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Abstract

:

Agricultural practices that make use of variable-rate (VR) distribution, introduced by precision agriculture (PA), are based on many points of variability which obtain different and modular effects that can affect the efficacy and environmental impact of the treatment performed. The aim of the present research was to study the effect of different structural combinations of an agricultural sprayer on the required power, fuel consumption, and carbon emissions. The studied machine was equipped with a mechanical device that regulated the air outlet section in three openings. The fan was tested in five blade angles and in two gear ratios. The power requirement (kW) was calculated using a torque-meter. Moreover, fuel consumption (L h−1), energy demand (MJ L−1), and carbon emissions (kg CO2eq kg−1) were calculated by the power consumption of each test. The results showed that all components of the layout and their interaction influenced consumption and, consequently, emissions. In order to mitigate the environmental impact of treatments, the outcomes suggest the possibility of implementing this study into algorithms that make setup choices during distribution.
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1. Introduction


The UNEP (United Nations Environment Programme) Emissions Gap Report 2019 [1] estimated that from 2020, the required cuts in global emissions needed to fight the increasing temperature are 2.7% per year for a 2 °C reduction goal and 7.6% per year on average for a 1.5 °C reduction goal. For the European Union (EU), the 1.5 °C goal would cause a 68% reduction in greenhouse gas (GHG) emissions by 2030 and exceed the current emission reduction objective by at least 40%. Therefore, the European Commission is committed to reducing emissions by 50–55% by 2030 and to make Europe the first climate-neutral continent by 2050.



The agricultural sector represented a significant rate of EU emissions in 2015, with ~460 MtCO2eq or 12% of total GHG emissions, when including CO2 emissions from energy consumption in this sector. GHG emissions from the agricultural sector declined by 20% between 1990 and 2015 but there may still be room for improvement [2,3].



Energy consumption is a key question and source of impact in agricultural systems [4,5]. Demand for biofuels is also expected to rise and agriculture will be increasingly compromised by the combined effects of climate change and soil degradation [2]. In this context, more sustainable farming practices could represent a challenge to reduce emissions, costs, and pressure on biodiversity, as well as the pollution of air, water, and soil [6].



The European scenarios clearly highlight the trade-off between changing the demand for agricultural products and growing agricultural efficiency by increasing yields when possible without harming biodiversity and improving energy efficiency. Such technical measures are in line with the new European Commission “From Farm to Fork” strategy [7], which has, among others, the year 2030 targeted for ensuring sustainable food production by reducing the use and risk of chemical pesticides (50% by 2030) and fertilizer (at least 20% at 2030), as well as to enhance integrated pest management [8].



According to the 17 sustainable development goals (SDG) of the 2030 Agenda for Sustainable Development adopted by all United Nations Member States in 2015, sustainability is also sought in relation to agriculture (SDG 2). Pesticide application to crops and soils represents a constant source of pollutants in the atmosphere, soil, and water. In order to enhance the sustainability of crop protection treatments, precision agriculture (PA) practices continue to positively grow in importance, thus contributing to GHG emission mitigation, farm productivity, and economics.



The application of PA practices in agricultural field operations could positively contribute to GHG emission reduction due to a reduction in fuel consumption through less in-field operations with self-propelled machines (direct GHG decrease) and a reduction of inputs for agricultural operations (indirect GHG decrease) [9].



In order to reduce power consumption and drift losses during plant protection treatments in orchards, machines capable of operating air-assisted sprayers must be equipped with appropriate designs and fan settings, as well as with an air discharge system based on variable rate technology (VRT) [10,11,12,13,14,15]. Variable rate application of pesticides, supported by real-time canopy valuation, in tree fruit orchards and vineyards, has also been widely investigated [16,17,18]. Air-blast sprayers air volume settings have a significant role for correct spray deposition in the tree canopy during crop protection treatments, avoiding the spray drift [19,20,21,22].



Commonly, that operating manuals that are provided with sprayers do not offer information on the characteristics of generated air flow [23]. By contrast, the fan setting directly affects treatment quality. If air velocities or volumes produced by fans are too low, inadequate pesticides will reach the tree canopy; but, if these parameters are too high, the pesticide will be lost through the canopy.



Manufacturers and researchers have aimed to introduce the VRT solutions to empower the remote control of air parameters in real time during orchard treatments. Most sprayers only allow manual and discontinuous adjustments of fan-produced air volume. Thus, the disconnection of the tractor power take-off (PTO) to adjust a fan’s transmission impeller blade angle or gear change of gear has been requested [13].



Some sprayers are based on reducing the air outlet (or inlet) of the sprayer’s fan, but this solution is not energy efficient, because confining airflow increases power consumption. An innovative VRT air-jet adjustment and energy saving system was proposed by Doruchowski et al. [24] and Holownicki et al. [13] by means of a continuous real-time adjustment of air volume system mounted on both sides of the sprayer. The system used variable speed impellers with fixed blades, and it showed greater suitability than a method with adjustable pitch blades working at a constant speed. This was because it provided a wider range of air volumes and the power consumption did not exceed 10 kW.



The main criteria for the suitability of VRT air-jet systems arises not only from remote air-flow control during orchard treatments but also from its adjustment range, which is suitable to lesser consumption [13].



From a PA perspective, the aim of the present paper was to evaluate energy consumption and emissions for different axial fan layouts commonly used in orchards via laboratory tests in repeatable conditions. The final objective was to find the best fan layout settings in order to reduce power consumption and harmful emissions. It is notable to highlight that a zero-carbon economy is more resilient due to a lower dependency on energy, raw material imports, and the volatility of fossil fuel prices, in addition to the improvement in public health, reduced energy bills, and the preservation of biodiversity.



Moreover, the results of this study could drive the operational choices of farmers during crop protection treatments even if the treatment efficacy, in terms of deposit on the canopy, will be evaluated in further studies. The present study, in fact, is part of a larger research project that concerns the evaluation of axial fan sprayer efficiency from a PA perspective.




2. Materials and Methods


2.1. The Laboratory for Measurements


The experimental research was carried out in June and July 2019 at the inspection center for sprayers and sprayer machine manufacturers “Officina Antonino Turrisi”, located in the Catania province in eastern Sicily (Italy).



The tests were carried out with an axial helical fan (700 mm diameter), with 8 polyethylene blades (130 mm long), usually mounted on conventional sprayer machines (hydraulic pulverization) that were used in vineyards and orchards (Figure 1a). The blades had an adjustable pitch that assumed five different angles: 20, 26, 33, 40, and 44 degrees, as reported in Failla et al. [25].



The nominal air output was 38,000 m3 h−1 with a nominal tractor power of 29 kW. The fan was powered by a tractor PTO at 56 rad s−1 via a gearbox with two transmission ratios (τ1 = 3.8 and τ2 = 4.53). For the first multiplicator gear, the rotational speed of the fan was about 216 rad s−1, while it was 256 rad s−1 for the second multiplicator gear. The tractor used during the tests was a 4WD narrow tractor model 3050DT (Goldoni, Modena, Italy) with 35 kW nominal power.



The outlet section of the air volume was adjusted using a purpose designed metal panel from 40 to 110 mm positioned behind the fan (Figure 1b). A torque-meter (HBM mod. T30FN, Darmstadt, Germany) with 3 kNm nominal torque and 50 Hz (3000 rpm) nominal rotational speed was used to measure torque and rotational speed for the tractor PTO (Figure 2a). This was done to calculate the energy requirements during fan operation at different layouts [26]. The record array of the torque-meter was based on a multi-channel, in-vehicle data acquisition system DAS2-A8D (Datron Technology, Milton Keynes, UK) connected to a laptop personal computer (Figure 2b) [27].




2.2. Experimental Tests


The tests were carried out with the blade pitch angle set most used by farmers (40 degrees) compared with other possible blade pitch angles (20, 26, 33, and 44 degrees); two fan gear ratios (τ1 = 3.8 and τ2 = 4.53) were used. The width of fan outlet section was adjusted based on the maximum opening (110 mm), the average (60 mm) and the minimum (40 mm), allowed by the specially designed system (Figure 1b). Thirty tests were performed by combining these layouts, as shown in Table 1. Each test lasted about 12 min on average.




2.3. Data Analysis


The used torque-meter continuously monitored the signals from the tractor PTO and converted the analogue torque (Nm) and speed signal (rad s−1) to digital values displayed on the computer monitor. The displayed values were stored in files on an SD card, which was then extracted in the processing phase. After the experimental test, the data were processed for the evaluation of any off-scale values and any acquisition defects.



The power (kW) required during the compared tests were obtained from the torque and angular speed values recorded throughout the trials.



In order to calculate the tractor fuel consumption, the following equation, proposed by Grisso et al. [28], was used:


Q = (0.22 X + 0.096) (1 − (−0.0045 X Nred + 0.00877 Nred)) × Ppto








where Q = diesel fuel consumption at a partial load (L h−1); X = the ratio of equivalent PTO power (measured) to rated PTO power (90% of nominal tractor power); Nred = the percentage of reduced engine speed for a partial load from full throttle (20%); Ppto = the rated PTO power (kW).



For this purpose, the rated PTO power of the tractor was considered equivalent to the 90% of its engine nominal power [29].



The fuel consumption of each test was considered to obtain the value of the CO2eq emissions by multiplying 3.728 kg for every kg of diesel consumed; this value included emissions derived from combustion and extraction, as well as refining processes (Ecoinvent database ver. 3.5) [30].



Moreover, in order to identify the optimal configuration of the fan with regard to energy saving, energy consumptions were calculated from liters of diesel consumed, assuming that each liter of diesel corresponds to 56.31 MJ of energy [4,31].



All data were statistically analyzed with the open source software R [32]. The ANOVA was performed to test the main effect of the different fan configurations. The statistically significant difference between tests was estimated using the “laercio” package of R to develop a Tukey test with probability levels of p ≤ 0.05 and p ≤ 0.01.





3. Results


The results of the analysis of variance show that the effects of the gear ratio, the blade angle and the outlet section on the power and fuel consumption, energy use and emissions were statistically significant at p = 0.001 (Table 2). The interactions between the variables are also statistically significant at p = 0.001.



The variables shown in Table 2 (i.e., power and fuel consumption; energy use and emissions) were statistically influenced by both the gear ratio and the blade angle, as expected, but also, to a lesser extent, by the outlet section. Often, there were no statistically significant differences between the different outlet sections at the same blade angles. When there were differences, they were small.



The relationship between the power consumption and interaction blade angles × outlet section was evident (Table 2). The greatest power consumption derived from the 40 mm outlet section (smaller) at 20°, from the 60 mm outlet section (intermediate) at 26°, from the 110 mm outlet section (larger) at 33°, from the 60 mm outlet section at 40°, and from the 110 outlet section at 44°. This occurred within both gear ratios.



At the first multiplicator gear, the minimum value 0.77 kW was recorded at 20°, the maximum value 10.25 kW was recorded at 44°, and both were recorded at the 110 mm outlet section. At the second multiplicator gear, the minimum value 1.94 kW was recorded at 20° and at the 110 mm outlet section while the maximum value was recorded at 44° at 60 mm (13.43 kW) and the 110 mm (12.70 kW).



As shown in Table 2, fuel consumption increased when blade angles increase in both transmission ratios. At τ1, fuel consumption remained around 3 L h−1 at 20° and 26° to reach about 4–5 L h−1 with the other blade angles. At τ2, fuel consumption was about 4 L h−1 at 20° and 26° blade angles to go beyond 5 L h−1 with other inclinations. This meant an increase in fuel consumption of about 65%, which passed from 20° to 44° at τ1 and more than 45% at τ2.



Similarly, energy demand and emissions followed the same trend (Table 2). At τ1, energy demand and emissions remained around 180–190 MJ L−1 and 10–11 kgCO2eq kg−1, respectively, with the 20° and 26° blade angles growing to 260–290 MJ L−1 and 14–16 kgCO2eq kg−1. At τ2, the same parameters had higher values, going from about 200 MJ L−1 and 11–12 kgCO2eq kg−1 to over 300 MJ L−1 and 16–18 kgCO2eq kg−1 with the other blade angles.



On average, when passing from 20° to 44° blade angles with τ1, there was a 65% increase in energy demand and emissions. There was a 69% increase in energy demand and emissions about, passing from 20° to 44° with τ2.



The effects of the gear ratio on power and fuel consumption, energy use, and emissions were statistically significant at p = 0.001, as shown in Figure 3.



On average, statistically lower average values equal to 5.76 kW, 4.29 L h−1, 241.20 MJ L−1, and 13.36 kg CO2eq kg−1 were recorded using τ1 in comparison to 8.06 kW, 4.80 L h−1, 269.62 MJ L−1, and 14.93 kg CO2eq kg−1 recorded using τ2. In general, this meant that the use of the first multiplicator gear allowed us to save about 0.51 L h−1 of diesel fuel, 28.4 MJ L−1, and about 1.57 kg CO2eq kg−1 compared to the use of the second multiplicator gear (Figure 3).



The effects of the different blade angles on power and fuel consumption, energy use, and emissions were statistically significant at p = 0.001, as shown in Figure 4.



On average, the transition from the smaller angles of 20°and 26° to those bigger at 33°, 40°, and 44° statistically increased the power consumption, passing from 1.46 kW at 20° to 11.42 kW at 44°. Further, intermediate power consumption passed from 2.73 kW at 26° to 8.68 kW at 33° and to 9.96 kW at 40° (Figure 4).



Similarly, this transition was statistically significant and increased fuel consumption, passing from 3.34 L h−1 at 20° to 5.54 L h−1 at 44° and intermediate fuel consumption of 3.62 L h−1 at 26°, 4.93 L h−1 at 33°, and 5.21 L h−1 at 40°. In terms of energy demand and emissions, 187.83 MJ L−1 and 10.41 kg CO2eq kg−1 was resulted at 20°; 203.66 MJ L−1 and 11.28 kg CO2eq kg−1 at 26°; 277.50 MJ L−1 and 15.36 kg CO2eq kg−1 at 33°; 293.00 MJ L−1 and 16.23 kg CO2eq kg−1 at 40°; and 311.17 MJ L−1 and 17.24 kg CO2eq kg−1 at 44° (Figure 4).



On average, passing from 26° to 33°, there was an increase of more than 200% in terms of power consumption and about 37% in terms of fuel expenditure, energy demand, and emissions. It is important to highlight that the 40° blade angle was most used by farmers during orchard treatments, and it appeared to be among the most energy-intensive and emission-intensive layout.



The fan’s power consumption at the different blade angles was similar to the fan tested by Holownicki et al. [13]. They found a power consumption of 3.7 kW at 20°, 6.2 kW at 32°, and 12.6 kW at 45° with a fan of 600 mm diameter. This lower power consumption was attributed to the deflector of the prototype fan which had no internal plates and vanes, as it did in our study.



The different outlet section of the air volume produced statistically different power consumption, according to the Tukey test, returning an average value of 6.63 kW in the case of the smaller outlet section (40 mm), 6.86 kW with the medium one (60 mm), and 7.31 kW with the largest one (110 mm). Between the smaller section and the larger one, there was a difference of 0.68 kW; the smaller section led to about 10% less power consumption than the larger outlet section and about 3% less than the intermediate one (Figure 5).



Even in the case of fuel consumption (4.48, 4.53 and 4.63 L h−1), energy demand (251.90–254.80–260.45 MJ L−1), and emissions (13.96–14.11–14.42 kg CO2eq kg−1), there were only slight differences between the average data, even if they were statistically significant. Therefore, in the test conditions, the layout relating to the outlet section did not have a crucial influence on power and fuel consumption, nor did it have one on energy use or harmful emissions.



Figure 6 summarizes the trend of power consumption by varying the gear ratios, the blade angles, and the outlet section. As already discussed, all other parameters analyzed above derived from this power consumption trend.



As shown in Figure 6, the general trend was characterized by the increase in power consumption as the blade angles increased. This was particularly evident in the transition between 26° and 33°, especially in the 110 mm outlet section and with τ2. It was also evident that, with the same blade angles, the average values were always higher with the use of the second multiplicator gear, which was used most by farmers for plant protection treatments.



From an environmental impact point of view, focusing on emissions (kgCO2 eq kg−1) at different blade angles and gear ratios (Figure 7) proves that emissions increase in a linear positive mode when blade angles increase. This consideration was even more pronounced with the τ2, where the straight line of the values increased its inclination with increasing blade angles.



Lal [33] reported that the equivalent carbon emission (kg CE ha−1) in a field spraying operations was on average about 1.4 kg CE ha−1, indicating about 51.4 kgCO2eq ha−1 for the cultivation operation as a whole.



In our study, considering an average working capacity of 5 ha (hectares) per hour in the vineyard, the emissions amounted to about 20.45 kgCO2eq ha−1 for τ2 and 13.12 kgCO2eq ha−1 for τ1. These emissions were related only to the consumption of diesel fuel needed to use the fan with the first or with the second gear ratio. To these emissions, the consumptions and relative emissions linked to the advancement of the tractor-operator complex, as well as to the functioning of other components in the spraying machine.



In summary, the energy demand and related emissions grew when the inclination angle increased. If we consider the maximum output section (110 mm), the percentage of absorbed power with respect to the nominal one was equal to 2% for τ1 and 5% for τ2 at 20°; 6% for τ1 and 9% for τ2 at 26°; 22% for τ1 and 34% for τ2 at 33°; 25% for τ1 and 30% for τ2 at 40°; and to 29% for τ1 and to 36% for τ2 at 44°. With the greater inclination, the power required for functionality became excessive, especially with τ2.



In the future, these data will be discussed in comparison with the air flow rate for the same sprayer axial fan layout in order to identify the optimal angle that guarantees efficient power consumption and air volume for suitable plant protection treatments.




4. Conclusions


The aim of the present paper was to evaluate the energy consumption and emissions of different axial fan sprayer layouts that are common in orchards. We evaluated these layouts via laboratory tests. The tests made it possible to highlight concerns we had with the fan (i.e., diameter 700 mm and standard blade profile), as well as the relationships between the three parameters relating to the fan layout (e.g., blade angle, outlet section) and use (gear ratio) of power, energy, and CO2 emissions.



The results showed that all components of the fan’s layout and their interaction influenced consumption and, consequently, energy use and carbon emissions.



In general, lower power consumption was achieved with lesser blade angles (20° and 26°) when both gear ratios and consumption levels increased, especially when they passed from 26° to 33°. There was also a certain relationship between the inclination angle and the outlet section. Some combinations were more energy-intensive than others with the same inclination, even if the outlet section did not seem to determine notable differences at the same blade angles.



It is important to point out that, on average, when passing from 20° to 44° degrees at τ1, there was a 65% increase in energy demand and emissions, as well as a 69% increase in the energy demand and emissions at τ2. In common practice, the second gear ratio was used most in air-assisted sprayers with inclinations at 33° and 40°, probably because a greater volume of air was obtained without a real need linked to the canopy dimension. An excessive air volume led to higher operating costs without any benefit to distribution quality and by increasing drift issues.



Further studies should focus on air-flow profile measurements, which could be carried out in vineyards at different growing stages. The aim should be to find solutions that can combine reduced fossil energy use and variable air volumes in relation to the tree canopy.



From a PA perspective, this study could be implemented into algorithms that make setup choices during field treatments to reduce their environmental impact.
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Figure 1. (a) The axial helical fan used in our study; (b) The metal panel behind the fan. 
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Figure 2. (a) The torque-meter connected to the power take-off (PTO); (b) The acquisition system of the torque-meter. 
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Figure 3. Power required, fuel consumption, energy use, and emissions at the two transmission ratios. Letters (a,b) show between transmission ratio significant difference at p = 0.001 as determined by the Tukey test. 
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Figure 4. Power required, fuel consumption, energy use, and carbon emissions at different blade angles. Letters (a–c) show between blade angles significant difference at p = 0.001 as determined by the Tukey test. 
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Figure 5. Power required at the three outlet sections (mm). Letters (a–c) show between outlet sections significant difference at p = 0.001 as determined by the Tukey test. 






Figure 5. Power required at the three outlet sections (mm). Letters (a–c) show between outlet sections significant difference at p = 0.001 as determined by the Tukey test.



[image: Resources 09 00136 g005]







[image: Resources 09 00136 g006 550] 





Figure 6. Power required at all layouts. Letters (a–e) show between blade angles significant difference at p = 0.001 as determined by the Tukey test. 
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Figure 7. Emissions (kgCO2eq kg−1) at different blade angles and gear ratios. 
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Table 1. Layout of the 30 tests.
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Gear Ratio (τ)

	
Blade Angle (Degree)

	
Outlet Section (mm)






	
τ1 (3.8)

	
20°

	
40




	
60




	
110




	
26°

	
40




	
60




	
110




	
33°

	
40




	
60




	
110




	
40°

	
40




	
60




	
110




	
44°

	
40




	
60




	
110




	
τ2 (4.53)

	
20°

	
40




	
60




	
110




	
26°

	
40




	
60




	
110




	
33°

	
40




	
60




	
110




	
40°

	
40




	
60




	
110




	
44°

	
40




	
60




	
110
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Table 2. Power and fuel consumption, energy use, and emissions in the 30 tests.
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Gear Ratio (τ)

	
Blade Angle (Degree)

	
Outlet Section (mm)

	
Power (kW)

	
Fuel (L h−1)

	
Energy (MJ L−1)

	
Emissions (kg CO2eq kg−1)






	
τ1 (3.8)

	
20°

	
40

	
0.92 h

	
3.23q

	
181.69q

	
10.04q




	
60

	
0.81 h

	
3.20q

	
180.26q

	
9.97q




	
110

	
0.77 h

	
3.19q

	
179.76q

	
9.94q




	
26°

	
40

	
1.90 g

	
3.44p

	
193.78p

	
10.71p




	
60

	
2.17 f

	
3.50op

	
197.17op

	
10.90op




	
110

	
1.95 g

	
3.45p

	
194.38p

	
10.75p




	
33°

	
40

	
6.87 e

	
4.54l

	
255.43l

	
14.12l




	
60

	
7.10 d

	
4.59l

	
258.24l

	
14.28l




	
110

	
7.85 d

	
4.75k

	
267.53k

	
14.79k




	
40°

	
40

	
8.27 c

	
4.84j

	
272.73j

	
15.08j




	
60

	
9.05 b

	
5.01h

	
282.38h

	
15.61h




	
110

	
8.73 c

	
4.94i

	
278.42i

	
15.39i




	
44°

	
40

	
9.81 b

	
5.18g

	
291.82g

	
16.13g




	
60

	
10.03 a

	
5.23fg

	
294.49fg

	
16.28fg




	
110

	
10.25 a

	
5.28f

	
297.29f

	
16.43f




	
τ2 (4.53)

	
20°

	
40

	
2.26 f

	
3.52o

	
198.24o

	
10.96o




	
60

	
2.06 f

	
3.48op

	
195.83op

	
10.83op




	
110

	
1.94 g

	
3.45p

	
194.29p

	
10.74p




	
26°

	
40

	
3.55 e

	
3.80m

	
214.28m

	
11.85m




	
60

	
3.59 e

	
3.81m

	
214.73m

	
11.87m




	
110

	
3.25 e

	
3.74n

	
210.55n

	
11.64m




	
33°

	
40

	
9.26 d

	
5.06h

	
285.02h

	
15.76




	
60

	
9.06 d

	
5.02h

	
282.54h

	
15.62




	
110

	
11.94 c

	
5.65d

	
318.20d

	
17.59d




	
40°

	
40

	
11.17 c

	
5.48e

	
308.67e

	
17.06e




	
60

	
11.36 c

	
5.52e

	
310.99e

	
17.19e




	
110

	
10.56 c

	
5.35c

	
301.15f

	
16.65f




	
44°

	
40

	
12.33 b

	
5.74 c

	
322.99c

	
17.86c




	
60

	
13.43 a

	
5.98 a

	
336.64a

	
18.61a




	
110

	
12.70 a

	
5.82 b

	
327.61b

	
18.11a








Letters (a–q) show between power significant difference at p = 0.001 as determined by the Tukey test.
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