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Abstract. The article substantiated the organisational-economic conditions and engineering prerequisites for
implementing agricultural drones in the production processes of agricultural enterprises of Poltava region. The
aim of the research was to determine the minimum land area at which purchasing or contracting drone services
becomes economically viable,and to establish the technical parameters of spray application quality and the priority
operations for unmanned aerial equipment. The empirical base comprised statistical data for 2021-2025, technical
documentation for DJI Agras T50 and XAG P100 Pro agricultural drones, and field measurement results from 18
agricultural enterprises in the region, using breakeven threshold analysis, sensitivity analysis, field measurement
experiment, and multi-criteria ranking methods. An engineering-economic breakeven threshold model was
developed, incorporating capital and operating costs, depreciation schedules, and the qualitative effect of working
solution distribution uniformity. It was established that the minimum land area for purchasing an own agricultural
drone with three treatments per season is 486 ha, while contracting a third-party operator becomes cost-effective
from 52 ha. Coverage uniformity achieved by an agricultural drone was twice as high as that of a ground boom
sprayer: the coefficient of variation was 14.2% versus 28.4% respectively (p <0.001). The optimal droplet size of
115-145 pm corresponds to the fine-droplet category suitable for contact fungicides. The highest economic return
was achieved through crop protection spraying and liquid fertiliser application. A four-level technological chain
integrating the agricultural drone with digital platforms for crop condition analysis and variable-rate application
was defined, reducing the response time from field problem detection to treatment from 5-7 to 1-2 days. The
findings may be applied by agricultural enterprises when forming digitalisation investment strategies and in
training specialists in agroengineering

Keywords: agricultural drone; payback threshold; spray coverage uniformity; variable-rate application; precision
agriculture; investment breakeven analysis

INTRODUCTION
The global transformation of the agro-industrial com-  tools, enabling a fundamentally new level of manage-
plex within the Precision Agriculture 4.0 framework ment of technological operations - from crop condition
drives the rapid adoption of digital technologies in  monitoring to variable-rate application of plant protec-
crop production processes. Unmanned aerial systems  tion products (PPP) and mineral fertilisers. The steady
(UAS) have become one of the key precision farming annual growth of the global agricultural drone market
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confirms their increasing role in modern agricultural
production and reflects sustained demand for automat-
ed precision farming solutions.

Z.Huang et al. (2023) investigated how application
parameters of a six-rotor UAV sprayer affect spray dep-
osition and pest-control efficacy in rice fields. They var-
ied spray volume, flight height, travel speed and nozzle
type. The authors found that greater spray volume in-
creased deposition, while flight height affected distri-
bution uniformity. They identified 15 L/ha, 2 m flight
height and 5 m/s travel speed as optimal conditions for
the tested rice growth stage. Under these conditions,
both nozzle types provided more than 93% control of
rice planthopper, although the air-induction nozzle
gave higher deposition but somewhat poorer uniform-
ity. D. Yallappa et al. (2023) examined how the down-
wash airflow generated by a hexacopter influences
spray distribution from a boom sprayer mounted on the
drone. The researchers tested different flight heights,
travel speeds, rotor configurations, payloads, wind ve-
locities, nozzle spacings and operating pressures, using
a spray patternator to assess distribution uniformity.
The study demonstrated that downwash and operat-
ing conditions substantially affect the spray pattern,
indicating that parameters such as flight height, nozzle
spacing and pressure need to be optimised to obtain
more uniform application. C. Wang et al. (2021) focused
on spray deposition, drift and mass balance using three
different UAV configurations and two nozzle types in
an artificial vineyard. The authors found that the air-in-
duction nozzle substantially improved deposition uni-
formity and reduced both sedimenting and airborne
drift compared with the hollow-cone nozzle. Under the
tested conditions, the reduction in drift was estimated
at 81-95%, while the hollow-cone nozzle resulted in
49.3-73.4% of measured droplets drifting into non-tar-
get areas. Overall, the six-rotor UAV showed the best
spray performance among the three UAV types tested.

0. Parmaksiz & G. Cinar (2023) investigated the
factors influencing farmers’ willingness to adopt agri-
cultural unmanned aerial vehicles (UAVs). Based on a
survey of 384 farmers in Tirkiye, the authors examined
how perceived usefulness, farmers’ characteristics and
economic considerations affect technology acceptance.
They concluded that UAV adoption is influenced not
only by the perceived benefits of the technology but
also by farmers’ economic and personal characteristics,
highlighting the importance of reducing financial and
other barriers to wider adoption. X. Quan et al. (2023)
examined the economic effects of using UAVs for pes-
ticide application among more than 2,000 grain farm-
ers across 11 provinces in China. Using propensity
score matching, the authors found that UAV adoption
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increased farmers’ income by approximately US$434-
488 per hectare and reduced pesticide-application time
by around 14.4-15.8 hours per hectare. They also found
that the economic benefits depended on the scale of
UAV use and estimated approximately 20 hectares as
an economically optimal operational area based on
marginal income and time savings.

In the economic dimension, the feasibility of ag-
ricultural drone implementation has been studied
primarily for Asian countries with developed operator
services markets, while regionally differentiated engi-
neering-economic models for Ukraine remain large-
ly undeveloped. The production conditions of Poltava
region, characterised by substantial areas under sun-
flower and maize, a high proportion of medium-sized
enterprises (200-1,000 ha), and a developed network
of agro-service companies, create a specific regional
context that requires separate analysis of agricultural
drone implementation feasibility. Studies combining
engineering-technical analysis of drone characteris-
tics with a regional economic model and educational
provision for Agroengineering specialists are virtually
absent in the domestic scientific literature.

Research aim was to substantiate the organisa-
tional-economic conditions and engineering-technical
criteria for selecting the form of UAS implementation
in the production processes of agricultural enterprises
of Poltava region. Research objectives were to charac-
terise the technical parameters of agricultural drones
suitable for Ukrainian conditions under martial law and
to develop an engineering-economic model for deter-
mining area threshold values for different forms of UAS
engagement; to verify the threshold indicators based
on data from agricultural enterprises of Poltava region
and to rank crop production technological operations
by the level of economic effect from drone application;
to define the technological chain for integrating agri-
cultural drones into the precision agriculture system,
taking into account the regional specifics of production.

MATERIALS AND METHODS
The study was conducted during 2023-2025. The field
stage involved surveys of 18 agricultural enterprises
in Poltava and adjacent regions with land areas rang-
ing from 50 to 2,500 ha. The sample was formed us-
ing quota sampling by size group: up to 200 ha - 6
enterprises, 200-1,000 ha - 7 enterprises, over 1,000
ha - 5 enterprises. Regional crop area statistics for Pol-
tava region covering 2021-2025 were obtained from
the open data portal of the State Statistics Service of
Ukraine (Makarchuk, 2025). Data were downloaded in
tabular format and processed in Microsoft Excel to cal-
culate annual area totals, crop shares, and inter-annual



dynamics. The combined share of sunflower and soy-
bean was calculated as the ratio of their aggregate
sown area to total arable land per year; statistical sig-
nificance of the observed trend was assessed using Stu-
dent’s t-test (p<0.05).

The regional UAS operator market was character-
ised based on data from the Unified State Register of
Legal Entities and Individual Entrepreneurs of Ukraine,
cross-referenced with publicly available listings on ag-
ricultural service platforms and direct telephone veri-
fication conducted during April-June 2024. Operators
were included if they: held a valid UAV pilot licence
issued by the State Aviation Administration of Ukraine;
offered commercial agricultural spraying services; and
were registered or operated within Poltava or adja-
cent regions. Spatial availability within a 50 km radius
was determined using straight-line distance calcula-
tions between operator registration addresses and
the centroid of each surveyed enterprise, performed
in QGIS 3.28. The threshold of three competitive op-
erators within 50 km was adopted as the minimum
criterion for effective market competition, consistent
with standard procurement practice in the regional
agro-service sector.

Spray coverage uniformity was measured using
Teejet WSP-25 water-sensitive paper (ASAE S386.2
FEB1988 (R2024ED), 2024), followed by scanning in
DropScope software. The coefficient of variation of cov-
erage (CV, %) was calculated as the ratio of the standard
deviation of coverage density to the arithmetic mean
across a sample of 50 cards per field. Coverage den-
sity (droplets/cm?) was determined automatically in
DropScope from digitised card images. To calculate the
minimum breakeven area for own-drone purchase, the
breakeven threshold analysis method was employed
(Equation 1), comparing total discounted costs of UAS
acquisition and five-year operation against accumulat-
ed savings from substituting ground spraying:

Cuyas + Cacc + Cmaint * T
510 = Wyrouna Fons) T @
where C, - initial UAS cost, UAH; C,. - accessories
cost (batteries, charging stations), UAH; C_.... — annual
maintenance costs, UAH/year; T - standard deprecia-
tion period, years (T=5); V.« — unit costs of ground
spraying (fuel, depreciation, labour), UAH/ha; Vs — unit
operating costs of own drone (battery charging, opera-
tor, consumables), UAH/ha; n — number of technological
treatments per season.

The working solution application rate of the drone
was calculated using Equation 2, reflecting the rela-
tionship between pump system capacity, flight speed,
and swath width:
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qg=%2 (2)

where g - application rate, L/ha; Q - pump capacity, L/
min; v - flight speed, m/s; B - swath width, m. For the
DJI Agras T50 at Q=8 L/min and B=6 m, the target
application rate of 16 L/ha is achieved at v=5 m/s. The
permissible speed range for maintaining the rate with-
in £10% of the target is 4-6 m/s.

Ranking of five crop production technological op-
erations by economic effect was performed using a
multi-criteria weighted scoring method across three
criteria: unit cost savings (weight 0.40), application fre-
quency in a standard crop rotation (0.35), and complex-
ity of substitution by ground-based alternatives (0.25).
The weights were assigned through structured expert
elicitation involving five agricultural engineers and two
agronomists from Poltava State Agrarian University, us-
ing the direct rating method with subsequent normal-
isation to unity. The highest weight was assigned to
unit cost savings as the most directly quantifiable and
economically significant criterion; application frequen-
cy was ranked second as it determines the cumulative
seasonal effect; substitution complexity was assigned
the lowest weight as a qualitative criterion with great-
er measurement uncertainty. To verify the robustness of
the resulting ranking, a sensitivity check was performed
by varying each weight by #0.10 while proportionally
adjusting the remaining two. The rank order of the top
three operations - PPP spraying, liquid fertiliser appli-
cation, and NDVI/NDRE monitoring - remained stable
across all tested weight combinations, confirming that
the ranking is not critically dependent on the specif-
ic weight values assigned. The technological chain for
integrating agricultural drones into the precision agri-
culture system was constructed using systems analysis
based on decomposition of the production process into
functional levels. Sensitivity analysis was performed
by varying model parameters within £30% of base val-
ues in 10% increments. The relationship between the
share of row crops and demand for drone services was
assessed using the Pearson correlation coefficient (r).
Statistical data processing was conducted in Microsoft
Excel and IBM SPSS Statistics 27; significance of dif-
ferences between groups was assessed using Student’s
t-test (p<0.05).

RESULTS AND DISCUSSION
Analysis of the agricultural drone market available in
Ukraine as of 2025, taking into account martial law
restrictions on aviation, identified two principal multi-
copter platforms for spraying and fertiliser application:
DJI Agras T50 and XAG P100 Pro. Hybrid fixed-wing
platforms were excluded from consideration due to
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legal restrictions on flights in active combat zones and
within the 50 km border exclusion zone of Ukraine (DJI

Agriculture, n.d.). Comparative technical specifications
of both platforms are presented in Table 1.

Table 1. Comparative technical specifications of agricultural drones for crop spraying

Technical parameter DJI Agras T50 XAG P100 Pro
Platform type Multicopter (8 rotors) Multicopter (8 rotors)
Payload capacity, kg 40 (liquid + solid) 50 (liquid)
Tank volume, L 50
Swath width, m 5.5-9.0 6.0-10.0
Maximum flight speed, m/s 10
Spraying productivity, ha/h 21-43 25-48
Navigation accuracy (RTK GNSS), cm +2-3 +2
RGB camera, MP 48 (Sony IMX586) 12
Multispectral sensor 6 ch (RGB+NIR +RE +Red - edge) 5 ch (RGB+NIR+RE)
LiDAR (terrain mapping) Yes (rear + downward) Yes

Pump system capacity, L/min 12
Nozzles 4 x dual-channel centrifugal 6 x centrifugal
Coverage uniformity CV, % 13-16 12-15
Droplet VMD (standard mode), um 115-145 110-140
Coverage density, droplets/cm? 28-48 30-52
Price in Ukraine (2025), thousand UAH 1,350-1,580 1,250-1,480

Source: compiled by the author based on DJI Agriculture (n.d.), XAG (n.d.)

Both platforms feature RTK navigation with
£2-3 cm accuracy, ensuring adjacent swath over-
lap of no more than 15 cm. According to U. Mogili &
B. Deepak (2018), the availability of multispectral sen-
sors increases the economic efficiency of each sortie
by 18-25% by combining executive and monitoring
functions. The DJI Agras T50 offers a channel-count
advantage in its multispectral sensor (6 versus 5), en-
abling computation of a broader set of vegetation in-
dices, including NDRE, which is more sensitive to chlo-
rophyll content during active vegetation. The LiDAR
sensor on both models ensures automatic terrain-fol-
lowing at a constant flight altitude of 2-3 m, which is
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critical for maintaining stable droplet size when
spraying sloped areas characteristic of the Poltava re-
gion relief. The productivity comparison - 21-43 ha/h
(DJI T50) versus 25-48 ha/h (XAG P100 Pro) - demon-
strates sufficient technical potential for servicing
farms up to 500 ha within a single season without
additional equipment, provided rational flight mission
planning. Field measurements of spray application
quality at 18 enterprises in 2023-2025 demonstrat-
ed significant differences between agricultural drones
and ground sprayers across three technical criteria:
coverage uniformity, droplet size, and application rate
dependence on flight speed (Fig. 1).
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Figure 1. Technical characteristics of spray application quality: ground sprayer versus agricultural drone
(field measurements, Poltava region, 2023-2025)

Source: compiled by the author
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Agricultural drones demonstrated a statistical-
ly significant improvement in coverage uniformity -
CV=14.2+2.3% - compared to a ground sprayer with
a 24 m boom (CV=28.4%£4.1%, p<0.001), representing
a 2.0-fold improvement. The median volume diameter
of drone droplets (VMD =125 pm) falls within the BCPC
Fine category (100-175 pm) and is substantially clos-
er to the optimum for contact fungicides than ground
sprayers (VMD =320 pm), which increases the risk of
spray runoff and reduces protection efficacy by 12-18%

(Huang et al., 2009). Panel C of Figure 1 confirms that
at 0=8 L/min and B=6 m, the target rate of 16 L/ha
is achieved at v=5 m/s (Equation 2). At speeds exceed-
ing 8 m/s, deviation from the target rate exceeds 38%,
which is unacceptable for contact insecticides. Analysis
of the crop area structure of Poltava region for 2021-
2025 (Table 2) provides the basis for assessing poten-
tial UAS service demand, as different crops require
different treatment frequencies and present different
constraints for ground machinery.

Table 2. Crop area structure of Poltava region, thousand ha (2021-2025)

Crop 2021 2022 2023 2024 2025 Share 2025, %
Sunflower 671.5 659.4 682.1 694.3 701.2 29.8
Maize 498.7 487.3 501.6 511.2 518.4 22.0
Winter wheat 501.2 493.6 4789 482.4 475.6 20.2
Soybean 224.3 238.7 2514 263.8 278.5 11.8
Other crops 382.4 371.0 407.0 389.3 381.3 16.2
Total 2,278.1 2,250.0 2,321.0 2,341.0 2,355.0 100.0

Source: compiled by the author based on A. Makarchuk (2025)

The combined share of sunflower and soybean in-
creased significantly from 39.3% in 2021 to 41.6% in
2025 (p<0.05). This is particularly important for UAS
potential assessment: both crops require 3-5 fungicide
and insecticide treatments per season, and canopy
height at critical growth stages (1.5-2.5 m) impedes
ground machinery access and causes damage to 3-7%
of plants per row (Shafian et al., 2018). The correla-
tion between the share of these crops in district-lev-
el sowing structures and the number of drone service

orders was r=0.81 (p <0.01), confirming a causal re-
lationship and indicating growing structural demand
for UAS services in the region. Substituting 2025 mar-
ket parameters into Equation 1 (Cy,s=1,410,000 UAH;

Caee = 195,000 UAH; C,,;, = 105,000 UAH/year; T =5
years; V, ,,.a= 567 UAH/ha - unit costs of ground spray-

ing; Vyas =275 UAH/ha - unit operating costs of own
drone including battery charging, operator salary, and
consumables), threshold area values were calculated
for three scenarios (Table 3).

Table 3. Threshold area calculations for own-drone payback

Scenario B (baseline)

Scenario C (intensive)

Parameter Scenario A (small farm)
Treatments per season, n 2
Cuns + Coeo UAH 1,605,000
Coine X T, UAH 525,000
Total UAS costs over 5 yr, UAH 2,130,000
Unit savings (Vy.una = Vias), UAH/ha 292
Minimum threshold area S, ., ha 729

Payback period at S=1,000 ha, years 3.6
Recommended form if S< S, Service/leasing

Recommended form if S2 S, Purchase

Source: calculated by the author

The graphical interpretation of the breakeven analy-
sis is shown in Figure 2.Intersection points of accumulat-
ed saving curves with the total-cost line (UAH 2,130,000
over five years) correspond to calculated threshold val-
ues: 729 ha (2 treatments), 486 ha (3 treatments), 365 ha
(4 treatments), and 292 ha (5 treatments). The three

3 5
1,605,000 1,605,000
525,000 525,000
2,130,000 2,130,000
292 292
486 292
2.4 15
Service Service
Purchase Purchase

characteristic zones in Figure 2 — outsourcing zone (up to
292 ha),transitionzone (292-486 ha),and own-drone zone
(above 486 ha) - correspond to the three organisational
strategies for UAS engagement.The sensitivity analysis
results confirming the robustness of these thresholds
under varying input parameters are presented in Table 4.

Ukrainian Black Sea Region Agrarian Science, 30(3), 43-53
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Figure 2. Breakeven analysis for agricultural drone purchase by land area and treatment intensity

Source: gcompiled by the author

Table 4. Sensitivity analysis: minimum breakeven area S,,, (ha) under £30% variation
of key parameters (baseline scenario: n = 3 treatments/season)

-30%

Parameter

UAS purchase cost (C;,s), UAH 390 422
Annual maintenance cost (C,,,.), UAH/year 450 462
Ground spraying cost (V,,,..) UAH/ha 1,165 795
UAS operating cost (V,s), UAH/ha 379 409
Number of treatments (n) * 729 729

-20%

-10% Baseline  +10% +20% +30%  Elasticity
454 486 518 551 583 0.66
474 486 498 510 522 0.25
603 486 407 350 307 -1.63
444 486 537 599 678 1.05
486 486 486 365 365 -

Note: * n is a discrete variable; *10% yields n=2.7-3.3, rounded to n=3 (no change); breakpoints occur at n=2 (729 ha)

and n=4 (365 ha)
Source: calculated by the author

Sensitivity analysis showed that drone purchase
cost exerts the greatest influence on S, (elasticity
0.66), followed by number of treatments. A 20% re-
duction in equipment cost (projected by 2027 through
technological progress) would reduce S, by approxi-
mately 13%, making purchase viable from 422 ha with
three treatments. The cost-effective service contract-
ing threshold of 52 ha - the minimum area at which
the Poltava regional market provides at least three
competitive operators within a 50 km radius - creates
a clear two-tier market structure: farms below 292 ha
are best served by outsourcing; those in the 292-486
ha range should conduct a detailed risk assessment
weighing seasonal operator availability against capital
outlay; farms above 486 ha with three or more annual
treatments have a strong economic case for owner-
ship. A survey of 18 agricultural enterprises conducted
during 2023-2025 revealed uneven levels of digital
technology adoption across the region. The majority
of respondents (72%) use satellite field monitoring
at least occasionally, while only 28% have practical
experience with agricultural drone services. The pri-
mary barriers identified by farm managers were high
initial investment cost (cited by 83% of respondents),
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insufficient operator availability during peak agro-
technical windows (61%), and uncertainty regarding
regulatory requirements (44 %). Cost assessment by re-
spondents who had contracted drone spraying services
indicated an average willingness-to-pay of 340-380
UAH/ha, consistent with the current regional market
price range of 320-410 UAH/ha and confirming the
economic viability of the service model for farms be-
low the ownership threshold.

These findings align with P. Hu et al. (2022), who
established a threshold range of up to 500 ha for Chi-
nese small farms. According to X. Quan et al. (2023),
the threshold tends to decrease when operator service
market density is high: for farms with row crop shares
exceeding 30%, the calculated threshold of 486 ha cor-
responds to the typical range for similar production con-
ditions. The 38% deviation in application rate at speeds
exceeding 8 m/s highlights the importance of operator
training and flight protocol compliance - non-capital
costs frequently overlooked in economic feasibility as-
sessments. With at least 37 registered UAS operators
in Poltava region as of 2024, the service outsourcing
model is gaining scale, potentially reducing per-hec-
tare rates and further compressing the own-purchase
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threshold over time. Ranking of crop production tech-
nological operations by integrated criterion - unit

savings, treatment frequency, and technical advantage
by coverage CV - is presented in Table 5.

Table 5. Ranking of crop production operations by UAS economic effect

Operation Unit savings, UAH/ha  Frequency/season Coverage CV, % Rank
PPP spraying (fungicides, insecticides) 148-298 2-5 14.2 1
Liquid fertiliser application (UAN, micronutrients) 102-195 1-3 16.1 2
NDVI/NDRE monitoring 50-320 2-4 n/a 3
Crop desiccation 145-245 1 17.8 4
Fine-seed sowing 65-130 1 224 5

Note: for the monitoring operation, savings were calculated relative to actual alternatives: manual field scouting by an
agronomist (200-350 UAH/ha/season) and commercial satellite imagery (150-400 UAH/ha/season); when monitoring is
performed as an ancillary function during a spraying flight, the unit cost approaches zero

Source: compiled by the author based on Y. Huang et al. (2009), P. Radoglou-Grammatikis et al. (2020)

Unlike the other operations, where the compari-
son base is a ground sprayer, the economic effect of
NDVI/NDRE monitoring was calculated relative to the
cost of alternative methods - manual agronomic field
scouting and commercial satellite imagery - since
ground machinery does not perform this function. The
technological chain for integrating UAS into the pre-
cision agriculture system (Fig. 3) encompasses four

hierarchical levels: sensor level (RGB, multispectral,
RTK/PPK GNSS, LiDAR), data processing level: ortho-
photo, NDVI/NDRE maps (Bendig et al., 2015), GIS
analysis, machine learning for crop stress classifica-
tion (Khanal et al., 2017), decision-making level (VRA
maps, DSS recommendations, mission parameters),
and executive level (differentiated spraying, fertiliser
application, re-monitoring).

PRECISION AGRICULTURE TECHNOLOGICAL CHAIN BASED ON UAS

1. DATA COLLECTION

Orthophoto + DEM
RGB/Camera B

48/ MP, Sony IMX photogrammetry
d

NDVI / NDRE
crop index mapping
l GIS Analysis

variability zones

Multispectral
6 ch: NIR+RE+RGB
UAS
Platform
RTK/PPK GNSS

accuracy +2-3 cm

LiDAR / IMU/ ML Classification

crop stress detection

terrain, tilt

2. DATA PROCESSING

s

3. DECISION MAKING 4. EXECUTION

VRA Map PPE Spraying

variable rate application VRA, CV = 16%

DSS Recommendation Fertiliser Application

+ yield forecast UAN, micronutrients

UAS Mission NDVI Re-survey.

waypoints + rates effect verification

Feedback ioop: effect verificatior, - mission parameter correction

Figure 3. Precision agriculture technological chain based on UAS
(original design following Precision Agriculture 4.0 concept)

B Sensor level

I Data processing (GIS/ML)
EEE Decision making [DSS/VRA)
B Execution (UAS oderator)
B Feedback loop

Figure 3. Precision agriculture technological chain based on UAS
(original design following the Precision Agriculture 4.0 concept)

Source: compiled by the author

The feedback loop between executive and sensor
levels enables effect verification and mission parame-
ter adjustment. According to A. Boursianis et al. (2022),
implementing a full technological chain reduces the
response time to detected crop stress from 5-7 to 1-2
days. P. Radoglou-Grammatikis et al. (2020) record-
ed a 22-31% increase in PPP use efficiency in farms
where an analogous integration scheme was imple-
mented. D. Tsouros et al. (2019) emphasised that full

realisation of monitoring operation potential requires
integration with agronomic decision-support plat-
forms. The growth in the combined sunflower-soybean
share to 41.6% in Poltava region in 2025, combined
with a correlation of r=0.81 between this indicator and
drone service orders, signals a sustained expansion
of the regional UAS services market and opens pros-
pects for regional digitalisation support programmes,
particularly for farms in the 400-600 ha range where
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the investment decision is most sensitive to external
support. The results obtained in this study confirm and
substantially extend the findings of recent internation-
al research on agricultural drone implementation. The
discussion is structured around three interconnected
dimensions: technical performance of UAS spraying,
economic feasibility thresholds, and systemic integra-
tion into precision agriculture.

Technical performance and spray quality. The cover-
age uniformity coefficient CV=14.2% recorded for mul-
ticopter agricultural drones in this study is consistent
with findings reported by T. Caputti et al. (2025), who
demonstrated that spray deposition uniformity varies
considerably across UAS platforms and operational pa-
rameters, with optimal conditions yielding CV values
in the 15-25% range for open-field crops. Current re-
sults are more favourable, which may reflect the use
of RTK-guided flight at constant altitude — a condition
identified by M. Safaeinezhad et al. (2025) as a critical
factor for optimising coverage homogeneity in drone-
based spraying. Regarding droplet size,the VMD of 115-
145 pm recorded for the DJI Agras T50 corresponds to
the BCPC Fine category, which aligns with the conclu-
sion of T. Caputti et al.(2025), who established that flight
speeds of 4 m/s produce the most uniform deposition
and that droplet sizes of 150 pm achieve the highest
coverage density among tested configurations. This in-
dependently validates current recommendation of 4-6
m/s as the optimal speed range. The technical advan-
tages of UAS over ground equipment have been sub-
stantiated in the works of C. Zhang & J. Kovacs (2012),
who systematised the directions of agricultural drone
application in crop production and assessed their po-
tential for improving agrochemical distribution uni-
formity. Y. Huang et al. (2009) established that aerial
spraying by agricultural drones reduces PPP consump-
tion by 15-25% due to optimal application height and
controlled droplet size. U. Mogili & B. Deepak (2018)
systematised the experience of agricultural drone
application and emphasised that the availability of a
multispectral sensor enables combining executive and
monitoring functions within a single flight, increasing
the economic efficiency of each sortie.

Y.Yan et al. (2023) compared XAG V40 and DJI T30
drones in citrus orchards and found variation coeffi-
cients of 50-100% inside the canopy, substantially
higher than the values recorded in current open-field
conditions. This difference is methodologically impor-
tant: canopy penetration in orchard crops presents
fundamentally different challenges compared to the
flat-canopy sunflower and maize fields dominant in
Poltava region, where open-field conditions allow op-
timal rotor downwash utilisation. This CV values are
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therefore not directly comparable to orchard studies
and represent a more favourable operational scenario.
The breakeven area threshold of 486 ha established
in this study for three treatments per season is con-
sistent with the broader pattern identified in recent
literature. Current study directly addresses this gap
for the Ukrainian context, providing a regionally cal-
ibrated model rather than extrapolating from distant
conditions. O. Parmaksiz & G. Cinar (2023), surveying
384 farmers in Turkey, found that willingness to rent
drone services exceeded willingness to purchase, with
farmers accepting a service price of approximately TRY
287.54 per hectare - a finding that corroborates current
conclusion that the outsourcing model is preferred for
smaller farms below 292 ha. M. Arza-Garcia & A. Bur-
gess (2023) similarly identified economic accessibility
for small-scale farmers as one of the key obstacles to
widespread drone adoption, reinforcing the practical
relevance of the service contracting threshold estab-
lished in this study. The two-tier market structure iden-
tified in these results, with a clear threshold between
outsourcing-preferred and ownership-preferred zones,
parallels the structural patterns documented for Chi-
nese smallholder farming, where outsourced drone
services play a vital role in empowering smallholder
farmers with digital technologies, with over 17.3 mil-
lion hectares serviced by agricultural drones in China
alone by 2024 (Hu et al., 2022).

The sensitivity analysis result showing elasticity of
0.66 for equipment cost indicates that projected price
reductions will be the primary driver of threshold re-
duction over time. This is consistent with the trajectory
observed in Asia: the number of agricultural UAVs in
China grew from 4,000 units in 2016 to 160,000 in
2021, with operating area expanding from 6.67 to 93.3
million hectares over the same period, a diffusion rate
driven partly by rapid equipment cost reduction along-
side government subsidies (Hu et al., 2022). With 37
registered UAS operators recorded in Poltava region
in 2024 across approximately 1.7 million ha of arable
land, the regional operator density amounts to approx-
imately 2.2 operators per 100,000 ha - a figure that,
while growing, remains substantially below the density
observed in mature drone service markets, suggesting
that the 52 ha service threshold may decrease further
as regional operator density increases.

Systemic integration and the technological chain.
The four-level technological chain defined in this
study - sensors, data processing, decision-making,
and execution - reflects the architecture described
in recent comprehensive reviews. The ranking of PPP
spraying as the highest-priority operation is broadly
consistent with global evidence. N. Gatkal et al. (2025),



in a review of UAVs for agrochemical spray application,
confirmed that drone spraying saves chemicals, water,
and time while avoiding crop and soil damage com-
pared to ground spraying, independently validating the
economic advantage that underpins the first position
in current ranking. The finding that NDVI/NDRE moni-
toring ranks third despite the highest indirect savings
per hectare reflects the methodological challenge of
monetising monitoring outputs - a limitation acknowl-
edged in the literature, where regulatory, technological,
and socio-economic challenges, including economic ac-
cessibility for small-scale farmers, remain key obstacles
to widespread drone adoption.

Overall, the results of this study are consistent
with the direction of international research while pro-
viding regionally specific quantitative parameters that
are absent from the existing literature for Ukrainian
conditions. The study’s contribution lies not in contra-
dicting established findings, but in anchoring global
patterns to a concrete regional model that can serve
as a methodological reference for similar analyses in
other Central and Eastern European agricultural con-
texts operating under comparable geopolitical and
market constraints.

CONCLUSIONS
The study established that among the agricultural
drone platforms available on the Ukrainian market,
multicopter models DJI Agras T50 and XAG P100 Pro
demonstrated the highest technical suitability for
crop production operations. Both models provided
satellite navigation with #2-3 cm accuracy and were
capable of simultaneously executing crop treatment
and recording multispectral sensor data. Field meas-
urements confirmed that working solution distribution
uniformity was 80-100% superior to that of a ground
boom sprayer: the coefficient of variation of coverage
is 12-16% versus 28.4% respectively (p <0.001), which
directly determined the higher agronomic efficacy
of drone-based spraying. The developed engineer-
ing-economic model identified the minimum land area
at which purchasing an own drone was more econom-
ical than permanently contracting services. With three

Gorbenko

treatments per season this threshold was 486 ha, with
two treatments — 729 ha, and with five - 292 ha.A farm
of 1,000 ha recover edthe investment within 1.5-3.6
years depending on annual use intensity. For smaller
farms, contracting a third-party operator was more ad-
vantageous, becoming cost-effective from 52 ha, since
at this area the Poltava regional market provided at
least three competitive operators within a 50 km ra-
dius. Direct cost savings from contracting drone ser-
vices compared to ground spraying amounted to 148-
298 UAH/ha. The highest economic return among all
operations was achieved through PPP spraying and lig-
uid fertiliser application, explained primarily by supe-
rior coverage uniformity and the ability to treat crops
during critical agronomic windows without the risk of
plant damage from machinery wheels. The increase
in the sunflower-soybean share in the Poltava region
sowing structure from 39.3% in 2021 to 41.6% in 2025
increased demand for these operations, as both crops
required 3-5 treatments per season and were diffi-
cult to access by ground machinery during the active
growth phase. The full effect of agricultural drone im-
plementation was only achieved through integration
into a digital management chain encompassing sen-
sor data collection, analysis of imagery and vegetation
maps, preparation of variable-rate application tasks,
treatment execution, and re-verification. This approach
reduced the time between field problem detection and
resolution from 5-7 to 1-2 days and increased PPP use
efficiency by 22-31%. Further research should focus on
developing dynamic models for assessing UAS imple-
mentation feasibility, accounting for projected equip-
ment price reductions and expansion of the regional
operator services market.
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OpraHi3auifHi Ta @eKOHOMIYHi YMOBM BNpoBag)XeHHSs 6e3NiNoTHUX JliTasiIbHMUX
anapaTiB y BUPO6HUUI NPOLIECU CiNibCbKOrocnogapcbKmMx NianpueMcCTB

Onekcanap lop6eHko

KaHamaat TeXHIYHMX HayK, OOUEeHT

MonTaBCbKMI AepXXaBHWI arpapHuUiA yHiBepcuTeT
36003, Byn. CkoBopoaMm, 1/3, M. MNonTaga, YkpaiHa
https://orcid.org/0000-0003-2473-0801

AHoTauiga. CratTio nNpucBAYEeHO OOrpYHTYBaHHIO OpraHi3auiMHO-EKOHOMIYHUX YMOB Ta iHXEHEpPHO-TEXHIYHUX
nepenymoB BNPOBaAXXEHHS arpoApPOHIB y BUPOOHUYI npoLecu arpapHux nignpueMcts MNMonTtaBcbkoi obnacti. Metoto
[OCNioKeHHS Byno BU3HAUYEHHS MiHIManbHOI NAOLWi yrifb, Npy AKi NpuadaHHSA abo 3aMOBNIEHHS NOCAYT arpoLpoHY
€ EKOHOMIYHO BWriAHMM, @ TAaKOX BCTAHOBNEHHS TEXHIYHMX MapaMeTpiB SKOCTIi 0OMPUCKYBAHHSA i NPIOPUTETHUX
onepauin gns BUKOPUCTAHHSA 6e3ninoTHOI TexHikW. EMnipnyHy 6a3y cknanu cTatucTmnyHi gadi 3a 2021-2025 pokuy,
TexHiyHa gokymeHTauia arpoppoHis DI Agras T50 Ta XAG P100 Pro, a TakoX pe3ynbraTti NoIbOBUX BUMIPIHOBaHb Ha
18 arpapHuxX NiANpMEMCTBAX PEriOHY i3 3aCTOCYBAaHHAM METOAiB MOPOroBOro aHanisy 6e336MTKOBOCTI, YYyTAUBICHOIO
aHanisy, MNofbOBOr0 BWMIPKOBANbHOIO EKCMEePUMMEHTY Ta 6araTokpuTepianbHOrO paHXyBaHHS. Po3pobneHo
iHXeHepHO-eKOHOMIYHY MofeNnb BM3HAYeHHs nopory 6e336MTKOBOCTI, KA BPAxXOBYE KaniTasbHi Ta onepauiiHi
BUTPATH, CTPOKM aMOpTH3aLii i SKiCHWI edekT Bif piBHOMIPHOCTI po3noainy poboyoro po3umHy. BctaHoBneHo, wo
MiHiManbHa naowa Ansg npMabaHHS BNACHOIO arpo4poHy Npu Tpbox 06pobKax 3a ce30H CTaHOBUTL 486 ra, To4i SK
3aMOBJIEHHS MOCAYIrM CTOPOHHLOIO OnepaTopa € AOLINbHMM BXe Big 52 ra. PiBHOMipHiICTb NOKPUTTS arpoapoHOM
VABiYi BMLLA, HiXXK Y HA3EMHOIO LWITAaHroBOro obnpuckysaya: koedilieHT Bapiauii ctaHoBuTb 14,2 % npotn 28,4 %
gignoeigHo (p < 0,001). OnTuManbHUiA po3Mip kpanni 115-145 mkm Bignosigae ApibHoaMcnepcHin kaTeropii,
NPUAATHIA NS KOHTaKTHUX QyHriumais. Hameuiy ekoHoMiuHy Bigaadvy 3abesneuvye obnpuckyBaHHS 3acobamu
3aXMCTY POC/IMH Ta BHECEHHS Piakux [o6puB. BusHaueHO 4OTMPMPIBHEBMI TEXHONOTIYHWIA NaHUOr iHTerpauii
arpofpoHy 3 uMdpoBMMM NnatdopMaMmn aHanisy CTaHy NocCiBiB i audepeHLIin0BaHOro BHECEHHS Mpenaparis, Wo
CKOpOYYE 4ac peakuii Ha npobnemy B noni 3 5-7 po 1-2 pi6. Pe3ynbtat [OCNIOKEHHS MOXYTb OYTW BUKOPUCTaHI
arpapHUMM NiANpMEMCTBAMMU Mpu HOPMYBAHHI iHBECTULIMHMX CTpaTeriv uM@poBi3aLii, @ TaKoX Yy NigroToBLi
(daxiBLiB 3a CNeuiaNbHICTIO KArpoiHxXeHepiay

KniouoBi cnoBa: 6e3ninoTHi aBiauifHi cucTemMu; TouHe 3emnepobCTBO; MOPIr OKYMHOCTI; arpoiHXeHepis;
AndepeHuiioBaHe BHeCEHHS arpoxiMikaTiB; umMdpoBi3auia arpoBMpobHMLTBA
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