.
Feed mixtures for different species and categories of animals were sampled; supplementary
feed mixture (SFM) for horses under stress, SFM for sport horses, SFM for horses without
oats, standard SFM for horses, SFM for horses without cereals, complete feed mixture (CFM)
for carp, CFM starter for piglets, CFM for growing piglets, SFM for goats, CFM for growing
broilers, CFM for turkeys, CFM for laying hens and CFM for rabbits.

Methods

The determination of nutritional parameters of the pelleted feed mixtures was carried out
in the laboratory of the Department of Animal Nutrition of the Faculty of Agriculture. The
following reference methods were used to analyse the content of individual feed components:
for crude protein HRN ISO 5983-2: 2005, for crude fibre HRN ISO 6865: 2001, for crude ash
HRN ISO 5984: 2004 (ISO 5984.2002), for crude fat HRN ISO 6492: 2001, and for moisture
HRN ISO 6496: 2001. The mineral composition of the samples was determined for calcium
according to the complexometric method RU-5.4.2-11, Ist edition, for phosphorus
spectrophotometrically HRN ISO 6491:2001 and for sodium according to the method of flame
emission spectrometry HRN ISO 7485:2001.

Pellet durability refers to the ability of the pellets to withstand abrasion during storage and
transport. In practise, pelleted feed mixtures are susceptible to damage during handling if the
pellet rubs against a surface or hits an object during movement. The durability of pellets is
expressed by the Pellet Durability Index (PDI), which is determined according to the method
of Pfost (1976). 500 grammes of sieved pellets were placed in a 30 cm x 12 cm metal box
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containing a 23 cm long and 5 cm wide partition centred diagonally in the box. This box was
rotated at 50 revolutions per minute for 10 minutes. The pellets were then removed and sieved
again. The Pellet Durability Index (PDI) is defined as the percentage of pellets that survived
the test and remained on the sieve.

A commonly used technique for the measurement of material strength is the compression
of a sample between two plates. To measure the forces required to brake a pellet, a universal
testing machine was used to compress the pellet (Figure 1). The pellet sample was placed on
the fixed plate and pressed with a moving plate connected to the load cell until the pellet
broke. The forces were measured by the data acquisition system, which included a
dynamometer HBM S9M/1kN (Hottinger Baldwin Messtechnik, Darmstadt, Germany),
amplifier HBM Quantum MX840B, and a personal computer. Series of 20 pellets from every
feed mixture were tested to determine pellet breakage strength.

Dynamometer Moving plate

Amplifier

Figure 1. Schematic presentation of universal testing machine used to measure the breakage
strength

Statistical analysis of the results obtained was performed using SAS statistical software
(version 9.4; SAS Institute Inc., Cary, NC, USA). The chemical composition of the samples
was determined in five replicates for each sample, while the physical properties of the pellets
were determined in ten replicates. The mean values and other descriptive statistics parameters
were determined using the LSMEANS command. In addition, the relationship between. The
properties were analysed using the CORR procedure. The threshold for statistical significance
was defined as P <0.05.

RESULTS AND DISCUSSION

As expected, the chemical composition of the analysed feed mixtures was very different
(Table 1). The expected differences arose because we had different pelleted feed mixtures in
the study, i.e. feed mixtures for different species and categories of feed mixtures. For example,
some of them are rich in ash (minerals), such as feed mixtures for non-calving animals, while
others, such as feed mixtures for older animals, are poorer in minerals. In addition to the
mineral and ash content, there are also significant differences in the crude protein percentage,
which ranges from 12 to 24%, and especially in the fibre content, which ranges from 4 to 20%
in pelleted feed mixtures, such as pelleted feed mixtures for horses without grain.
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The ash content of animal pellets has a significant effect on their strength, with a higher
ash content generally leading to weaker bonding between the particles and greater friability.
Ash, which consists mainly of inorganic minerals such as silicon, calcium and phosphorus,
does not contribute to the cohesive properties of the feedstock during pressing, unlike organic
components such as proteins and starch (Thomas et al., 1998). Increased ash content can also
affect moisture absorption, which is critical for optimal pellet formation, while feedstocks
such as wheat bran, which naturally have a higher ash content, can reduce product quality and
durability (Wood, 2011). In addition, ash content above the optimum level reduces the
nutritional value of pellets, while pellets that are too brittle increase brittleness during
transport, leading to economic losses (Briggs et al., 1999). In our study, the ash content ranged
from 5% in goat feed mixtures to 14% in layer feed, as expected. However, no correlation
was found with the ash content in the tested feed mixtures. However, a statistically significant
correlation (p=0.009) was found for the content of the mineral sodium. In addition to the
significant influence of sodium on the correlation of the PDI, a relatively high positive
correlation of Na on the PDI of almost 70% was also found. (Figure 2).

Table 1. The nutritional and physical properties of peleted animal feed

Chemical composition [%] Physical properties

Ash Cp CF Sta EE Ca P Na BS[N]  PDI [%]
Horses-1 7.00 1050 11.60 5495 395 090 048 037 382.6 95.20
Horses-2  6.00 13.50 11.50 53.00 4.00 1.00 0.60 0.35 3213 96.43
Horses-3 7.00 12.00 6.00 60.00 3.00 130 0.65 0.25 253.6 93.80
Horses-4 ~ 7.00 12.00 10.50 55.60 290 120 0.60 023 251.8 89.37
Horses-5 9.50 12.00 20.00 41.50 5.00 1.50 0.50 0.20 255.8 90.80
Fish 6.00 20.00 5.00 5350 3.50 0.65 0.65 0.01 249.0 97.77
Pigs-1 6.50 20.00 4.50 5350 3.50 0.85 0.60 0.20 2179 96.47
Pigs-2 6.00 18.00 4.00 57.00 3.00 0.85 0.60 0.18 192.0 96.13
Goats 500 16.00 450 59.50 3.00 0.55 0.60 0.20 1923 96.17
Broilers 6.00 18.00 4.00 56.00 4.00 1.00 0.50 0.10 146.2 96.20
Poultry 8.00 24.00 550 48.00 250 125 0.60 0.10 210.6 97.07
Layers 14.00 15.00 3.00 52.00 4.00 4.00 036 0.15 191.9 96.43
Rabbits 850 16.00 15.00 4500 3.50 0.95 0.80 0.20 3135 97.87

Feed

Descriptive statistics of parameters
MEAN 742 1592 8.09 53.04 353 123 058 0.20 2445 95.36
SEM 064 1.10 144 150 0.18 024 0.03 0.03 17.9 0.72
SD 232 397 521 540 0.67 0.87 0.11 0.10 64.4 2.58
Minimum 500 1050 3.00 41.50 250 0.55 036 0.01 146.2 89.37

Maximum  14.00 24.00 20.00 60.00 5.00 4.00 080 0.37 382.6 97.87

CP — crude protein; CF — crude fibre; Sta — starch; EE - extract ether; Ca — calcium; P — phosphorus;
Na — sodium; BS — breakage strength [N]; PDI — pellet durability index; SEM — pooled standard error
of the mean; SD — standard deviation.
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The proportion of fat or vegetable oil in pelleted feed mixtures was between 2.5 and 5 %
in horse feed mixtures, with the average oil content in pelleted feed mixtures being 3.5%
(Table 1). This relatively low oil content had no effect on the physical properties of the
pelleted feed, which is consistent with the studies of Brigges et al. (1999). In that study, the
oil content of the rations varied between 2.9 and 7.5%, and the protein content was between
20.3 and 21.0%. The average PDI of all rations hardly changed and was between 84.0 and
88.8, but the durability of the pellets decreased significantly when the oil content reached
7.5%. Meal 1 had an oil content of 6.2% due to the soybean oil added to the ration, resulting
in an average PDI of 57.2. The low PDI for meal 1 is due to the combination of low protein
and high oil content. Based on the results of this study, the quality of the pellets is not affected
when the oil content is below 5.6% and the protein content is 20%. Richardson and Day (1976)
investigated the effects of adding animal fat to broiler diets consisting mainly of maize and
soya beans and originally containing 2.9% fat. After the addition of fat to the preconditioning
rations, the fat content ranged from 3.9 to 7.9%, with the corresponding PDI ranging from
82.0 to 49.2. When the total fat content exceeded 4.9%, the pellets were of poor quality.

In studies by Stevens (1987) and Winowiski (1998), the durability of pellets from feeds
containing maize was compared with those in which the maize was partially or completely
replaced by wheat. In both cases, the durability of the pellets was higher for pelleted feed
containing wheat. This could be due to the higher crude protein content of wheat (13%)
compared to maize (9%). Higher protein content increased pellet durability, with protein
levels in the treatments being 16.3 and 21%, corresponding to an average pellet durability of
75.8 and 88.8, respectively (Briggs et al. 1999). Similar results were observed by Winowiski
(1988) and Stevens (1987). Our pelleted feeds contained three levels of proteins. They can
therefore be divided into those with 10.5 to 15% CP, an average CP content of 15-18% and
protein-rich feed mixtures with 20-24% protein (Table 1). With regard to the protein content,
a statistically significant, medium-strong correlation of the CP content with the PDI (p=0.02)
and an almost statistically significant (p=0.055) correlation of the protein with the pellet
strength value (BS) were found in agreement with the above-mentioned studies.

Wood (1987) investigated the functional role of starch and protein in the pelleting process.
The addition of raw soybean flakes increased pellet quality compared to heat-treated
denatured soybean meal. In addition, pregelatinised starch improved pellet quality compared
to native starch. Woods (1988) concluded that protein has a greater effect on pellet quality
than starch. This finding was recently confirmed by Briggs et al. (1999). In our study, the
starch content ranged from 41.5 to 60 %, and the same pattern was also found, as no
statistically significant correlation was found between starch and durability of pelleted feeds
with starch content, but only with crude protein content.

Dietary fibres have a significant impact on the quality of animal pellets, as their presence
influences the strength, cohesion and digestibility of the pellets. Crude fibres contained in
ingredients such as wheat bran, alfalfa and soybean meal often affect pellet quality as they are
stiff and cannot be compacted during pressing (Thomas et al., 1998). High fibre content makes
it difficult to form strong bonds between the particles, resulting in more fragile pellets that
break easily during transport and storage (Briggs et al., 1999). However, moderate amounts
of fibre can contribute to structural stability and prevent excessive density of pellets, making
them easier for animals to consume (Wood, 1987). In addition, fibre types also play an
important role. Soluble fibres can improve the texture and cohesion of the pellets, while
insoluble fibres such as cellulose increase abrasion resistance in the pelletiser, which can
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affect equipment wear and the consistency of the final product. A balanced ratio of fibre
content in the formulation is important to ensure high quality pellets that meet technical and
nutritional requirements.

BS PDI Cp CF Sta EE Ash Ca P Na

BS
PDI 0.50
CP 0.25
CF 0.00
Sta -0.25
EE -0.50

Ash

Ca

P

PDI — pellet durability index; BS — Breakage strength; CP — crude protein; CF — crude fibre;
Sta — starch; EE - extract ether; Ca — calcium; P — phosphorus; Na — sodium;
probability of differences (p), *p < 0.05; **p =<0.01; ***P <0.001.

Figure 2. Correlation between nutritional and physical properties of pelleted animal feed

Dietary fibres have a significant impact on the quality of animal pellets, as their presence
influences the strength, cohesion and digestibility of the pellets. Crude fibres contained in
ingredients such as wheat bran, alfalfa and soybean meal often affect pellet quality as they are
stiff and cannot be compacted during pressing (Thomas et al., 1998). A high fibre content
makes it difficult to form strong bonds between the particles, resulting in brittle pellets that
break easily during transport and storage (Briggs et al., 1999). However, moderate amounts
of fibre can contribute to structural stability and prevent excessive density of the pellets,
making them easier for the animals to consume (Wood, 2011). In addition, fibre types also
play an important role. Soluble fibres can improve the texture and cohesion of the pellets,
while insoluble fibres such as cellulose increase abrasion resistance in the pelletiser, which
can affect equipment wear and the consistency of the final product. A balanced ratio of fibre
content in the formulation is crucial to obtain high quality pellets that meet technical and
nutritional requirements. In the present study, the fibre content, like all other substances, was
highly variable, ranging from 3 % in layer pellets to 20 % in foal pellets (Table 1). We are
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aware that this high fibre content in horse and rabbit pellets affects the quality of the pellets
and presents a particular challenge in their production, but with such high fibre pellets, their
production would not be possible without the addition of some technical aids. Apart from
these extreme CF contents in feed mixtures for rabbits and horses, the CF content very rarely
exceeds 6%. In our study, no negative effect of CF on the physical properties of the pellets
was found, but quite the opposite. A statistically significant correlation (r=0.65) was found
between the BS and CF parameters, which is in contrast to the research of Buchanan and
Moritz (2009), who found that a fibre content of 4 and even 2% had a negative effect on the
quality of the pellets. However, the aforementioned problem is solved technologically by
adding certain additives, such as plant adhesives obtained by extraction (Locust bean gum or
Guar gum), as is the case in the production of pelleted feed mixtures in our research.

CONCLUSIONS

The physical quality of pelleted animal feed is decisively influenced by its chemical
composition. Key components such as starch, protein, fibre and fat content determine the
structural integrity of the pellet, while physical properties such as Pellet Durability Index
(PDI) and Breaking Strength (BS) provide measurable indicators of quality. By understanding
the interaction between feed composition and processing conditions, producers can optimise
their formulations and produce high quality pellets that increase feed efficiency, reduce waste
and improve animal performance. To meet the quality requirements of pellets with increased
fibre content, additives are routinely used to maintain the desired strength and durability of
the pellets. Therefore, regular monitoring of raw material composition and adjustment of
pellet formulation is crucial to achieve optimal strength and quality of pellets for animals.
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ABSTRACT

Careful administering of plant protection products is key to reducing their
environmental impact. This is especially important in orchards due to the way
treatments are conducted. Appropriate treatments yield more and better food,
entail economic savings for the farmers, safeguarded health of environment and
general population.

The adoption and evaluation of appropriate technologies is key to improving
treatments, new solutions of growing complexity are in growing demand.
Reliable means to objectively compare machine performance are therefore
required.

This work introduces the vision of the “technological chain”. At one end of
the chain is the characterisation of single components, such as nozzles and air
distribution systems; the ‘functional performance” regards the interaction
between the components, characterising the accuracy of distribution and
efficacy of treatments; and the “environmental performance” concern the
ability of the machine of limiting off-target losses, especially drift.

Fast, reliable measurements are necessary along the whole technological
chain, from design to end users: they are essential for the maintenance and
adjustment of sprayers in use and for the development and certification of new
solutions.

This work recounts some experiences in evaluating components and whole
sprayers, prospecting how to conceptually connect each link of the chain, with
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beneficial implications on end-users, research & development, manufacture
and decision-making.

Keywords: Plant protection, Orchard sprayers, Sprayer performance,
Testing, Certification

INTRODUCTION

Plant protection treatments pose serious risks to the health of operators, bystanders, and
ecosystems (Butler Ellis et al., 2018): careful administering of these substances is key to
reducing off-target environmental dispersions. This is especially important in orchards due to
the way treatments are conducted (Cunha et al., 2012; Garcera et al., 2017). The benefits of
appropriate treatments are evident and widespread: better yields and food quality, economic
savings for the farmers, safeguarded health of environment and general population. The
adoption and evaluation of appropriate technologies, tailored to the specific context, is key to
improving treatments; this awareness is rising among all stakeholders, from machine
manufacturers to end users and consumers. Consequently, new solutions of growing
complexity are in growing demand, and their performance will need to be reliably and
objectively compared.

The most common method to compare different machines or configurations remains field
testing, but has limited reliability (Gil et al., 2018) due to the high influence of numerous
uncontrollable variables (to name a few, the weather, the plant training system, and its
vegetative stage) (Donkersley & Nuyttens, 2011).

In light of the number of parameters affecting the quality of treatment and drift generation
(Arvidsson et al., 2011), a more systemic approach, separating the various aspects of machine
performance, allows to limit and control the different affecting factors. This can be done by
breaking the problem up according to different levels of detail, building a sort of
“technological chain”. At one end of this conceptual chain is the performance of single
components of the machine: the behaviour of each individual component is the starting point
to the behaviour of the whole machine.

The second link concerns the functional performance of the machine, and takes into
account the interaction between the single components. The functional performance contains
all those aspects which affect the efficacy of the treatment: for example, the ability to
uniformly distribute the liquid on the plant canopy, or to adapt the dosage (L ha') as the
advancement speed changes.

Finally, a third link can concern the interaction of the machine with the surrounding
environment, analysing the environmental performance: chiefly, limitation of off-target
losses, and reduction of drift.

Fast and reliable performance measurements are essential in all domains of interest
(Mazzetto et al., 2020), from the design, manufacture and certification of new, appropriate
solutions, to maintenance and adjustment of sprayers in use: all stakeholders can benefit from
this systemic approach.

This work recounts the recent experiences at the Agroforestry Innovation Laboratory
(AFI-lab) of the Free University of Bozen-Bolzano in evaluating orchard sprayers,
components, and test methodologies themselves. Apart from the evaluation of single
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components and of functional performance of whole sprayers, research is ongoing into
advanced sensing solutions for rapid characterisation of spray deposition and aerosol drift (Ali
et al., 2024), leveraging a wind tunnel facility (Becce et al., 2024). Since the methodology for
environmental performance analysis is still under development and foresees complex test
procedures, this latter part will not be treated in this work.

MATERIALS AND METHODS

Component performance

The most important aspects of performance considered are the drop size distribution
(DSD) from nozzles and the vertical distribution of air from the air distribution system. These
aspects are important as they are directly responsible for the spatial distribution of PPP and
its deposition on the canopy of trees.

The sprayer employed in these sample tests is a model 10 81 VV-HS (Mitterer
Professional Sprayers, Terlan, Italy), to be seen in Fig. 1, left. The sprayer has an 810 mm
diameter axial fan, able to produce airflows up to a 64000 m*h™', and tower-shaped air
distribution system. The sprayer was equipped with two sets of CVI 80 nozzles (Albuz®
Spray, Evreux Cedex, France) class 025 and 050. For a detailed explanation of nozzle size
classification, see (ASABE, 2020).

Figure 1. The employed sprayer (left). Notice the top deflector at the upper end of the
distribution system. On the right is a detail of its air distribution system with the WP5000
sensing array.

The air distribution was tested by a dedicated test bench, model WP5000 (Ernst Herbst
Priiftechnik e.K., Hirschbach, Germany). The instrument, to be seen in Figure 1, right, and
methodology are detailed in (Becce et al., in press). Quoting, “the device is based on an array
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of five equally spaced ultrasonic triaxial anemometers mounted on a moving frame capable
of translating horizontally and vertically. The sensors can scan across 1.9 m in horizontal, in
the direction the sprayer would advance in, and from 0.3 m up to 5 m in vertical. The scanning
resolution is [...] 0.1 m in each direction. The sprayer remains stationary during the tests,
with only the fan(s) running. The spraying system remains deactivated.” Ultrasonic
anemometry for this type of test is growing in popularity in the literature, due to its relatively
contained cost and ability to quantify the variations in time of the airspeed (Salas et al., 2022;
Salcedo et al., 2015). For the purpose of this presentation, the sprayer air distribution was
tested at a single speed, namely 1700 revolutions per minute.

The test bench is tailored to inspection centres operating per predetermined test protocols,
s0 a custom data processing routine is currently under development to extend its functionality,
leveraging the raw data collected. The extension keeps in mind the possibility of using the
test results in more complex mathematical modelling of spray distribution.

The presented data will be treated as per the default process: defining a threshold to
distinguish “between usable air[flow] (that is, fast enough to penetrate the canopy) and non-
usable air[flow]” [ibidem]. A “working height”, that is the height of the target canopy, is also
set to distinguish between usable and potentially usable air, dispersed above the target canopy.

Functional performance

The vertical distribution of liquid was tested by a vertical patternator, built by Salvarani
(Poviglio, RE, Italy). This test bench is a vertical array of surfaces meant to collect the liquid
between 0.3 m and 4.5 m high, in 0.1 m increments. The liquid is conveyed to a corresponding
measuring tube at the bottom. The tubes allow a quick visual inspection of where the most
liquid is delivered: the distribution pattern from a properly regulated machine should ideally
match the density of the target canopy. The patternator, can be seen in Figure 2, left.

Figure 2. The sprayer during a deposition test on the vertical patternator (left) and a detailed
view of the patternator (right). The collecting surfaces in black convey the liquid to the
graduated tubes at the bottom.
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As provided, the system suits very well any training and field calibration needs; but for
research and comparison purposes, a more repeatable approach has to be deployed.

The volumes collected across three test repetitions are recorded and normalised against
the sum of collected volumes. As explained in the user manual of the vertical patternator, a
symmetry index S between left (L) and right (R) side can be calculated as:

S[%] = 100 — % |vy; — gyl M)

where v g ; is the measured volume from each side in the tube i, the normalised against
the total collected volume per side.

The sprayer was tested in two configurations at the same fan speed of 1200 min™', differing
in the nozzle size and liquid pressure, being these size 025 (ISO colour lilac) at 1.2 MPa and

size 050 (ISO colour brown) at 1.1 MPa. These parameters were derived from the user manual
to simulate a treatment on early-stage and full-bloom vegetation, respectively.

RESULTS AND DISCUSSION

Component performance: air flow distribution
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Figure 3. Air distribution from the two configurations: top deflector high (left) and low
(right). The red line marks the same height of 3.5 m from the ground. The dashed lines
represent the mean + 25% usable flow rate for each side, to qualitatively visualise what
would be a uniform distribution. The green area represents the usable airflow, yellow the
non usable and red the potentially usable.
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The results of the air distribution testing appear in Figure 3. The only differing factor is
the position of the top deflector, while the fan speed was kept constant at about 1700 min™’.
The yellow areas represent the total air flow, while the green and red are air flows blown at a
speed sufficient to penetrate the canopy: the latter, however, is distributed above the ideal
canopy, and is therefore a waste on energy and a potential source of drift.

Predictably, the air conveyed toward the top when the deflector is held high (left in the
figure) is concentrated slightly below, with de facto little to no usable air being distributed
above 3 m (right in the figure).

The total flow rate of the “high” configuration was 68174 m*h™!, of which 45155 m*h!
(66.2%) usable. The figures are not substantially different for the “low” case, with 60007 m*h-
I'total and 45965 m>h™! (76.6%) usable, almost the same as the other case. The L/R divergence
in the usable flow is contained, amounting to 7% (“high”) and 10.9% (“low”).

These figures indicates a good design of the distribution system, in that the intervention
of a deflector does not induce substantial energy dissipations that would slow the air down.

Functional performance: vertical deposition pattern

8x CVI 80 050
Symmetry: 87.8%

8x CVI 80 025
Symmetry: 82.1%

440 -

400 -

360

320

5
g

Height [em]
R
5

8
s

160

01 008 006 004 002 0 002 004 006 008 01 01 008 006 004 002 0 002 004 006 008 01
Normalised deposition [-] Normalised deposition [-]

Figure 4. Results of the vertical deposition tests with the two nozzle types: 025 (left) and
050 (right). The deposition is normalised against the total collected volume. The error bars
represent the standard deviation among 3 test repetitions.

Figure 4 presents the deposition patterns from the machine in the two tested
configurations. Given the high similarity of the patterns, it is evident that the single
components work as intended. Should the target plant canopy differ in shape from the profile,
the overall distribution pattern could be better adapted by iteratively orienting the nozzles.
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The joint analysis of airflow rate and liquid distribution can yield a further insight: Fig. 3,
left, is referred to a similar configuration (top deflector held high); if comparing the liquid
distribution with the air flow one, whose shape is much more regular, one can conclude that,
in order to make the liquid distribution more regular, the adjustment should concern the
position and direction of the nozzles.

CONCLUSIONS

This paper introduced the vision of the “technological chain”, a systemic approach to
break down the performance of sprayers based on the level of detail sought. This point of
view enables to clearly separate the different variables involved in the problem of
administering plant protection products and investigate the relationships between the single
involved phenomena. Two examples of the application of this view have been given,
analysing the performance of a single component (the air distribution system) and the liquid
distribution pattern of the machine, which is the result of the interaction of air flow and liquid
distribution from the nozzles. Based on the results of the single analyses, some insight into
which factors are affecting the overall (“functional”) performance have been drawn.

From a systems engineering perspective, regardless of how eloquent the data from the
single tests can be, the integration of different links in the chain must be sought (that is,
different levels of detail). An interesting approach can be mathematical modeling, integrating
data from single tests and instruments to build a wider understanding of the interactions
between the single variables.

This widened vision can have beneficial implications on all stakeholders involved: from
the sensibilisation of end-users, through the support to research & development, to better
informed decision-making.

End users, that is machine operators, can gain a wider understanding of the importance of
each variable that they have control over when operating a sprayer, enabling better treatments
while raising their awareness of the importance of a well performed treatment.

Manufacturers can gain interesting insight into improving and optimising their machines,
while handing out accurate recommendations to their users.

Inspection and certification centres can test the sprayers in a more reliable way, reducing
the need for field tests under conditions which are often too unpredictable, with consequent
increases in times and costs of testing.

Finally, decision-makers can draw aggregated information on the consequences of plant
protection campaigns and be supported toward a more agile development of down-to-earth
policies and recommendations.
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ABSTRACT

In this study, the researchers presented an automated modular system for a
controlled spray mixture process in the vineyard, monitoring via IloT
technology in real-time. With an automated modular system, it is ensured the
optimal dosage rate of the amounts of the spray mixture on the vine canopy.
The IoT module enables the remote capture of the amount of spray mixture
savings by individual nozzles of the automated sprayer prototype in [%]. A
comparison of the spray process was made between conventional and
automated sprayer operation mode. The key results achieved in the automated
process of applying the spray mixture is the testing of the automated modular
system, mounted on a conventional sprayer type. The total savings for four
consecutive automated mixture processes was 557.70 Lha’, for the left side of
the sprayer and 514.15 Lha’, for the right side of the sprayer. The total plant
production product savings in [EUR], for the left side of the sprayer,
was 201.63 EURha™" and for the right side, 183.90 EURha™. Results show that
spraying in automated mode, where we reduce the dose of spray mixture
because of a lower density of green wall, causes a reduction in the efficacy of
disease control.

Key words: vineyard, monitoring, IloT technology, spraying process,
automation, grape production
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INTRODUCTION

Farmers in the agricultural sector have been able to greatly increase the productivity of
food production throughout the world over the past few decades; fruits and vegetables, at the
expense of the use of plant protection products (PPP), without experiencing significant crop
losses due to pests, weeds and diseases (Ghimire and Woodward, 2013). Researchers (Sharma
et al., 2019) found that 2 million tons of PPP are used worldwide, of which 47.50 % are
herbicides, 29.50 % insecticides, 17.50 % fungicides and 5.50 % other pesticides. According
to the farm accountancy data network (FADN) of the EU, PPP represents one of the most
important economic factors in agriculture, which represents up to 12.50 % of the total costs
in the production of agricultural products in some regions of the EU. However, the use of PPP
has harmful consequences for human health and the environment in which we live (Aktar and
Sengupta, 2009). Excessive use of PPP’s has little value and has negative consequences for
the ecosystem, such as resistance to PPP’s, damage to the genetic structure of living organisms
and reduction of biodiversity (Ghimire and Woodward, 2013). Therefore, it is crucial to
reduce not only the improper use of PPP, but also the overall consumption of PPP (Anastasiou
et al., 2023).

Precision viticulture in conjunction with other agricultural processes (such as integrated
pest management, crop rotation, physical or mechanical control and microbiological control),
can help in reducing the total consumption of PPP’s in the world (Grella et al., 2023).
Precision farming is a strategy of controlling various work processes, which focuses on
observation (one might say almost in real time), measuring and responding to variability in
crops, fields and animal control using many different modern technologies (Anastasiou et al.,
2023). Precision farming can help increase yields and animal productivity, as well as reduce
costs, including labor costs, and optimize the use of process inputs. All this can contribute to
greater profitability in various agricultural industries. At the same time, precision farming can
improve worker safety and reduces the impact of agriculture on the environment and farming
methods, which also contributes to the sustainability of agricultural production. As a result,
using precision farming technologies (PFTs) for PPP prediction, early detection, and pest
control can drastically cut pesticide consumption (Markovié et al., 2021). With modern laser
LIDAR (Light Detection and Ranging) measurement technology, we can provide information
regarding the geometric characteristic properties of canopies in orchards and vineyards
(Moreno et al., 2020; Petrovi¢ et al., 2022). Through the modern Internet of Things (IoT),
technologies can help in the prediction and detection of PPP and diseases (Pathmudi et al.,
2023).

Vineyard management system helps in remote monitoring of vineyards in combination
with electronic and software platforms. Wireless sensor networks, so-called IoT modules are
installed in the vineyard that collect microclimate data, soil data and plant physical condition.
The collected data is presented on the control panel in the form of interactive visual displays
to obtain valuable insights/information that winegrowers can use in making important
decisions to improve work processes in the vineyards. The emergence of [oT technology has
created a lot of buzz in the past few years. Almost every industry has adopted it or is in the
process of adopting IoT. In the agricultural industry, especially winegrowers, they are very
eager to adopt IoT technology and take advantage of its use in the vineyard. However, by
using I[oT technology in vineyards, winegrowers can collect microclimatic data such as
temperature, humidity, rainfall, wind speed, soil moisture, etc., which help in protecting
grapes from the aforementioned adverse atmospheric conditions. The collected data is mainly
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used for purposes such as improving the quality of grapes, increasing the amount of grapes
(yield) and reducing the risk of disease outbreaks (leaves, grapes).

MATERIAL AND METHODS

The vineyard of the agricultural holding Miha Toplisek, Gostinca 18, 3261 Lesi¢no,
Slovenija were used for the experimental proposal. The area of the vineyard for the experiment
was 2000 m?, the location of the experiment is 46°07'27.2"N 15°32'04.3"E (Figure 1). In the
intensive vineyard (Welschriesling variety) at the age of 6 years, they are planted on the basis
of kober 5bb. The base 'kober 5bb' shows very good compatibility with the variety
'Welschriesling', and good compatibility with the varieties 'Furmint', 'Rhein Riesling' and
'Sauvignon-sauvignon-blanc'. The base is used in individual wine-growing regions of
Slovenia and was selected according to professional criteria. The inter-row distance between
seedlings is 230 cm and the vines are planted in a row at a distance of 100 cm. The
cultivation method was single-spar cultivation (spar with up to ten eyes) with plug (one to
two eyes on the plug), whereby the height of the vine stem is 90 cm. During the season of the
spray mixture application process, we carried out 4 mixture treatments via the modular
automated system mounted on a conventional sprayer type (Figure 1).

Figure 1. Automated application process testing location and real-time monitoring of
spray mixture dosage on conventional sprayer

Modular automated systems for continuous control and monitoring of spray mixture
dosage in real-time were installed on a conventional axial type of sprayer manufacturer
(Agromehanika, Kranj, Slovenia) and tested it under real conditions in the vineyard. The
modular system was used to control the optimal dosage of the spray mixture on three segments
of the left and right halves of the vine canopy, according to the size of the density of the green
leaf wall area, which is digitally defined using laser measurement technology (Petrovi¢ et al.,
2022). Continuous control of consumption of spray mixture dosage amounts (in the range
from 0% to 100%) through individual nozzles via electromagnetic valves took place in the
modern pulse width mode (PWM) operation (Figure 2a). Compared to previous years, the
automated modular system was upgraded with an IoT module (Figure 2b) and put in a metal
box with IP65 protection. With the help of the IoT module, we made it possible to capture
and display the dosage rate of spray mixture through the individual nozzles on the left and
right half of the sprayer set, namely on a special table on the website.
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Figure 2a. PWM control of EMV Figure 2b. IoT electronic modul for spray
mixture dosage rate monitoring

An automated sprayer prototype was installed to a fruit-growing tractor, where the average
speed of movement of the sprayer during spraying was 4.0 kmh-1. The following type of
nozzle was used on the sprayer: Lechler, yellow TR, 80-02, at a pressure of 10 bar, with a
dosage rate of 1.45 Lmin-1. For automated control of spray mixture dosage on three segments
of the vine canopy, we have used 3/2 NC-solid valve with 3 connections on the housing,
nominal power of the coil 7 W). The operation of EMV took place in direct mode, which
means that in the case of a DC supply voltage of 12 V, which is applied to the electromagnetic
coil of the valve, enables the open state of the EMV. In the experiment in the vineyard, were
used a LIDAR LMSI111 laser measurement sensor (manufacturer SICK AG Waldkirch,
Germany), which represented a component for measuring two polar coordinates (distance,
polar angle). The LMS111 lidar offers an excellent compromise between compact size and
performance. It enables data capture at a frequency of 50 Hz and an angular resolution of 0.5°.
Its reach is up to 20 m. Data transfer takes place in real time via an ethernet interface with a
nominal speed of 100 Mbit/s. With lidar measurement technology, we have made it possible
to digitally reconstruct the characteristic features (size of the density of the leaf wall area) of
the vine canopy, namely for different phenological stages of the vine, which effect on the
consumption of spray mixture dosage rates (Berk et al., 2019).

The IoT module consists of the following components; AtMega 328p microchip and
GSM/GPRS SIMS800L components. The high-performance Microchip picoPower® 8-bit
AVR® RISC-based microcontroller AtMega 328p combines 32 KB ISP Flash memory with
read-while-write capabilities, 1024B EEPROM, 2 KB SRAM, 23 general purpose I/O lines,
32 general purpose working registers. The SIM80OL GSM/GPRS component is a miniature
GSM component that can be used in a variety of loT projects. The IoT module, which
represents an upgrade of the automated modular system for the automated process of applying
the spray mixture dosages in the vineyard, every 5 seconds, reports the average dosage rate
through the individual nozzles. The task of the IoT module is to capture data on the dosage
rate through the nozzles and send it to the SQL database via the GSM network. Then the
automated system allows us to transfer and display the data about the mixture dosage rate in
real-time on the website.

RESULTS AND DISCUSSION

Among the key results achieved in the automated process of applying the spray mixture is
the testing of the automated modular system, mounted on a conventional sprayer type AGP
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