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Abstract: The use of digital systems in precision agriculture is becoming more and more attractive for
farmers at every level. A few years ago, the use of these technologies was limited to large farms, due to
the considerable income needed to amortize the large investment required. Although this technology
has now become more affordable, there is a lack of scientific data directed to demonstrate how these
systems are able to determine quantifiable advantages for farmers. Thus, the transition towards
precision agriculture is still very slow. This issue is not just negatively affecting the agriculture
economy, but it is also slowing down potential environmental benefits that may result from it.
The starting point of precision agriculture can be considered as the introduction of satellite tractor
guidance. For instance, with semi-automatic and automatic tractor guidance, farmers can profit from
more accuracy and higher machine performance during several farm operations such as plowing,
harrowing, sowing, and fertilising. The goal of this study is to compare semi-automatic guidance
with manual guidance in wheat sowing, evaluating parameters such as machine performance, seed
supply and operational costs of both the configurations.

Keywords: precision agriculture; working times; theoretical field capacity; effective field capacity;
RTK-GNSS

1. Introduction

Today, transformation towards digital agriculture represents the new frontier of agri-
cultural production, and it is recognized as the most valid solution to increasing the quality
and sustainability of future food production worldwide [1–3]. Digital agriculture entails
the transition from a conventional agriculture concept to a smart farming approach. In
conventional agriculture, the agronomic input for soil cultivation, such as the use of fer-
tilizers, herbicides, pesticides, and water, is not totally controlled, resulting in a waste of
resources and environmental problems for many years [4,5]. A smart farming approach, by
contrast, aims at minimizing the use of resources by intervening only where needed [6].
This approach is also known as Precision Agriculture (PA), in other words, a discipline
gathering electronic, computer and mechanical technologies in order to maximize agricul-
tural production in a sustainable and efficient way [7]. The match between mechanical and
electronic technologies is considered a key factor for success in many sectors on land and
beyond [8]; however, common issues concern how these technologies will be spread and
how fast the transition will occur. In order to provide an accurate application of precision
farming, it is necessary to make inferences on the basis of collected and processed data,
availing experts in the area [9].
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In the context of PA, the authors stress that the transition process occurs slowly, mainly
as a result of the complexity of technologies, incompatibility of components, time require-
ments, and lack of profitability [10–13]. As regards the costs, the advanced application
of PA is obtained by the combination of satellite driving systems, mounted on tractors
and precision agriculture machines, and digital maps or databases that are specifically
created [10,14,15]. Basically, these technologies allow particular operations, for instance,
the application of products such as fertilizers, herbicides, pesticides and seeds at variable
rates, i.e., only where they are needed and in the desired amount. However, the costs to
set up an entire machine fleet for several application fields is very high, requiring careful
attention to determine their impact on the profitability [16]. In this sense, statistics suggest
that large investments, such as those required for a full and efficient PA conversion, are
not affordable for the majority of European farmers. In fact, considering the average size
of farms in UE-28 (16.1 hectares) [17], it is easy to imagine that the revenues generated
by small and medium farms are not enough to justify the high costs for such technology.
For this reason, the adoption of PA is not largely diffused, and the application of these
solutions is limited to a small number of large farms [18].

The reluctancy of farmers to invest in PA is an additional problem slowing down
the transition process [19,20]. Farmers have always relied on personal experience for the
management of their cultivation, especially in the field of mechanization, where the use of
tractors and other self-propelled machines requires specific human skills [21]. It is therefore
clear that the conversion process, from conventional agriculture to PA, should be gradual and
driven by economic viability and social acceptance, particularly for small- and medium-size
farms without significant means to invest. Despite this, automation in agriculture has reached
very high levels [22]; the very first and unavoidable step toward the adoption of PA consists
in the installation of assisted or automatic guidance on tractors. In particular, automatic
guidance has been the first innovation, introduced as a PA solution, to be considered one of
the most important and appreciated options in agriculture nowadays [23]. In recent years,
this technology has also become more affordable than it was previously [23–25]. This system
is based on Global Navigation Satellite System technology (GNSS) and it can be mounted on
most models of existing commercial tractors. It makes it possible to perform precision driving
on repeatable trajectories, reducing field overlapping due to human errors and the stress of
the operators, simultaneously increasing machine productivity and enhancing the possibility
to work at night and in conditions of scarce visibility [26,27].

By means of automatic guidance, all operations are fully automated, including turning
at the end of the field. A variant of automatic guidance is semi-automatic guidance, in
which the operators perform the tractor turning manually. This last system is much more
diffused than fully automatic guidance. However, in both driving systems, the operator
can fully re-acquire the control of the tractor through the steering wheel, in order to adjust
the trajectories.

The costs to just set-up an existing tractor with automatic and semi-automatic guid-
ance are estimated to range from €2000 to about €40,000, according to the precision level
required [28,29]. Indicatively, the costs rise with increasing precision. For instance, the use of
a lightbar/GPS (assisted driving) allows for a precision level close to 30 cm to be attained, and
the cost for its installation is almost €2000 for the less expensive models; while for RTK-GPS
(Real-Time Kinematic) correction, the precision level can reach 2–3 cm, and the cost is about
€40,000 [30,31]. In any case, these costs are much lower if compared to a full set of machines
and technologies needed, thus becoming more affordable for many farmers.

Many of the advantages related to the simple application of automatic guidance are
usually stressed by producers, but a specific field analysis, able to evaluate the cost and the
benefits of basic PA application, in comparison to conventional agriculture, is missing. The
goal of this paper is to present a comparative field study concerning semi-automatic and
manual guidance approaches, throughout the sowing of winter wheat, focusing on both
technical and economic aspects. The machine performances, along with the sustainability
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of the process, have been evaluated to investigate whether the digital system is able to
provide advantages in a very common field operation.

2. Materials and Methods

The trial took place in the experimental farm of CREA-IT, located in the municipality
of Monterotondo (Rome). The experimental field was a flat homogenous terrain area of
5 hectares. The seeds utilized were Triticum durum Desf. Variety Platone, while the sowing
system was done by a tractor, New Holland mod. T7.185 (New Holland, PA, USA) standard
wheelbase, displacement of 6728 cm3 and a power of 138 kW), and by a pneumatic sowing
machine, Kneverland mod. DL, with a working width of 4 m and 32 operating sowing lines.
This tractor model was had a semi-automatic guidance system IntelliSteer, compatible
with the correction systems EGNOS and RTK. The IntelliSteer technology includes a NH
372 GNSS receiver, a sensor for the steering angle, a Navigation Controller III and an
electro-hydraulic distributor.

In operative conditions, the steering angle sensor transmits the signals referred to
the forward direction of the tractor to the navigation controller. The electro-hydraulic
distributor converts the signals in hydraulic movement, by acting directly on the power
steering of the machine. By associating this technology to the EGNOS correction, it is
possible to reach precision levels within a range of ±20 cm, while the correction in Real-
Time Kinematic (RTK) allows the precision level to increase up to ±1–2.5 cm. The tractor
functions are controlled through an integrated virtual terminal, model IntelliView IV. In this
study, considering the precision level needed by the sowing operation, an RTK base station
was installed near the field edge, in order to achieve RTK correction. The base station
was composed of a geodetic GPS antenna Trimble model Zephyr 3 (Sunnyvale, CA, USA)
and a GPS receiver AgGPS RTK Base 450/900 (Sunnyvale, CA, USA), which incorporates
the power supply and the RTK radio transmission. The geodetic antenna is formed by
a circular plate of 34.3 cm in diameter and 7.9 cm in height; this design was searched to
optimize the functioning and to eliminate multipath (the major source of GPS errors); the
Zephyr 3 has GNSS support, including GPS Modernization signals (L1,L2,L5), GLONASS
(L1,L2,L3), BeiDou (B1,B2,B3), Galileo (E1,E5a,E5b,E6), QZSS (L1,L2,L5, LEX), IRNSS (L5).
Separately from the antenna, the receiver has a compact prismatic profile (LWH −24 cm ×
12 cm × 5 cm) and a weight of 1.65 kg including the RTK radio transmission; it is separated
from the geodetic antenna to allow for positioning in a protected environment if needed.
The power supply consists of 7.4 V/7800 mA-hr battery that at full charge, can reach a
life of up to 10 h. A display interface is present for menu setting and status checking. The
range of action of the receiver is 12.8 km. The communication specifications are as follows:
channel spacing (450 MHz)—12.5 KHz or 25 KHz radio spectrum available; for a 450 MHz
transmitter, the radio power output is 0.5–2.0 W; for a 900 MHz transmitter, the radio
power output is 1 W.a (Figure 1).
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2.1. Experimental Design

The experimental design was conceived with a view to compare two treatments, i.e.,
semi-automatic guidance (SG) and manual guidance (MG), replicated three times, where
one replicate was represented by 10 passes of the tractor in the field (10 rows) covering a
surface of 0.8 ha. Such surface per replicate was assessed by measuring the working width
of the machines and the length of the field. In total, sixty tractor passes (60 rows) were
performed, 30 in SG (three replicates) and 30 in MG (three replicates). For practical reasons,
and considering the homogeneity of the field, the replicates of SG and MG were performed
in sequence rather than in a randomized scheme.

2.2. Machine Setting

Before sowing, machine adjustments were made on both tractor and seeder, to meet
the desired results in terms of machine alignment (tractor) and seed quantity distribution
(seeder). In SG, and especially in sowing, the accurate setting of certain parameters on the
tractor is very important in order to avoid defects, such as generating field overlapping or
empty strips. In this regard, the machine working width and the machine decentralization,
in respect to the central axis of the tractor, were the main parameters considered. These
were evaluated through a mock sowing, performed the day before the test in another field.

During the field tests, upon the setting of the RTK base station, semi-automatic
guidance was activated, recording a linear trajectory in the field through the virtual terminal
IntelliView IV, starting at point A and concluding at point B. The software in the virtual
terminal automatically adjusted the trajectory, creating parallel-linear lines, even if the
passage A–B was not precisely linear. The lines created represented the passes that the
tractor automatically followed in SG. For the seeder regulation, mechanical adjustments
were applied to ensure a seed drop included in a range between 210 and 230 kg ha−1.

2.3. Evaluation of the Seed Utilized

To compare the supply of seed utilized in SG and MG, the exact amount of seed
distributed for each replicate was quantified. Before starting each replicate, a measured
weight of seeds (200 kg) was loaded into the seeder tank and utilized to carry out the
operation. At the end of each replicate, the residual seeds in the seeder tank were unloaded
into a plastic basket and weighed using a dynamometer Kern mod. CH 50K100 (d = 0.1).
The exact amount of seed for each replicate was therefore determined by the difference.
The seeder tank was always loaded with 200 kg seeds, in order to have enough supply
in any case, considering each replicate dimension (0.8 ha) and the seeder distribution
settings (210–230 kg ha−1). At the end of each replicate, different pickets were placed along
the boundaries to mark and successively quantify the exact area sown. Finally, the exact
amount of seeds used, and the exact sown area were identified for each replicate.

2.4. Machine Performance

To assess the work capacity and the productivity of the machine in the two driving
modalities, the operative performance of the tractor was assessed for each replicate, adopt-
ing the standard protocol proposed by Reith et al. [32]. This approach is based on the
analysis of working time count, and it is used by researchers to test the performance of
different types of agricultural machines [33]. In detail, working times were subdivided
as the following: effective operating time, accessory time, time for turning and time for
adjustments. Elaboration of working times allowed to estimate the theoretical field capacity
(TFC, ha h−1) and the effective field capacity (EFC, ha h−1)

- TFC: Working speed x working width;
- EFC: Sown surface/overall working times

The operator performing the test was an agricultural specialised worker, with several
years of experience of driving tractors, even in a semi-automatic guidance modality.
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Fuel consumption was determined according to the methodology proposed by
Grisso et al. [34], which is obtained by the product of specific volumetric fuel consump-
tion of a given tractor (liter kWh−1) for the tractor engine power (PTO equivalent) utilized for
sowing (kW).

2.5. Work Quality

Despite seed consumption and machine operativity, another important parameter to
be evaluated was the work quality achieved with both systems, by identifying unsown
areas left in the field. In fact, it is possible that during the test in both SG and MG, eventual
signal problems or distractions of the operator could determine some field overlapping, or
the exclusion of some areas. The quantification of these areas was performed 45 days after
sowing, when seedling clearly emerged, making unsown areas more evident (Figure 2).
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Figure 2. (a) Field sown in semi-automatic guidance (SG); (b) field sown with in manual guidance (MG).

The impossibility to fly in the aerial space with drones, due to restrictions present in
the area (red zone due to presence of airports and heliport), and the scarce resolution of the
available satellite images, made it necessary to perform a manual inspection. The areas in
both SG and MG were evaluated in each replicate, according to the location, by a metric
tape and a laser distance meter (Figure 3).
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2.6. Economic Analysis

The economic evaluation of SG and MG was based on the purchase costs of machine
and equipment (financial costs), fixed costs and variable costs, following the methodology
proposed by previous studies and according to the market value of agricultural machin-
ery [35]. In particular, the total yearly fixed costs of the machineries, that were assessed
starting from the machine purchase price, were divided for the machineries’ annual usage
(in hours) to get the hourly fixed cost. Hourly variable costs (maintenance, fuel, lubricant
and manpower) were calculated using the abovementioned methodologies. In this way,
it was possible to obtain the total hourly costs of the sowing system. To obtain costs per
surface unit, the calculated overall hourly costs were multiplied for the time needed to sow
one hectare.

The main parameters considered for the evaluation are given in Table 1.
Another important parameter, affecting the economic evaluation, is the price of the

certified durum wheat seed t−1. The reference value was identified through a market
analysis and it corresponded to €580 t−1 (€0.58 kg−1) [36].

Table 1. Scheme of the parameters considered for the economic analysis.

Seeder
Kneverland

Mod. DL

Tractor NH—T7
Autocommand with
Satellite Guidance

and RTK Base Station

Tractor NH—T7
Autocommand

without Satellite
Guidance

Financial costs

Investment € 15,200 130,000 92,000
Service life year 10 10 10
Service life h 4800 10,000 10,000

inflation 1.12 1.12 1.12
Resale % 17.7 29.5 29.5
Resale € 2688.0 43,149.6 30,536.6

Depreciation € 12,512.0 86,850.4 61,463.4
Annual usage h/year 100 1000 1000
Interest rate % 3.0 3.0 3.0

Fixed costs

Ownership costs €/year 1251.2 6685 6146.3
Interests €/year 268.3 2597.2 1838.0

Machine shelter m2 12.0 12.72 12.72
Value of the shelter €/m2 100.0 100.0 100.0
Value of the shelter €/year 24.00 25.44 25.44

Insurance €/year 38.0 325.0 230.0
miscellaneous expenses €/year 62 350 255

Variable costs

Repair factor % 40 80 80
Repairs and maintenance €/h 0.26 10.4 7.36

Fuel unit cost €/l 0.57 0.574 0.57
Fuel consumption l/h 6.18 6.18

Fuel cost €/h 0.00 3.55 3.55
Lubricant unit cost €/l 0.00 3.03 3.03

Lubricant consumption l/h 0.00 0.10 0.10
Lubricant cost €/h 0.00 0.31 0.31

Number of workers n◦ 1 1
Salary for worker €/h 11.5 11.5

2.7. Statistical Analysis

During our tests on the SG technology, the accuracy as the fraction of predictions our
model got right (accuracy = Number of correct predictions/Total number of predictions)
was assessed. Data were analyzed using the PAST software [37], version 3.22 (2018, Øyvind
Hammer, University of Oslo, Norway). Data were checked for normality by Shapiro–Wilk
test, and for the homogeneity of variance through the Levene test. The differences between
SG and MG concerning machine performance parameters (field efficiency, effective field
capacity, effective field speed, turning time), fuel consumption and seeds used per unit of
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surface, were analyzed by Analysis of variance (ANOVA). Means were separated according
to the Tukey honestly significant difference (HSD) test. The same software was also used to
run a principal component analysis (PCA) on SG and MG, on the basis of the following
variables: seeds used per unit of surface, turning time, effective field capacity, effective
field speed, field efficiency, and fuel consumption.

3. Results

For SG, the findings show a positioning accuracy 1 cm and a horizontal accuracy
near to 95%. The mock sowing, performed during the pre-check analysis, displayed the
absence of machine decentralisation in respect to the central axis of the tractor, but revealed
an effective working width of 3.95 m—approximately 5 cm less than the working width
declared by the producer. Unsown areas were in total 0.029 ha, identified only in the
replicates of MG, as shown in Figure 4.
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In Table 2, a summary is shown reporting the measured surface of each replicate (ha),
the unsown areas (ha), the quantity of seed effectively used in each replicate (kg) and the
amount of seed effectively used per unit of surface in the specific replicate (kg ha−1).

Table 2. Surface and seed utilised in each replicate.

Semi-Automatic Guidance Manual Guidance

Replicate Unit R1 R2 R3 Tot. Mean ±
St.dev. R1 R2 R3 Tot. Mean ±

St.dev.

Theoretical
Worked surface (ha) 0.805 0.78 0.65 2.235 0.76 0.73 0.67 2.1653

Unsown areas (ha) none none none none 0.009 0.012 0.008 0.029

Effective
worked surface (ha) 0.805 0.78 0.65 2.235 0.751 0.718 0.662 2.1363

Seed used (kg) 184.1 177.2 147.7 509 175.5 168.5 154.8 498.8

Seeds used per
unit of surface (kg ha−1) 228.7 227.2 227.2 227.7 ± 0.7 233.7 234.7 233.8 234.1 ± 0.43
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Both PCA and analysis of variance displayed the presence of significant differences
among the two systems, considering the seeds used per unit of surface, indicating that SG
effectively allowed the amount of seeds utilized to be reduced to 6.4 kg ha−1 on average
(Figure 5 and Table 2). Therefore, the quantity of seeds used in SG was 2.73% lower than MG,
resulting in a net saving of €3.71 ha−1 (according to the current market price of wheat seeds).
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Figure 5. Principal Component Analysis performed considering seeds used per unit of surface (seed/ha),
field efficiency (FE), effective field capacity (EFC), effective field speed (EFS), turning times (TT) and
fuel consumption (FC). The plots represent the combination of PC1 with PC2 (a) and PC3 (b).

Regarding the tractor performance, in Table 3, the collected data concerning SG and
MG are displayed, respectively.

Both PCA and ANOVA display significant differences among treatments concerning
Field Efficiency and Turning Time; however, no differences were identified in the effective
field speed, effective field capacity and fuel consumption. The graph of the PCA is shown
in Figure 5, while the table of the ANOVA is reported below (Table 4).

The first three components of PCAs explained almost the whole variance (99.73%). As
shown in Figure 5, the principal components were PC1 (62.2%) and PC2 (28.0%), while the
third component described the remaining 9.53% (Figure 5b). Further detailed information
about the factor loading is given in Appendix A (Table A1). The PCA plots emphasized the
clear separation between MG and SG groups. In both cases (Figure 5a,b), the areas of MG
and SG were placed in opposite quadrants, with respect to the PC1 axis.

Seed used, turning time and fuel consumption were more influenced by the MG,
while the field efficiency and the effective field capacity were more affected by SG. Such
observations were confirmed by data reported in Table 4. On the one hand, the MG
showed higher seed consumption (234.1 kg ha−1 vs. 227.7 kg ha−1) and turning time,
with a statistically significant difference. The fuel consumption was, likewise, higher for
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MG than SG (2.86 l ha−1 vs. 2.68 l ha−1), although such difference did not reach any
statistical significance. On the other hand, the field efficiency was significantly higher for
SG (65.2% vs. 60.6%) and the effective field capacity was not significant, but slightly higher
than MG. Interestingly, by analysing the position of vectors in Figure 5a, it emerged that
the FC is inversely related to EFC, and the FE is inversely related to the seed consumption
and the TT. Consistent with the results, it is clear that fuel saving will lead to an increase in
the EFC, while due to the reduction of the time for turning, and the lower seed distributed
over the equal surface area, the FE is expected to increase (Table 4).

Table 3. Tractor performance semi-automatic guidance (SG).

Tractor with SG Tractor with MG

Working times Unit R1 R2 R3 Mean ±
st.dev R1 R2 R3 Mean ±

st.dev

Effective operating time % 66.48 66.39 62.81 65.22 ± 1.71 58.50 61.77 61.68 60.65 ± 1.52
Accessory time % 33.52 33.61 37.19 34.77 ± 1.71 41.50 38.23 38.32 39.35 ± 1.52

Time for turning % 33.52 33.61 31.50 32.8 ± 0.97 35.47 38.23 38.32 37.34 ± 1.32
Time for adjustments % - - 5.69 6.03 - -

Machine performance Unit R1 R2 R3 Mean ±
st.dev R1 R2 R3 Mean ±

st.dev

Field efficiency % 66.48 66.39 62.81 65.23 ± 1.71 58.50 61.77 61.68 60.65 ± 1.52
Theoretical field speed m s−1 2.21 2.31 2.92 2.48 ± 0.31 2.43 2.43 2.62 2.49 ± 0.09

Effective field speed m s−1 1.47 1.54 1.83 1.61 ± 0.16 1.42 1.50 1.62 1.51 ± 0.08
Theoretical field capacity ha h−1 3.17 3.32 4.19 3.56 ± 0.45 3.47 3.47 3.75 3.56 ± 0.13
Effective field capacity ha h−1 2.11 2.20 2.63 2.31 ± 0.23 2.03 2.14 2.31 2.16 ± 0.12

Fuel consumption l ha−1 2.91 2.79 2.34 2.68 ± 0.24 3.03 2.88 2.66 2.86 ± 0.15

Table 4. Analysis of variance considering seeds used per unit of surface (seed/ha), field efficiency (FE),
effective field capacity (EFC), effective field speed (EFS), turning times (TT) and fuel consumption
(FC). Significant difference at p ≤ 0.05 (*), and p ≤ 0.001 (***), or not significant (ns).

MG SG F p

Seed (kg ha−1
) 234.1 227.7 115.4 ***

FE (%) 60.6 65.2 8.03 *
EFC (ha h−1) 2.16 2.31 0.73 ns
EFS (m s−1) 1.51 1.61 0.64 ns

TT (%) 37.3 32.9 14.78 *
FC (l ha−1) 2.86 2.68 0.75 ns

The economic assessment concerning machine usage displayed that the cost per unit
of surface (ha) was 0.37% lower in SG, with a net saving of 0.08 € ha−1. The results related
to the economic analysis are displayed in Table 5.

Table 5. Table of the cost considering semi-automatic guidance and manual guidance scenarios.

Seeder (SG
Scenario)

Tractor (SG
Scenario) Total Seeder (MG

Scenario)
Tractor (MG

Scenario) Total

Annual Cost € year−1 1274.5 37,392 38,666.4 1607.9 30,959.1 32,567
Hourly cost € h−1 12.7 37.4 50.1 16.1 31 47

Costs per unit of surface € ha−1 5.5 16.2 21.7 7.4 14.3 21.78

Overall, also considering the seeds used, the SG system allowed a reduction of the
sowing cost of 2.4%, corresponding to a net saving of €3.79 ha−1. In Figure 6, a diagram of
the final economic assessment results is reported.

The largest part of the sowing costs is related to the seed costs, representing approxi-
mately 85% of the overall amount.
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Figure 6. Sum of costs for sowing per hectare in semi-automatic guidance (SG) and manual guidance
(MG).

4. Discussion

During our test, the devices used in SG showed a positioning accuracy of up to one
centimeter, even lower than that declared by the manufacturer (about 2.5 cm). This is
thanks to the process for achieving positioning accuracy up to one centimeter in GNSS that
involves the RTK algorithm [25]. Our findings referred to horizontal accuracy (95%) were
similar to those showed by Catania et al. [25].

The results display a significant difference among the quantity of seeds distributed in
SG and MG, with small savings identified in SG (6.4 kg ha−1). This difference can be related
to the satellite system, which made it possible to optimise the tractor passages; therefore,
reducing eventual mistakes by the operator. Similar studies, evaluating defects (gaps and
overlaps) that occurred during sowing in automatic and manual guidance, are in line with
the results of the present research, displaying a higher efficiency of automatic guidance in
comparison to the manual guidance, with errors (gaps + overlaps) of 2.5% vs. 5% [38].

The tractor performances were significantly different between SG and MG only with
respect to field efficiency and turning times, even if the SG configuration determined an
Effective Field Capacity of 0.15 ha h−1 higher than MG. Considering a whole working day
of 8 h, this difference in productivity can increase the workable surface of 1.2 ha per day. It
is possible to link this last difference to the turning times, which were about 5% lower in SG.
A reliable explanation lies in the fact that, in conventional sowing, the operator needs to
use a row-marker device, later performing multiple maneuvers to align with the previous
row, while in SG, the alignment is automatic and very precise. In this way, the operator
is rapidly able to start the new row without wasting time. A study conducted in the US
confirmed that Automatic Guidance Systems (AGS) applied to an existing farm make it
achievable to optimise the time count of field operations, reducing yield penalties, likewise
giving the opportunity to expand the farm size by just using the existing equipment set [39].
On the other hand, for contractors (not farm owners), the extra workable surface per day
may allow them to optimize the working season, increasing the number of costumers and
the potential revenues.

The fuel consumption per ha was 6.3% lower in SG (0.18 L ha−1) than MG, but the
difference was not significant. This is probably due to the low surface considered in this
study. However, studies focused on energy savings, obtained through optimisation of the
in-field route with GNSS, provided similar results, with a reduced fuel energy consumption
of up to 8% [40].
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The economic evaluation of machines displayed very similar cost per unit of surface,
regardless of the driving system used (SG €21.7 ha−1 vs. €21.78 ha−1). In the case of SG, the
higher tractor costs were due to higher purchase prices of such technology, but they were
balanced by the lower cost of the seeder, due to the higher productivity of the machine in
the SG configuration. Regarding seeds, considering the average cost of the certified seeds as
€0.58 kg−1, the savings obtained were €3.71 ha−1. Similar studies evaluated that cost savings
related to automatic guidance, compared to manual guidance, were equal to €8 ha−1.

However, the study did not specify the seed species, and considered all products
supplied per unit area (fertilizer, treatment, etc.) without specifying each product cost [38].
As in this study, the machines used were not ISOBUS, but machines already available at the
farm site. It is very likely that the use of an ISOBUS seeder would have guaranteed higher
results in terms of seed saving, but at the same time, an increase in operating costs related
to the higher cost of such technology. Other studies performed in the UK estimated that in
a farm of 500 ha, the economic advantage of using a system for automatic guidance in the
winter wheat cultivation would be equal €2.2 ha−1 [30]. In comparison with our study, the
economic advantages in the UK were much smaller, given that the value is referred to all
cultivation phases. However, it must be stressed that the study was performed 11 years
ago, thus the cost of the technology than compared to that at present has significantly
changed. It could be interesting in the near future to carry out studies in order to fully
cover an entire cultivation cycle and obtain a more complete economic view.

5. Conclusions

The present work compared the performance of the semi-automatic tractor guidance (SG)
with the performance proper of a conventional driving configuration (manual guidance—MG).
The parameters taken into account were the seed distribution per unit of surface and the
tractor performance. An economic analysis was also performed to quantify the eventual
differences in terms of system profitability. The study pointed out that digital technology
decreased the operating time, giving the farmers the possibility to sow 1.2 additional ha
per day, and reducing the sowing cost by 2.4%, corresponding to net savings of €3.79 ha−1.
Fuel consumption in SG was lower than in MG, but differences were not significant for the
surface and fuel quantity considered. In conclusion, the satellite guidance made it possible
to work with more accuracy, removing human defects completely and reducing the sowing
cost. The results of this study provide clear indicators for the achievement of a higher level of
sustainability, taking advantage of electronics as a support in tractor guidance.
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Appendix A

Table A1. Loadings.

PC 1 PC 2 PC 3 PC 4 PC 5

Seed ha−1 0.521 0.3160 0.1243 0.7661 −0.1609
FE (%) −0.3400 −0.5444 0.6868 0.3411 −0.0152

EFC (ha/h) −0.4382 0.5313 0.1185 0.2038 0.6856
TT (%) 0.4772 0.2315 0.6693 −0.4959 0.1573

FC (L/ha) 0.4393 −0.5175 −0.2255 0.09635 0.6921
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