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Abstract


Unmanned Aerial Vehicles (UAVs) are a novel up-and-coming technology with wide applicability and great potential to be used in agricultural systems for spraying applications. However, the cost-effectiveness of this application is still rather uncertain. The present study utilized actual data from field applications to analyze the critical components and parameters in the potential case of using UAV sprayers for the control of olive fruit flies in order to assess the operational costs. The results are compared with the costs of two traditional spraying methods: manual spaying by workers using backpack sprayers and manual spraying assisted by a tractor. The case of the olive fruit fly was selected because it involves costly, time consuming, and laborious manual spraying. Furthermore, the bait character of spraying in these applications does not require full canopy coverage, making it ideal for UAV applications. A parameterized computational model was developed to assess the costs of labor, capital spending, repair and maintenance, energy, licensees, fees and taxes, and storage for each of the three methods. In addition, the cost for surveillance was also accounted for with the UAV method. Consequently, a sensitivity analysis was performed to examine the impact of the most crucial parameters. The results showed that the cost of spraying with a UAV was 1.45 to 2 times higher than the traditional methods, mainly due to the high capital spending resulting from a low economic life. There are opportunities, however, of improving the economic performance, making it compatible to the traditional methods, by using a smaller UAV with longer lasting batteries and by expanding its annual use beyond the needs of olive fruit fly control.
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1. Introduction


Recent technological developments have led agriculture towards digitization, utilizing both ground or aerial automated systems. The use of Unmanned Aerial Vehicles (UAVs, also known as drones) in particular, are gaining popularity, mainly due to the availability of such systems for commercial use in agriculture [1,2]. Consequently, UAVs are anticipated to obtain important multipurpose roles in agriculture in the near future, assisting in crop scouting by providing high resolution, intensive remote sensing of fields, as well as by substituting some field operations like crop spraying, fertilizer application, or sowing [3]. In Europe, approximately 25,000 UAVs are estimated to be operating for chemical spraying, seeding, and precision farming applications in agriculture by the year 2035 [4]. Subsequently, UAVs are expected to introduce a new era of pest control and pest management [5]. UAV spraying systems may constitute efficient, low operational cost, and environmentally safe solutions, especially against systematically hazardous enemies like the olive fruit fly.



The specific insect (Dacus oleae) is considered to be the most damaging pest for olive plantations [6]. Its control is based on repetitive, preventive bait sprayings throughout the fruiting period. Decisions for spraying are based on insect population time course information from a network of established traps. Decisions are positive when 5–20 insects are encountered per trap during 5–6 daytime lapse inspections, considering also the growing stage, the annual fruition, the olive variety, and the weather conditions. Usually, 4–7 sprays per year are necessary for their successful control. During the application, one third of the trees are partially sprayed with a liquid spray consisting of a bait substance and a dose of insecticide, following a regular pattern. Spraying starts early in the morning and is usually terminated after 5 to 6 h when the ambient temperature rises above 28 °C and the insect becomes inactive. Each application has to be completed in a short period of time of around 5–6 days (no more than 8 days) [7].



In Greece, where the majority of olive plantations appear in mountainous and hilly landscapes that are hard to access using agricultural equipment, the sprayings are traditionally performed by ground workers equipped with backpack sprayers or assisted by a tractor carrying a sprayer with lances. This requires the occasional use of a workforce, which can sometimes be hard to find and has a high cost. Furthermore, workers are often exposed to risks when handling hazardous agrochemicals, which become even more dangerous due to inappropriate spraying and off-target applications resulting in spray drift [8]. On the other hand, the use of UAVs for crop spraying is a promising up-and-coming technology capable of providing fast, safe, and efficient plant protection, addressing issues such as drifting and soil compaction [9,10]. There are currently many research works highlighting the perspectives of using UAVs for the protection of various crops [11,12,13,14,15]. The main limitations of using such equipment are the low tank capacity and the limited battery endurance [16]. However, they could be an ideal solution for targeted, low-volume applications providing the feasibility to cover hard to access areas. Moreover, the bait character of olive fruit fly spraying does not require full canopy coverage, making it ideal for UAV applications [17].



Apart from the technical and practical aspects, the economical features for the use of UAV sprayers need to be investigated for each crop and type of application. So far, to our knowledge, there are limited studies performing economic feasibility analysis of using such systems for spraying applications. In [10], the authors developed a low-cost modular UAV-based sprayer system and evaluated its performance in citrus and olive groves, comparing it with a conventional spraying system in cost-sensitive terms. This economic feasibility analysis was solely focused on the custom-made system, with a significantly lower purchase cost than the commercially available systems. Another study performed a comprehensive economic analysis comparing spraying applications using commercial conventionally trailed sprayers and UAV sprayers on olives and grapevines. The flight/spraying time for the analysis was based on simulated flight plans exported by flight planning software [5]. Further investigation is required to verify the feasibility of using UAV spraying systems in different agricultural environments and economic conditions.



The scope of the present study was to evaluate the economic perspectives of using UAV spraying as an alternative and sustainable solution for olive fruit fly control in olive groves located in steep, difficult to reach landscapes, which is a very common situation in Greece, where the use of UAV sprayers will have an added value. For this purpose, a parameterized computational model was developed providing the opportunity of estimating the cost of novel UAV spraying and comparing it to the cost of two benchmark traditional bait spraying methods applied in Greece: using workers with backpack sprayers or workers with tractor-assisted lances. The essential key parameters and the components of spraying using each method are identified and quantified. On-site applications were examined to measure the time intervals and other important parameters in real field conditions. Consequently, a sensitivity analysis is applied allowing the recognition of critical components and aspects that should be considered for improving the economic efficiency of the UAV application.




2. Materials and Methods


2.1. Study Cases


Three alternative methods for olive fruit fly bait control were examined: (1) spraying applied by a workshop comprising of a group of workers carrying backpack sprayers, (2) spraying with a tractor-mounted sprayer and a second worker walking by foot and operating a spray lance connected to a hose, and (3) a novel spraying method with a UAV (Figure 1). The cases were examined in the province of Magnesia, Greece, a region with extended olive production (Figure 2).



2.1.1. Traditional Method with Backpack Sprayers


This method is employed in hard to access areas where wheeled machinery cannot enter the terrain. The workshop usually comprises of four to six spray workers, one foreman, and one driver who carries the material and occasionally the workers from place to place. The majority of workers use manually operated sprayers even though some electric devices are now common. The workshop is responsible for an area of 80–150 ha by spraying one third of the trees during a period of four to six days. The workers start from one common point, scatter to perform the spraying and then gather again in another point to refill the spray tanks and continue their work. Each worker applies around 300 mL of spray on selected trees (depending on their size) with medium size droplets of about 500 μm. One worker carrying an 18 L backpack sprayer is expected to spray around 60 trees (and protect around 180 trees) until needing to refill their sprayer. Two such workshops were monitored during two complete working days. The first operated in the region of Achilio, Magnesia, Greece (39.998407° N, 22.959181° E) and comprised five spray workers, one foreman, and one driver and the second in the region of Pteleos, Magnesia, Greece (39.060232° N, 22.957723° E) comprising four spray workers, one foreman, and one driver. All the workers and the tractor drivers were provided with hand-held GNSS devices to control their paths and working times. Detailed data over two consequent spray tank refillings were recorded by inspecting the workshops during their work (Supplementary Material Table S1). The number of sprayed trees, the time of pure work minus the time for breaks, refilling, and moving from one spot to another were also recorded. The area covered and the total number of trees were counted using QGIS software (QGIS Geographic Information System, QGIS Association. http://www.qgis.org, accessed on 23 September 2023) using a Google satellite hybrid XYZ tile (Figure 3). The trees were planted on random schemes and the density was 158 trees per ha in Achilio and 128 trees per ha in Pteleos. As such, six to seven areas are covered by each workshop during their daily work that starts at dawn and terminates around 11:00 to 12:00 pm before the temperature rises too high.




2.1.2. Traditional Method with Tractor-Mounted Sprayer and Workers Handling Lances


This method is employed in areas where the terrain allows a farm vehicle to enter the fields (tractor or a small truck) carrying a sprayer machine. A common workshop comprises a driver who serves also as a foreman and one or two workers carrying spray-assisted lances with hoses to enable walking some distance aside to spray the nearby trees. The vehicle moves along with the ground workers who also apply around 300 mL per tree. One such workshop comprising one ground worker and one tractor driver was monitored during two complete working days in the region of Gavriani, Magnesia, Greece (39.0038° N, 22.8656° E) (Figure 4). The tractor had a rated power of 44.7 kW and carried a 500 L sprayer machine. In the first day, the workshop covered an area of 27.63 ha and the second day 29.63 ha. The olive groves were planted mainly on random schemes with a density ranging from 158 to 184 trees per ha. The worker and the driver were provided with a GNSS device to record their routes. Time intervals for breaks, traveling from one place to another, and other spraying parameters were also recorded (Supplementary Material Table S2). The total number of olive trees in the areas were counted by QGIS using a Google satellite hybrid XYZ tile.




2.1.3. Novel Method with a UAV


This method was tested on an olive grove of 3.1 ha in the region of Fytoko, Magnesia, Greece (39.40276° N, 22.937504° E). The olive trees were planted in an irregular pattern with an average density of 142 trees per ha. The DJI T16 (DJI Technology Co., Ltd., Shenzhen, China) [18] was used for the field tests (Figure 1c). Detailed characteristics of the UAV are provided in the Supplementary Material (Table S3). The area was previously mapped with a DJI Phantom 4 RTK UAV using a 4K RGB camera (Figure 5). The tree positions were identified, and three study cases of alternative UAV flight paths were designed over the olive grove. The main constraint for the specific spraying application in olive trees is to follow paths that provide targeted spraying on one third of the trees. During the test flights, all the applications were performed using pure water.



The T16 UAV was equipped with eight XR11001VS Teejet nozzles that produce fine droplets in the order of 130–250 μm at a pressure range of 0.2–0.35 MPa. The spray dose was decided at 67 mL per tree. According to the theory suggested by ASABE [19], this dose was estimated to provide similar droplet coverage to a conventional backpack sprayer applying 300 mL per tree with course droplets in the order of 500 μm.



Preliminary tests were conducted to decide the initial volume of water to be placed in the tank. The goal was to synchronize the tank evacuation with the battery endurance. Avoiding carrying an extra weight in the tank that will not be applied during a single sortie may optimize the battery endurance and may conserve time by eliminating the landing and taking-off events. The tests indicated that the optimum volume to be used was 8.1 L, which could be applied over a period of 11.5 to 12.5 min coinciding with the time that battery energy dropped to 20% and needed replacing.



Consequently, tests with three actual spraying missions were performed following alternative paths until the tank become empty and/or the battery needed replacing (Figure 5). The number of sprayed trees in each case was recorded along with other spraying parameters like spray doses, partial times, and area (Supplementary Material Table S4).



A professional workshop for performing UAV spraying on olives would require two persons (a UAV pilot and an assistant), a UAV sprayer with full accessories (batteries, portable power station, peripherals like RTK GPS, water tanks, and other items), and a small truck to carry all the equipment. The workshop is expected to move from place to place when covering a specific area in order to ensure a constant visual line of sight with the UAV and have the take-off and landing points nearby the planned missions to eliminate energy consumption between start and break points.




2.1.4. Hypothetical Common Base Scenario


As the primary data described above were obtained from different regions with alternative characteristics concerning tree density, percentage of trees sprayed, doses applied, etc., a common base scenario was built as a study case to compare the three alternative methods. The tree density for all the cases was considered equal to 150 trees per ha from which one third (50 trees per ha) should be sprayed. The dose per tree for the two traditional methods was taken at 300 mL and for the novel UAV method at 67 mL. The operational area for each case was counted as the area that could be covered by a single workshop within a daily five hour period (also including the time for initial preparation and packing up at the end). The actual data obtained from the real-time monitoring were adapted to the above pre-conditions (i.e., time intervals, walking, and traveling distances). The parameters of the scenario are summarized in Table 1.





2.2. Economic Model


Based on the above study cases, a parameterized computational model was developed for estimating operational costs for each alternative method. The model consisted of three alternative computational paths, one for each study case. Each path included a set of input parameters, a set of intermediate estimations, and a set of output estimates. Some parameters were common among the three paths, and some were unique. The input parameters are categorized as general monetary like interest and inflation, orchard-related parameters like tree density, area, etc., time parameters like available daily time for spraying, duration of spraying, working speed, time for refiling, etc., labor parameters like number of workers, wages, etc., and equipment parameters like purchase prices, economic life, tank capacity, nozzle capacity, battery endurance, etc.



The Input parameters were used to estimate operational costs arising from the following sources (as defined by ASABE) [20,21]: (1) labor, (2) capital spending, (3) repairs and maintenance, (4) energy consumption, (5) licenses, fees, and taxes, (6) storage, and (7) (or the novel UAV method only) cost of preliminary field survey for exact georeferencing of the rural areas and the olive tree positions.



2.2.1. Labor


Backpack sprayer or lance-carrying workers and tractor drivers are usually low trained personnel; therefore, their wages are relatively low. Workshop foremen usually have some expertise in bait sprayer applications and therefore paid rather higher. On the other hand, UAV pilots are skilled and certified personnel who request higher salaries. For the present study, wages for an 8 h occupation of unskilled personnel, like sprayers and drivers, was considered EUR 70, for the foreman EUR 120, for the certified UAV pilots EUR 120 and for their assistants EUR 80. The wages were obtained from the local, traditional spraying workshops and from companies providing UAV spraying services. The wages include all personnel costs (insurance, taxes, etc.). The higher wages for the UAV personnel also encompass the extra costs for special training, pilot licenses, medical certificates, and other items; therefore, these costs were not estimated as a separate category to avoid a double estimation.




2.2.2. Capital Spending


Capital spending refers to the ownership costs and is a concept that encapsules both depreciation costs (fixed costs) of the equipment and also the cost of interest. The equipment involved in study Case I was a set of manual backpack sprayers, a small truck carrying a tank of clear water and the pesticides for the spray mixtures, and occasionally the workers. Study Case II involved a sprayer machine mounted on a tractor and some spray lances. Study Case III required a UAV sprayer, a full set of batteries, a portable power station, an RTK GPS, and a small truck to carry the equipment, the pesticides, and clear water. Even though a set of batteries are required for the UAV to keep it constantly operating, the battery usage cost is independent from the number of batteries because it is expressed on a time basis. Nevertheless, a portable power station is necessary for battery recharging in the field.



All estimations for capital spending are based on a nominal interest of 0.5% and an inflation rate of 1% that were long-term relatively stable global values for the 2010–2020 period. Table 2 indicates purchase prices, theoretical economic life, and remaining value (as % of purchase price). Economic life (theoretical) for tractor-mounted sprayer was taken from the ASABE Standards [21]. The same value was also used for the backpack sprayers due to the absence of specific data and due to the small contribution (just 1.5/1000) of the specific parameter of the total cost. Economic life of the UAV was counted as 4 years because the rapid development of this technology results in a limited shelf-life [10,22,23]. In such cases, it is not the annual use that leads to the depreciation but the technology becoming obsolete. The same applies for the power station that is generally associated with the technology of the UAV batteries but not for the RTK-GPS, which imposes a lower technological risk; therefore, economic life was considered as 10 years [24].



Some of the equipment, like tractors, trucks, or tractor sprayers, are not supposed to be used solely for olive spraying; on the contrary, their use in spraying may have a limited contribution to the total annual use. To overcome this complex, “hypothetical economic life” in term of years was estimated as the ratio of the theoretical hours of economic life to the hours of actual annual use for olive spraying. Annual depreciation was based on this hypothetical economic life. Capital spending for the equipment encompasses annual depreciation plus the annual interest for the engaged capital. The latter was estimated on a theoretical economic life basis. The remaining value at the end of the economic life of the equipment was considered to be 20% for the UAV and its peripherals (except for the batteries, where it was 0%), 10% for the tractor sprayer, the tractor, and the truck, and 0% for the backpack sprayers. The higher remaining value for the UAV and its peripherals is due to their short economic life providing an opportunity for using them for other purposes, for selling spare parts, or even benefitting from a funded withdrawal.




2.2.3. Repairs and Maintenance


For the cost of repairs and maintenance (R&M) of the tractor and the sprayer, the formula from the ASABE D497.5 standards [20] was used (Table 3).



 





Table 3. Repairs and maintenance costs according to ASABE D497.5 standards [20].






Table 3. Repairs and maintenance costs according to ASABE D497.5 standards [20].





	
   C  r m   =   R  F 1     Q 0       h  1000         R  F 2       

	

	
RF1

	
RF2




	
Sprayers

	
0.410

	
0.005




	
Tractor

	
1.300

	
2.000








where Crm is the accumulated cost of repairs and maintenance, Q0 is the purchase price, h the total hours of use, and RF1 and RF2 constants depending on the equipment. For the backpack sprayers, due to the absence of specific parameters, total life R&M costs accounted for 50% of the purchase price. The specific cost could have been considered neglectable as its contribution to the total cost is less than 0.1%. Contrarywise, UAV ownership and consequently UAV R&M costs constitute an important portion of the total cost of the operation. Nevertheless, there is also a lack of specific information for UAVs and their peripherals because the technology is rather new. Some general information indicates that these costs should be considered to be around 50% of the purchase price [23].



Repairs often involve a second kind of cost, so-called “soft costs” arising from the loss of the operative ability of the equipment in the case of immobilization due to a failure. In some cases, net income losses from delayed or even lost field work may be even more serious than the cost of the repairs. Ideally, backup equipment should always be available “on the shelf”. This is not a problem for low-cost equipment like the backpack sprayers, nor for the tractor sprayers despite their high price, because usually there are plenty of this equipment to hire in rural areas in case of a serious failure. In the case of a UAV or its peripherals, however, the operating agent should keep adequate backup sets to ensure that the fleet of UAVs is always operatable. The UAV failure rate was verified at about 1/103 flight hours [25]. Considering a one-month immobilization period for the repairment, it is estimated that one extra UAV could serve as a backup for a fleet of 33 UAVs. Nevertheless, it is fairly possible for a company to operate more than five UAVs for olive spraying. Therefore, an extra depreciation cost equal to 1/5 of the normal depreciation cost was considered for the backup UAV. The same applies for its peripherals.




2.2.4. Energy Costs


Energy use originates from fossil fuel consumption (usually diesel) or electricity. Diesel fuel is consumed either by the tractor or truck carrying the equipment or by the tractor assisting the mechanical sprayer, whereas electricity is used by the UAV. Energy consumption was estimated for each of the following functions: transportation (all cases), moving into the field (Cases II and III), and powering the mechanical sprayer (Case II). The performance, traction, slip, and power requirements for the corresponding ground vehicle were estimated according to the ASABE D497.7 Standard [21] for the different terrains (field, country road, concrete). Traction power was converted to equivalent PTO or flywheel power thus allowing the estimation of specific fuel consumption and hence, fuel consumption in liters per hour, which were further converted to liters per ha by adjusting for the time intervals of each function. Considering a price of EUR 1.85 per L for diesel (2022 mid price), the total fuel costs were estimated. In addition, the use of hydraulics and lubricants were estimated according to ASABE D497.7, and their corresponding costs were assessed using an average oil/lubricant price of 4 EUR/L.



The DJI T16 UAV is a hexacopter with a standard take-off weight with full payload being 41 kg and a hovering power at full pay load of 5.20 kW [18]. Therefore, the specific power consumption is estimated at 0.124 kW∙kg−1. With a payload of 8.1 Lt that was estimated optimum for the present application, the UAV has a take-off weight of 34.2 kg and a landing weight with an empty tank of 25.9 kg. Therefore, the mean weight during a single sortie is 30.05 kg and the average power consumption for hovering was 4.21 kW. A further ten percent of the maximum power consumption was also accounted for the function of the electronics (IMU, Wi-Fi, sensors, etc., and also the function of the spraying pump).



To perform 13 sorties per day (Table 1) the UAV would be hovering for 2.48 h. Therefore, daily energy consumption was estimated at 10.15 kWh. This energy is produced by the portable power station, which contains a power plant that runs on diesel. The specific fuel consumption for a 5 kW power plant is about 350 g kWh [26]. A performance coefficient of 90% was also considered for the electrical unit of the power station. The fuel consumed by the truck for carrying the equipment to the fields and moving from one take-off point to another was also accounted.




2.2.5. Licenses, Fees and Taxes


Tractors and trucks must have vehicle insurance covering third party injuries, which was broadly estimated at 2.5/1000 of the purchase price on an annual basis. UAVs must also have insurance that is currently about EUR 600 per year.




2.2.6. Storage


The cost of storage is rather low. In the case of traditional agricultural equipment, the demand for housing is generally limited. UAVs involve hi-tech technology that require controlled conditions in terms of storage temperature, humidity, and safety. According to the ASABE Standards [21], the cost of housing for traditional equipment can be generally considered as 0.75% of the purchase price; for UAVs it was double at 1.5%. For the multipurpose equipment (e.g., tractor, truck, sprayer), the cost of storage was multiplied with the ratio of the time the equipment was used in olive fruit fly bait spraying compared to the total lifetime.




2.2.7. Surveillance and Georeferencing (for the UAV Method Only)


Field surveys and desktop processing are required for obtaining orthorectified and georeferenced material with images from a particular area. The preliminary field survey should be employed with a visual inspection UAV equipped with a simple RGB sensor and assisted by an RTK base station. The raw survey product needs further processing with photogrammetric software to obtain an orthomosaic. Tree recognition may be employed manually or by using AI algorithms. The whole process requires highly skilled personnel and advanced hardware and software facilities. The task does not need to be employed annually but at least every five years to record permanent changes of land use. It may be applied by a third-party servicer. Market prices for such a service range from 15–25 EUR∙ha−1. Although, an average annual price is estimated at 4 EUR∙ha−1.





2.3. Geospatial and Statistical Analysis


The QGIS open-source software (QGIS 3.30 Geographic Information System, QGIS Association. http://www.qgis.org) was used to record all the spatial and temporal information of the alternative spraying methods and estimate the time lapses and performances. The computational model for the economic assessments was built in Microsoft Excel (https://office.microsoft.com/excel). The statistical models for the sensitivity analysis were created in OriginPro 2022 (OriginLab Corporation, Northampton, MA, USA).





3. Results


3.1. Case Comparisons


Table 4 summarizes the cost categories for the three alternative methods. The total cost for traditional spraying with backpack sprayers (Case I) was estimated at 5.24 EUR∙ha−1. The cost of labor was estimated at 4.93 EUR∙ha−1 accounting for 94% of the total. The capital spending and R&M of the backpack sprayers and the tractor were 0.13 EUR∙ha−1 and accounted for 2.6% of the total. The fuel costs for the transporting vehicle were 0.12 EUR∙ha−1, 2.5% of the total, and the least important source was the cost of the insurance estimated at 0.05 EUR∙ha−1.



For spraying with a tractor and a ground worker handling a lance (Case II), the total cost was estimated at 7.24 EUR∙ha−1. The labor cost was 3.66 EUR∙ha−1, lower than Case I, but there was a much higher cost for capital spending and R&M for the tractor and the sprayer, equal to 2.21 EUR∙ha−1. Fuel consumption was also higher, at a cost of 1.24 EUR∙ha−1. In total, 91.3% of the fuel was consumed in the field and the rest was for transportation. In total, labor accounted for 50.5% of the total costs, capital spending and R&M for 30.5%, and fuel consumption for 17.1%.



The total cost for spraying with the UAV (Case III) was estimated at 10.41 EUR∙ha−1, significantly higher when compared to the two traditional methods. The biggest source of the high cost was the capital spending on the UAV and its peripherals. This was estimated at 4.06 EUR∙ha−1. Along with the costs for R&M, the ownership cost amounted to 5.91 EUR∙ha−1 and accounts for almost 56.9% of the total. The second most important was the cost of labor, accounting for 30.8% of the total. Nevertheless, and despite the higher wages for the skilled UAV operating staff, the labor cost was lower compared to the traditional methods and estimated to be equal to 3.20 EUR∙ha−1. The fourth important source was the cost of licenses and insurance, which was estimated at 0.74 EUR∙ha−1, accounting for 7.1% of the total. The cost of energy was estimated at 0.32 EUR∙ha−1. This cost is associated with the cost of the diesel used in the power station for charging the UAV batteries as well as the cost of the diesel consumed by the vehicle for transportation into the fields. The charging of the batteries was responsible for 90% of the total diesel consumed. Even though field surveillance was considered to be performed every five years, its contribution to the total cost reached 2% and was estimated at 0.20 EUR∙ha−1.



The capital spending costs are analyzed with their components in Table 5. For Case I, the use of the major spraying equipment (backpack sprayers) has a negligible cost. The use of the transporting truck also has a minimal impact costing less than 0.10 EUR∙ha−1. In Case II, the capital spending was 0.87 EUR∙ha−f for the sprayer unit and 0.52 EUR∙ha−f for the tractor. In Case III however, the use of the sprayer unit (UAV) along with its indispensable batteries represents 83% of the total capital spending. The use of the UAV is estimated at 2.22 EUR∙ha−f and the use of the batteries at 1.04 EUR∙ha−f. Additionally, another 0.64 is associated with the use of the peripherals (RTK base station and power station). The use of the truck for carrying the equipment has a negligible impact.



Figure 6 presents the distribution of the variable and fixed costs for the three methods. The variable costs include labor, energy use, and repairs and maintenance. They are accounted for on an hourly basis and occur only when a task is performed. Fixed costs, on the other hand, are accounted for on an annual basis and occur even if an item is not in use. They include capital spending, license, fees and taxes, storage, and field surveillance (only for Case III). Variable costs are considered flexible but fixed costs are rigid. To eliminate the contribution of the fixed costs to the total costs, the annual use of the items should be at its maximum. The present study is based on such a precondition. The analysis indicated that for the traditional method of backpack spraying (Case I), the contribution of the fixed costs was only 3%. In Case II (spraying with a tractor-mounted sprayer and a ground worker), the fixed costs became higher and represented 21% of the total. In the novel UAV method (Case III) however, the fixed costs represented almost half of the total.




3.2. Sensitivity Analysis for Case III


Based on the model presented in Section 2.2, a sensitivity analysis was performed for a set of critical parameters for the novel UAV method (Case III) to identify potential challenges in order to reduce the operational costs and improve the economic performance. Some parameters, like pilot wages, annual use, spray capacity, droplet size, drift, and backup UAV per operating UAVs, may be at some level, user-defined and therefore considered rather flexible, while others, like the UAV price and remaining value, the UAV economic life, battery prices, battery endurance, failure rate, repair and maintenance costs, and taxes and fees, are more rigid and concern mainly the UAV industry developing more efficient and economic equipment.



Table 6 presents a list of parameters that were subjected to a sensitivity analysis, the corresponding linear models that were exported from the analysis, and the break-even points, which were the value of (x) provides an operational cost (y) equal to the respective cost of traditional Case I (5.24 EUR ha−1) and Case II (7.24 EUR ha−1). Since the (y) values were estimated from the computational model described in Section 2.2, the regression coefficients R2 were over 0.99 for all cases. The pilot wage, UAV price, remaining value, droplet size, amount of drift, price of the batteries, UAV failure rate, the costs for repairs and maintenance, and the taxes and fees, provided a simple linear relation with the UAV operational cost; the annual use, the economic life, the spray capacity, the number of backup UAVs, and the battery endurance and battery recharging cycles introduced a second-degree exponential effect to the cost of operation.



None of the above examined parameters were able to provide a cost lower than the traditional backpack sprayer method (Case I). In some cases, the cost could become compatible with Case II (tractor and ground worker), but the value (x) could reach an extreme value that is not practically applicable. For instance, the UAV purchase price should drop to EUR 590 and, similarly, the price of the UAV batteries should be lower than EUR 360. These prices are far below the current manufacturing costs. A reduction in the droplet size at 53 nm could decrease the necessary volume per tree. Although this would increase the performance, it would considerably raise the risk of drift. For other parameters however, it was possible to address a reasonable value for (x) and reduce the operational cost (y) at a level compatible with Case II. For instance, the annual use could be expanded to 270 h if the UAV was also used for other applications during the year besides olive fruit fly control, which at six applications per year totalled up to 120 h per UAV annually (Table 6 and Figure 7a). It is also quite possible to reach 17.5 min of battery endurance as the current endurance ranges from 10 to 12 min with a full payload (Table 6 and Figure 7e). The 1800 battery recharging cycles are also within a feasible range for using more contemporary LiPo batteries (Table 6 and Figure 7f). Nevertheless, the total cost could remain reasonably low even with 340 recharging cycles (Figure 7f). Since the total cost (y) of the parameters (x) to produce an exponential model rise abruptly with low (x) values, the models were further analyzed to identify the points where the curvature of the exponential model becomes minimal (Figure 7). These points were identified as critical for avoiding an extremely high operational cost in the UAV method.



For annual use (Figure 7a), the nominal value estimated in the present study for covering one workshop sector during the whole fruit fly control period was 120 h and, as discussed, could be expanded to 270 h by involving the UAV in other applications. But if the annual use falls below 73.4 h, the total cost will start to rise too abruptly, making the method too expensive. Similarly, in Figure 7b, the economic life of the UAV should be at least 400 h to avoid an abrupt increase in the operational cost. The critical value for the UAV total spray capacity is 2.71 L min−1 (Figure 7c, in the current study it was 3.60 L min−1), while at least three UAVs should be operational for each backup UAV (Figure 7d). Concerning the batteries, their endurance need to be greater than 7.4 min (Figure 7e) while providing at least 340 recharging cycles (Figure 7f).





4. Discussion


The findings of the present study reveal some important economic aspects for the use of UAV sprayers in agricultural applications. The study used for comparison two conventional cases of agricultural spraying applications that encompass specific intrinsic difficulties whilst also having a high operational cost. The traditional backpack bait spraying for the olive fruit fly in mountainous and hard to access areas relies mainly on human labor and is therefore expensive. The semi-mechanized method with tractor-mounted sprayers and ground workers also causes a high cost because overall performance is restrained due to the low performance of the ground workers. In that case, the cost was actually proved higher even using the backpack sprayer method because, besides the expensive human labor, it involves additional machinery which come with fixed and variable costs. The results of the economic analysis provided a total cost of 5.24 EUR∙ha−1 for the conventional backpack spraying method and 7.24 EUR∙ha−1 for the semi-mechanized method using a tractor and a ground worker. The respective cost for the novel UAV method was 10.41 EUR∙ha−1, two times higher than that of the first method and almost 1.5 times higher than the second. However, this is subject to change if we consider the efficacy of the operation. The calculations in the present study are based on the assumption that the three use cases have similar efficacy on olive fruit fly control. To our knowledge, there is no such study in the specific operation and crop. Based on related studies in other crops [9,11,27], the UAV spraying of pesticides or other compounds may show higher or lower efficacy. This, in the case of fruit fly control, could possibly affect the applications’ annual cost.



The main source of the high cost in Case III was the capital spending of the UAV and its peripherals, mainly due to the limited economic life of the equipment, which involves cutting-edge technology that is highly subject to technological risks such as functional uncertainty, robustness, integration issues, missing service and support from vendors, and substitution by new emerging technologies [8]. The findings agree with the results in [5], which also reported considerably higher amortization costs for three alternative UAV models compared to traditional sprayer machinery. In [10], the authors developed a low-cost UAV sprayer and assessed the economic impact for bait spraying high density olives; however, the total cost was again 30% higher when compared to traditional spraying. One feasible way to reduce the capital spending cost is to maximize the annual use of the equipment by also involving it in other applications besides fruit fly control. The sensitivity analysis revealed that the equipment should be used at least 73.4 h annually to avoid an abrupt increase in the capital spending. One UAV can be used for the protection of 200–300 ha of olive plantation, recording 95–140 flight hours annually. If the same UAV also becomes involved in other applications, it may reach the 170 h needed, which is the break-even point where the cost of Case III equals the cost of Case II.



Capital spending, along with the cost for repairs and maintenance, the cost of storage, and the cost of insurance, constitute the ownership costs. They comprise about 65% of the total. Storage and insurance were relatively low but the cost of repairs and maintenance was the third most high cost because the airborne mode of the operation entails a high risk of severe or even catastrophic UAV damage during the flight, either from system failure or from a human mistake [25].



Oppositely to what was expected, the cost of human labor was considerably high and the second highest cost for the UAV method. Compared to the traditional Case I, which relies almost entirely on human labor, it was just 35% lower. The performance of a single worker for the traditional workshop with backpack sprayers (including time for breaks, refiling, etc.) was 2.98 ha∙h−1, while the mean performance for a single member of the UAV workshop was 3.91 ha∙h−1. However, the traditional workshop uses uncertified workers with low salaries, while the UAV staff are certified and highly skilled and require high salaries. Moreover, for safety and practical reasons, in Case III, two people must be involved, one experienced and certified UAV pilot and one pilot assistant. The sensitivity analysis revealed that it was not possible to reach the total cost of Case I even if the UAV staff salaries became zero. On the contrary, the cost of the energy for powering the UAV and carrying the equipment with the vehicle was low and almost four times lower compared to the cost of the energy for the tractor in Case II, despite the airborne nature of the UAV operation.



The previous estimations and comparisons were made with a DJI T16 UAV that carries a 16 L tank that was about half-filled to synchronize the tank refilling with the need for battery changes. This means that a smaller and cheaper UAV could have been used for the same work. Prices of commercially available UAV sprayers range considerably depending on the incorporated technology, the quality and reliability of the product, the provider, and many more factors. Presuming a 1/3 lower price for the UAV and its batteries, a minimum of 1800 battery recharging cycles, and an annual UAV use of at least 270 h, the computational model demonstrated that the total cost for bait spraying for olive fruit fly control could drop to 5.30 EUR ha−1, which is lower than the tractor and worker method (6.98 EUR ha−1) and compatible with the cost of backpack spraying (5.24 EUR∙ha−1). On the other hand, the assessments of the present work dismiss the impacts of the accuracy and timeliness of the operations. For instance, the setting up of a prescribed regular pattern mission may guarantee an even and uniform application with a greater efficacy on the control of the insect compared to the irregular patterns that ground-based workshops are able to follow, as proved by the actual data in Figure 3 and Figure 4. Moreover, using a UAV in combination with real-time information from online electronic traps provides the opportunity to perform precision agriculture, with timely applications in particular hot spots. A more efficient application may control the insect population better, reducing the number of the necessary annual bait applications and therefore, the overall cost. Further research is necessary though to qualify and quantify the efficacy on olive fruit fly control when using low volume, UAV-based applications.




5. Conclusions


The use of a UAV based method for controlling the olive fruit fly was more expensive compared to the two traditional methods. The total cost for using a 16 L UAV was estimated at 10.41 EUR∙ha−1. The corresponding cost for a traditional method with a tractor and a ground worker was 7.24 EUR∙ha−1, while the cost for a workshop with backpack sprayers based entirely on human labor was 5.24 EUR∙ha−1. The high cost of the UAV method was associated mainly with the high cost of the capital spending. Contemporary UAV sprayers may not be particularly expensive, considering that they are autonomous vehicles; however, their short economic life, which is up to five years, compresses the amortization period of the investment and, therefore, enormously increases the capital spending. The best way to overcome this drawback is to use the UAV as much as possible during its short economic life. The annual usage for olive fruit fly control was estimated at 95–140 flight hours gathered mainly during the summer period. There is therefore a great opportunity to utilize the UAV in other applications during the rest of the year. The sensitivity analysis performed in the present study revealed that there is a chance of reducing the total operational cost of the UAV method to a compatible level with that of the traditional, tractor and worker method, if a smaller, 10 L UAV was used for at least 170 h annually, operating with batteries that provide at least 1800 recharging cycles. Furthermore, the present study is based on the assumption that all three methods have a similar efficacy and impact on the control of the olive fruit fly. However, based on related studies in other crops, UAV spraying may have a higher or lower efficacy, thus, possibly reducing (or increasing) the number of required annual applications and affecting the annual cost accordingly. Therefore, further research is necessary to address the efficacy of UAV-based sprayer applications for the specific case of olive fruit fly control. Nevertheless, there are currently very few related works. The findings of the present study provide some essential insights into UAV operational parameters and their effects on costs that can be useful for professional UAV-sprayer applications and the developing UAV industry.
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Figure 1. Traditional spraying with backpack sprayers (a), traditional spraying with lances assisted by a tractor-mounted sprayer (b), and novel spraying with a UAV (c). 
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Figure 2. Study areas in Magnesia, Greece. 
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Figure 3. Areas sprayed over two consecutive tank refillings by two traditional workshops operating with backpack sprayers in the regions of Achilio and Pteleos. 
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Figure 4. Areas in the region of Gavriani sprayed during a two-day job by a workshop comprising one spray worker operating a lance supported from a tractor-mounted sprayer. 
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Figure 5. Field tests with UAV spraying in a 3.1 ha olive grove. Three cases containing alternative UAV flight paths were examined. 
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Figure 6. Variable and fixed costs for the three study cases. 
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Figure 7. Graphical sensitivity analysis for the exponential model parameters. Changes of total costs in accordance to annual UAV use (a), UAV economic life (b), UAV spray capacity (c), number of UAVs (d), Battery endurance (e) and Battery recharging cycles (f). Black solid circles indicate the critical points where substantial changes in the curvature model occur. The interval within denotes the acceptable range for the factor X. 
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Table 1. Operational parameters for the three study cases in the common base scenario.
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Backpack Sprayers

	
Tractor Sprayer with Lances

	
Spraying

with UAV




	

	
(Case I)

	
(Case II)

	
(Case III)






	
 Number of workers

	
6 [a]

	
2 [b]

	
2




	
 Droplet size (μm)

	
500

	
500

	
128




	
 Nozzle capacity (L min−1)

	
3.00

	
6.60

	
0.45




	
 Spray dose (L ha−1)

	
15.0

	
15.0

	
3.4




	
 Spray tank capacity (L)/% fill

	
18/100%

	
500/100%

	
16/52%




	
 Trees sprayed with one tank

	
60

	
1670

	
108




	
 Total time for applying one tank (min) *

	
24.2

	
240.0

	
16.6




	
 Number of tanks applied daily

	
4 × 10

	
1

	
14




	
 Hectares covered per workshop, daily (ha day−1)

	
48.1

	
33.4

	
30.2








* Including time for refilling. [a] 4 sprayers, 1 driver, 1 foreman, [b] 1 sprayer, 1 driver/foreman.













 





Table 2. Capital spending parameters of utilized equipment for the three alternative cases.
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Backpack Sprayers

	
Tractor Sprayer with Lances

	
Spraying

with UAV




	

	

	
(Case I)

	
(Case II)

	
(Case III)






	
Purchase

price (EUR):

	
Spraying unit

	
50 [a]

	
8000 [b]

	
9900 [c]




	
Tractor/Truck

	
30,000

	
45,000

	
20,000 [d]




	
UAV battery

	

	

	
1100




	
Power station

	

	

	
1500




	
RTK GPS

	

	

	
2500




	
Theoretical

economic

life (h):

	
Spraying unit

	
3000 [a]

	
1500 [b]

	
5 [c] (years)




	
Tractor/truck

	
16,000

	
16,000

	
15,000 [d] (hours)




	
UAV battery

	

	

	
116 (hours)




	
Power station

	

	

	
5 (years)




	
RTK GPS

	

	

	
10 (years)




	
Annual

use (h):

	
Spraying unit

	
73 [a]

	
129 [b]

	
76 [c]




	
Tractor/truck

	
40.0

	
139.5

	
3 [d]




	
UAV batteries

	

	

	
76




	
Power station

	

	

	
116




	
RTK GPS

	

	

	
78




	
Remaining

value

(% purchase

price)

	
Spraying unit

	
0

	
10

	
20




	
Tractor/truck

	
10

	
10

	
10




	
UAV battery

	

	

	
0




	
Power station

	

	

	
20




	
RTK GPS

	

	

	
20








[a] backpack sprayer, [b] tractor sprayer, [c] UAV sprayer, [d] truck.













 





Table 4. Summary of costs for the three methods.
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Cost of Use (EUR ha−1)




	

	
Backpack

Sprayers

	
Tractor Sprayer with Lances

	
Spraying

with UAV






	
 Labour

	
4.93

	
3.66

	
3.20




	
 Capital spending

	
0.08

	
1.39

	
4.06




	
 Repairs and Maintenance

	
0.05

	
0.82

	
1.86




	
 Energy

	
0.12

	
1.24

	
0.32




	
 Licencies, fees and taxes

	
0.05

	
0.11

	
0.74




	
 Storage

	
0.00

	
0.03

	
0.04




	
 Surveilanance and georeferencing

	
-

	
-

	
0.20




	
Total

	
5.24

	
7.24

	
10.41











 





Table 5. Capital spending costs for the three methods.
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Capital Spending (EUR ha−1)




	

	
Backpack

Sprayers

(Case I)

	
Tractor Sprayer with Lance Worker

(Case II)

	
Spraying

with UAV

(Case III)






	
Spraying unit

	
0.001

	
0.87

	
2.22




	
Tractor/truck

	
0.084

	
0.52

	
0.01




	
UAV batteries

	

	

	
1.04




	
Power station

	

	

	
0.34




	
RTK base station

	

	

	
0.30











 





Table 6. Sensitivity analysis models produced in the study of UAV operational costs (y) in relation to different operational parameters (x) and corresponding break-even points when comparing Cases I and II.
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Break-Even Points for (x)




	
Parameter (x)

	
Model for Total Cost y (EUR ha−1)

	
Case I

	
Case II






	
UAV pilot wage (€)

	
y = 0.028x + 6.77

	
na *

	
na




	
UAV purchace price (€)

	
y = 0.0003x + 6.74

	
na

	
590




	
Annual use (h)

	
y = 49.37(−x/11.7) + 8.59(−x/122.65) + 6.02

	
na

	
270




	
Economic life (h)

	
y = 36.14(−x/60.19) + 7.12(−x/397.01) + 7.35

	
na

	
na




	
UAV Remaining value (%)

	
y = −0.792x + 8.12

	
na

	
na




	
UAV Spray capacity (l min−1)

	
y = 11.33(−x/0.69) + 2.79(−x/3) + 7.02

	
na

	
na




	
Droplet size (μm)

	
y = 0.013x + 6.27

	
na

	
53




	
Drift (%)

	
y = 0.018x + 7.74

	
na

	
na




	
Operating per backup UAV

	
y = 6.06(−x/0.67) + 1.67(−x/3.23) + 7.61

	
na

	
na




	
Battery purchase price (€)

	
y = 0.001x + 6.47

	
na

	
360




	
Battery endurance (min)

	
y = 38.81(−x/1.21) + 8.9(−x/5.51) + 6.6

	
na

	
17.5




	
Battery recharging cycles

	
y = 19.15(−x/70.7) + 4.36exp(-x/410) + 6.99

	
na

	
1800




	
Failure rate

	
y = 23.029x + 7.81

	
na

	
na




	
UAV R&M costs (%pp)

	
y = 0.009x + 7.5

	
na

	
na




	
Taxes and fees (%pp)

	
y = 0.107x + 7.24

	
na

	
na








* na = not applicable.
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