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the water use efficiency was determined to be 70%, considering that the total volume of water supplied was
1,000 m* and the factual volume of water retained in the root zone of plants was 700 m3. The efficiency of using
drones reached 90%, which meant that out of 500 m?* of water filled into the drones for spraying, 450 m* were
evenly distributed, while losses due to evaporation and spraying inaccuracies amounted to 50 cubic metres.
The study analysed the capabilities of the Demand Driven Distribution water distribution management system
revealed a 25% reduction in pump energy consumption, a 15% reduction in water leaks and a 50% reduction
in pipe damage. An analysis of the capabilities of the Siemens Water Leak Finder system revealed that artificial
intelligence algorithms accurately detected even minor water leaks of 0.2 litres per second, reducing resource
losses by up to 50%. The analysis of the performance characteristics of the Rain Bird controller and the CropX
platform revealed an increase in water consumption efficiency and water conservation in Central Asia, which was
a major step towards the sustainable development of the agricultural sector in the region

Keywords: data monitoring; sensor networks; software; use of drones; resource conservation; irrigation efficiency

INTRODUCTION

Agricultural irrigation systems play a key role in en-
suring food security, especially in arid regions where
natural moisture is insufficient for crop production.
The efficiency of water use in such systems deter-
mines not only agricultural productivity but also the
sustainability of ecosystems that depend on water
resources. Irrigation systems involve a complex inter-
action of hydraulic structures, engineering networks,
and management solutions that ensure the even and
prompt distribution of water. With water scarcity ex-
acerbated by climate change, population growth and
agricultural intensification, special attention is being
paid to the introduction of innovative approaches to
water management. However, despite the significance
of irrigation systems for agriculture, their efficiency
often stays low due to outdated management prac-
tices, extensive water losses in networks, and uneven
distribution of resources. This is especially true in
Central Asia, where much of the infrastructure is out-
dated. The lack of modern monitoring systems, limited
integration of automated solutions, and insufficient
adaptation to changing climate conditions greatly
complicate sustainable water use. The problem also
lies in the lack of a comprehensive analysis of the ef-
fectiveness of available technologies and their adap-
tation to local conditions, which reduces the potential
for introducing innovative approaches.

A. Batykova et al. (2023) investigated the issues
of integrated management of land and water resourc-
es in Kyrgyzstan, which are key to sustainable agri-
cultural development and environmental safety. The
researchers noted the need to modernise the man-
agement of these resources, strengthen local land
management institutions and rational use of water,
considering the specifics of the mountainous and
foothill regions of the country. K. Maatov (2024) an-
alysed the use of economic and mathematical mod-
els and computer technologies to optimise resource
management in agriculture. The researcher presented
a model that allows determining the optimum sown
areas and volumes of mineral fertilisers, considering

financial capabilities, which contributes to the ration-
al use of resources and increase the efficiency of ag-
ricultural production. N. Temirbaeva et al. (2024) in-
vestigated the prospects for the use of autonomous
sources of renewable energy, particularly microelec-
tric power plants, for the energy supply of agricultural
enterprises. The researchers noted the significance of
optimising the use of water resources in the Kyrgyz
Republic for the development of such systems, which
will help to improve the efficiency of irrigation and
energy supply in the agricultural sector.

S.Ray and S. Majumder (2024) highlighted the sig-
nificance of using innovative irrigation technologies,
such as drip irrigation and automated water manage-
ment systems, to improve water supply efficiency and
conserve resources in agriculture. The study revealed
that the use of such methods helps to reduce water and
energy consumption and improve crop productivity.
F.Behzadipour et al. (2024) demonstrated the effective-
ness of an intelligent irrigation system for greenhouses,
which reduced water consumption by 15.6% compared
to conventional irrigation without reducing yields and
product quality. The findings confirmed the feasibility
of using smart technologies to optimise water distribu-
tion in conditions of limited water resources.

M. u Nisa et al. (2024) considered an ontological in-
telligent irrigation system that allows increasing water
use efficiency and yields through accurate monitoring
and control. The findings revealed that the use of sen-
sors, actuators, and data processing algorithms contrib-
utes to the sustainable management of water resourc-
es in the agricultural sector, reducing water loss and
adverse environmental impact. Moreover, L. Aiswarya et
al. (2024) analysed the prospects for automating irri-
gation canals as a tool for improving the efficiency of
water distribution and reliability of water supply. The
study revealed that automatic flow control can mini-
mise water losses, especially in arid regions, providing
flexibility and accuracy in water management.

On the other hand, M. Pourgholam-Amiji et
al. (2024) found that the introduction of drip irrigation
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for wheat cultivation in Iran reduced water consump-
tion by 134.1 million m* and increased water produc-
tivity. The key advantages of the method are increased
yields and reduced labour costs, although the high
cost of implementation is still a considerable limita-
tion. S. Zhao et al. (2024) developed an optimisation
method for managing end canals and field irrigation,
which reduced water losses and improved water use
in irrigation areas of China. Improving water supply
schedules reduced filtration losses by up to 4.6% and
irrigation time by up to 14 hours, which demonstrat-
ed the prospects of the approach for improving water
management efficiency. R. Pierre et al. (2024) proposed
a methodology for estimating water consumption for
irrigation at the catchment level, which allows identi-
fying farms with high irrigation levels. The application
of artificial intelligence (Al), machine learning (ML) and
regression approaches helped to estimate the volume
of irrigation water with a minimum error (14%), create
water consumption maps, and identify areas with high
water demand (Mamchur & Studinska, 2024).

These studies lack data on a comprehensive anal-
ysis of automation methods and an overview of intel-
ligent water distribution control systems in irrigation
systems in Central Asia, particularly in the Kyrgyz Re-
public, which determined the purpose of the present
study. The objectives of the study were to analyse sensor
networks, drones, and software, as well as automated
and intelligent water distribution management tools.

MATERIALS AND METHODS

The study performed a comprehensive analysis of meth-
ods for automating water distribution control in agri-
cultural irrigation systems, namely sensor networks for
monitoring the irrigation process, software for planning
and forecasting, drones for monitoring the state of wa-
ter resources, irrigation and land plots. Schemes and ar-
chitectures of these methods were presented. The study
examined the sensors that monitor humidity, water lev-
els in canals and water flow in the Wzzard LRPv and
John Deere Operations Center™ sensor network systems
(New Level of..., 2021; Smart Irrigation System, 2023).

The efficiency of each automation method was cal-
culated, which helped to determine the best approach-
es to irrigation for the conditions of the Kyrgyz Repub-
lic. The level of water use in the irrigation system was
defined as the ratio between the volume of water that
was effectively used for irrigation and the total volume
of water supplied (1):

M = X 100%, W, =W =W, (1)

where 7 is the level of water use in the irrigation sys-
tem, %; W is the volume of water used directly for ir-
rigation, m*® (cubic metres); W, is the total volume of
water supplied to the system, m?; W, is the water losses,
m? (Ware, 2023).
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Water balance modelling and optimisation of irri-
gation schedules were performed using AquaCrop soft-
ware from the Food and Agriculture Organisation of
the United Nations (Standard AquaCrop proogramme...,
n.d.). The model of efficient water use in irrigation sys-
tems is based on an estimate of the amount of water
that reached the root zone of plants compared to the
amount of water supplied to the field. This approach
was based on the calculation of irrigation efficiency (2):

WZ

7”:

a = X 100%, (2)
where 7_is the irrigation efficiency, %; W is the volume of
water stored in the root zone of plants, m*; W_ is the total
volume of water supplied for irrigation, m*> (Ware, 2023).

The study considered the technologies for the use
of drones: Da-Jiang Innovations Phantom 4 Real-Time
Kinematic (DJI Phantom 4 RTK mobile mapping sta-
tion), Global Positioning System (GPS), and DJI P4 Mul-
tispectral, which contributed to more efficient water
distribution management (Jingao Technology Co., n.d.).
The efficiency was assessed by calculating the fluid ap-
plication efficiency coefficient (3):

N, = % X 100%, (3)

where _isthe efficiency of liquid application by drones, %;
W, is the volume of liquid that reached the crops, m*; W is
the total volume of liquid filled in drones, m? (Ware, 2023).

The study analysed intelligent and automated wa-
ter distribution management systems, including exam-
ples of their use in the Central Asian region. Particular
attention was paid to the study of the Kyrgyz Research
Institute of Irrigation (KRII), namely, the creation of an
automated system for irrigation control, water account-
ing, and water distribution. In this context, the possi-
bilities of using the geospatial platform Geographic In-
formation System (GIS) and ArcGIS (n.d.) software were
explored (Bairamukova, 2024; What is GIS?, n.d.). The
features of the Demand Driven Distribution (DDD) (n.d.)
intelligent water distribution management system was
analysed using the example of the Grundfos CU 354
pumping system: the operation scheme, methods of
assessing efficiency in reducing water losses and in-
creasing distribution accuracy. The study described the
operation scheme, capabilities, and advantages of the
Siemens Water (SIWA) Leak Finder application designed
to intelligently reduce water losses associated with
leaking pipes, the Rain Bird Electronic Smart Program-
ming (ESP) controller,and the CropX platform (Siemens
makes it..., 2024; Patil, 2024; ESP-Me Series Control-
lers, n.d.; Cropx platform overview, n.d.).

RESULTS

Methods of automation of water distribution control
in irrigation systems. Automation of water distribu-
tion management in irrigation systems is a key area of




hydromelioration aimed at ensuring the rational use of
water resources. The approach allows optimising water
consumption, increasing crop productivity, and mini-
mising environmental impact, factoring in the regional
climatic, hydrogeological, and agronomic conditions.
The irrigation system is increasingly being integrated
with a sensor network to improve the efficiency of wa-

Batykova et al.

ter distribution management (Fig. 1). Such a network
allows for continuous monitoring of soil, climatic con-
ditions, and canal water levels, providing accurate data
for real-time decision-making. This is particularly rel-
evant for Central Asia, where uneven distribution of
water resources and high evaporation make irrigation
management challenging.

Climate data

Meteorological station

Water level data

Water level sensors

Soil moisture data

Soil moisture sensors

Alignment of forecasts with the overall water distribution plan

Central server

Evaporation forecast

Sluices and pumps

Physical execution of water supply

Water supply adjustment

Ll Software
Climate, humidity, and water level data transmission
Feedback on command execution
»
l
Commands to control the water supply
Provision of adequate water distribution in the . S
system > Adaptive water distribution

Figure 1. Sensor network architecture for monitoring irrigation systems

Source: compiled by the authors

The weather station of the sensor network col-
lects temperature, humidity, and precipitation data
and sends it to the central server,where it is processed
by the software. Canal water level and soil moisture
sensors record the relevant parameters and transmit
them to the central server. Based on the results of the
data analysis, the server predicts evaporation and gen-
erates an optimum water distribution plan. Based on
the plan, the server sends commands to the gateways
and pumps to regulate the water supply. Feedback on
the execution of commands ensures constant moni-
toring and adaptation of the system to current condi-
tions, which enables efficient and adaptive distribu-
tion of water resources in real time. Sensor networks
automatically analyse the collected data using built-in
processing algorithms (ML, neural networks, forecast-
ing methods) and optimise water supply by adapting
irrigation modes to current conditions. The Wzzard
LRPv wireless sensor network for real-time soil and
irrigation monitoring, with the ability to integrate data
with weather forecasts, and the John Deere Operations
Centre monitoring and control system for monitoring
tillage equipment have been adapted to agricultural
production conditions (New Level of..., 2021; Smart
Irrigation System, 2023).

To evaluate the efficiency of the sensor network,
the irrigation monitoring system uses a water use rate
that reflects the ratio of water used to the total amount
of water supplied (Formula 1). For instance, if the sys-
tem shows =85% on the central server monitor or the

operator’s mobile application, it means that 85% of the
water is effectively used for irrigation, and losses are
only 15%. This is calculated based on the fact that, for
instance, the total volume of water supplied to the sys-
tem is 1,000 m?, and the volume of water lost through
evaporation, filtration, and other processes is 150 m?.
Thus, the volume of water used for irrigation is 850 m3,
and the percentage of efficient water use is defined
as the proportion of water saved to the total volume
of water supplied, expressed as a percentage. This ap-
proach allows optimising water supply through prompt
detection of losses.

For planning and forecasting, the study considered
software with integrated algorithms that factor in the
climatic, hydrogeological, and agrotechnical conditions
of the region, as well as data obtained from sensor
networks (Fig. 2). An example of such software was the
AquaCrop crop growth model, which allowed assessing
the effects of the environment and management prac-
tices on yields. It is particularly useful in environments
where water is a limiting factor in crop production
(Standard AquaCrop proogramme..., n.d.). The software
integrated a variety of inputs that were employed to
calculate the water balance. This includes modelling
water reserves and demands, and forecasting changes
in parameters associated with droughts and floods. The
analysis results were used to formulate an optimum
water distribution plan, considering irrigation sched-
ules and priority zones, to ensure efficient and rational
use of water resources.
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Figure 2. Scheme of software use in the automation of water distribution management

Source: compiled by the authors

This diagram illustrates the automation of water
distribution management using software that worked
in three stages: integration of input data, calculation of
water balance, and generation of a water distribution
plan. At the first stage, the system received data from
sensor networks, factored in the weather forecast and
current water levels in the canals. The system predicted
the impact of weather conditions and evaporation and
adjust the irrigation plan accordingly by integrating
with data from meteorological stations. At the second
stage, the data was used to model water reserves and
needs, and to predict changes in parameters, which al-
lowed estimating future water consumption. For this,
the algorithms analysed data on the amount of water
supplied and consumed, considering evaporation and
filtration losses. The final stage involved prioritising
irrigation zones according to needs and optimising irri-
gation schedules, which ensured efficient use of water
resources, reduced water losses, and increased agricul-
tural productivity. The software calculated the optimum
time and volume of water supply according to crop
needs and soil conditions.

The software also had to account for the irriga-
tion efficiency, which is the ratio of the volume of wa-
ter retained in the root zone of plants after irrigation
to the total volume of water applied (2). For instance,
the total volume of water applied is 1,000 m? and

according to the analysis results of soil moisture sen-
sors, the volume of water stored in the root zone of
plants is 700 m®. The water use efficiency is 70%, which
means that 70% of the applied water was stored in the
root zone of the plants for their use. The remaining 30%
of the water is lost through evaporation, infiltration into
deeper soil layers, or runoff. Additionally, the software
should ensure accuracy in water distribution, reduce ex-
cessive losses, and increase crop yields (Yeraliyeva et
al.,2017).For instance, by adapting irrigation schedules
to weather forecasts, waterlogging or water shortages
can be avoided (Shuka et al., 2011). Thus, this approach
helps reduce water losses and ensures the stability of
irrigation processes.

Another promising method of automating water
distribution management in irrigation systems is the
use of drones to monitor the state of water resources,
land, and irrigation conditions (Fig. 3). In Central Asia,
where fields and orchards are often located in remote
or inaccessible areas, the use of such technologies can
reduce the time and resources required to collect the
necessary information. In Kyrgyzstan’s agricultural sec-
tor,drones such as the DJI Phantom 4 RTK are common-
ly used to provide accurate mapping (Jingao Technology
Co.,n.d.). These devices are equipped with cameras and
GPS technology, which contributes to the efficiency of
irrigation management.

’ Drones ‘

- ——

Collection of data on soil and water conditions

Data analysis

Adjustment of irrigation regimes

v v

v

Soil moisture sensors

Forecasting water levels
in canals

Watering schedule optimisation

Cameras for water level monitoring

Soil moisture assessment for
irrigation planning

Prioritisation of areas for irrigation
depending on the identified problems

Figure 3. Scheme of using drones in water distribution management

Source: compiled by the authors
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Figure 3 shows the key stages of data collection,
analysis, and management of irrigation regimes. Over-
all, drones with high-sensitivity sensors can be used to
assess soil conditions, monitor soil moisture and water
levels in canals with high accuracy.A drone with built-in
DJI P4 Multispectral sensors can be used to assess the
condition of vegetation (Jingao Technology Co., n.d.). An
essential criterion was to assess the effectiveness of
using drones to distribute water during fine-dispersed
(local) irrigation or the application of working solutions
of fertilisers or biological products (Formula 3). For
instance, if the volume of water evenly distributed by
drones over crops was 450 m? and the total volume
of water filled into the drones was 500 m?, the process
efficiency was 90%. This means that 90% of the water
was effectively used for irrigation, while losses due to
evaporation, spraying outside the plots or other factors
amounted to 10%.

The key processes that were automated included
monitoring soil moisture levels, real-time control of
water supply volumes, and management of water dis-
tribution between individual plots. Sensor networks al-
lowed reading data on soil moisture, temperature, and
evaporation levels, which were transmitted to a cen-
tral server for processing. The software analysed this
data and generated recommendations or automatically
adjusted the operation of pumps and valves to ensure
optimum irrigation. Drones were used to collect addi-
tional data on the condition of vegetation, water levels
in canals, and potential leaks. The collected informa-
tion was integrated into an automated control system,
which enabled prompt decision-making on redirecting
flows or regulating water flow. In 2023, the Kyiv Scien-
tific Research Institute of Water Resources, Agriculture
and Processing Industry implemented six research pro-
jects on hydromelioration topics at the request of the
Ministry of Water Resources, Agriculture and Processing
Industry. Among them is the development of an auto-
mated system for water metering, water distribution,
and irrigation control to improve the efficiency of water
use in irrigated agriculture in the Chui Valley (Baira-
mukova, 2024). This system includes the installation of
72 electronic water level sensors at gauging stations
equipped with antennas for long-distance wireless data
transmission. By 2023, the sensors had been installed
on the Kegeti and Shamsi river systems (32 sensors),
covering an area of about 15 thsd ha. A computer and
telecommunication equipment were purchased for the
Water Use Department of the District Water Manage-
ment Department to organise communication with the
gauging stations. It was planned to install the remain-
ing 40 gauges to complete the system.

In another study on the creation of a reference
and analytical database of indicators of the reclama-
tion status of irrigated lands in the Chui Oblast, GIS
technologies were employed to ensure accurate moni-
toring and adaptive management of water distribution,

Batykova et al.

contributing to the rational use of water resources and
increasing the productivity of irrigation systems (What
is GIS?, n.d.). GIS provided monitoring of water supply
and distribution through the integration of geograph-
ic data, software and hardware, and analysis methods.
In other words, geographic data included spatial co-
ordinates of objects and attribute information, which
enabled accurate tracking of the condition of irrigat-
ed land. ArcGIS (n.d.) software provided the tools for
processing this data, and hardware, such as GPS devic-
es and drones, facilitated its collection. Furthermore,
ArcGlIS software enabled a comprehensive assessment
of the water balance over large agricultural areas. Spa-
tial and thematic analysis methods helped to optimise
water distribution, increasing irrigation efficiency and
rational use of water resources.

Intelligent water distribution management systems.
The Demand Driven Distribution (n.d.) system for the
Grundfos pumping system used self-learning algorithms
to optimise the pressure in the water supply network
(the algorithm is integrated in the Grundfos CU 354
pump controller), which reduced water losses, energy
consumption and maintenance costs. It provided adap-
tive pressure control, adjusting to the real needs of con-
sumers, which increased the efficiency of municipal wa-
ter pumping stations and extended the service life of the
pipeline network. According to the manufacturer, the re-
duction in overpressure in the DDD intelligent pumping
system network could lead to a 25% reduction in pump
energy consumption, while a 10% reduction in average
pressure could reduce the cost of active water leakage
management by 10%. Optimum pressure management
could reduce water leakage by 15%, which reduced
losses and increased water supply efficiency. Therewith,
pressure stabilisation over 24 hours proved to be effec-
tive in reducing the number of pipe bursts,and a 16% re-
duction in night-time pressure could reduce the number
of pipe bursts by 50% (Demand Driven Distribution, n.d.).

One of the leaders in the use of Al in water distri-
bution management was Siemens with its SIWA Leak
Finder, which analysed data from smart flow meters
and enabled the detection of water leaks in pipelines
with high accuracy, reducing water losses by up to 50%
(Siemens makes it...,2024). The system can detect leaks
as small as 0.2 litres per second, which facilitates rapid
response and reduces water losses. Integration of SIWA
Leak Finder with Siemens Sitrans FM Mag8000 flow
meters simplified the installation process and did not
require specialised knowledge or additional services.
The system could process and analyse operational data
from smart sensors via a cloud connection, providing ac-
cess to information within two hours of installation. The
Al algorithms were automatically trained and adapted
to the data from the moment of installation, which in-
creased the efficiency of monitoring and management
of the water distribution network. The implementation
of SIWA Leak Finder contributed to the sustainability
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of water resources by reducing water losses and im-
proving the efficiency of water supply systems. Thanks
to the use of Al, the system ensured reliable monitor-
ing and management, which was a major step towards
the sustainable development of water infrastructure.
Siemens offered intelligent solutions for cybersecu-
rity of water infrastructure, specifically through its Men-
dix platform (Siemens makes it..., 2024). Using Mendix,
companies could create interfaces to integrate data from
SIWA applications into Enterprise Resource Planning
(ERP) systems, ensuring secure information exchange
between distinct infrastructure components. This ena-
bled efficient data management and increased cyberse-
curity of water systems. Siemens provided guidance and
templates for creating secure network and system ar-
chitectures,and offered certified cybersecurity solutions
to help water infrastructure operators protect against
cyber threats. These initiatives have contributed to im-
proving the resilience and security of water resources.
Overall, the use of various tools and technologies
for accurate measurement and control was an integral
element in water distribution management systems.
For instance, the amount of useful water that actu-
ally reached the root zone of plants was determined
using soil moisture sensors. These were tensiometers
or capacitive sensors that measured soil moisture in
real time. Furthermore, usable water was estimated
by direct soil sampling before and after irrigation and
observing changes in moisture levels in the root zone.
Evaporators or weather stations were used to measure
evapotranspiration losses, which helped to calculate
the evapotranspiration rate, the sum of evaporation
from the soil and transpiration from plants. Water loss
through infiltration into deep soil layers was estimated
using soil permeability models or observations of water
movement in the soil. Monitoring systems that measure
the volume of water flowing over the field can be used
to estimate losses due to runoff (Haleeva et al., 2024).
The processes were automated by intelligent irriga-
tion systems that integrated data from various sensor
networks (e.g., soil moisture sensors, weather stations,
water levels in canals) and analysed them to make de-
cisions. Such intelligent systems comprised hardware
and software, including controllers, data processing al-
gorithms, applications, and online platforms. The con-
trollers used were Rain Bird ESP series, which support-
ed integration with various sensors (including those
measuring soil moisture, atmospheric parameters, and
water levels) and could adapt to changing conditions
to ensure optimum irrigation. Rain Bird ESP-Me is a
high-tech controller of the ESP series, designed for au-
tomation and integration of intelligent solutions into
irrigation systems, supporting a variety of irrigation
settings through flexible programming (ESP-Me Series
Controllers, n.d.). It supported from 4 to 22 stations and
could be equipped with the LNK™ module for Wi-Fi
connection, which enabled monitoring and control via

Scientific Horizons, 2025, Vol. 28, No. 3

mobile applications on iPhone Operating System (i0S)
and Android platforms. Thanks to this functionality, the
ESP-Me controller could reduce water consumption
by 30% by using data from online weather services to
adjust irrigation schedules in real time. This enabled
efficient application of adjustment seasons, as well as
customisation of restrictions for each station to adapt
irrigation to weather conditions.

One of the key advantages of the ESP-Me controller
was the ability to control irrigation both automatically
and manually and monitor water flow. The user could
set a schedule for each station separately or start wa-
tering on demand. Furthermore, the ESP-Me support-
ed the seasonal adjustment function, which allowed
changing the watering intensity according to weather
conditions. The controller was also equipped with a
rain sensor that automatically stopped watering during
precipitation, preventing unnecessary water consump-
tion. A delayed watering function allowed pausing the
system for a certain time, e.g., after heavy rain. For even
more control, the number of stations could be expand-
ed, making ESP-Me the best option for large areas. The
ESP-Me controller could support a Wi-Fi connection (by
connecting the LNK2 module). This allowed controlling
irrigation remotely via a mobile application, which is
especially convenient for people who are often on the
move or manage several facilities at the same time.

The ESP-Me controller is designed for both irriga-
tion of private gardens and programming of commer-
cial irrigation systems, enabling efficient management
of water supply to different areas (Zavertaliuk & Nau-
movska, 2024). Thanks to its flexible settings, it allows
you to control the time, duration, and frequency of irri-
gation, which helps to save water and ensure optimum
plant care. ML and forecasting algorithms were also
employed to analyse the collected data, which helped
to determine the best irrigation regimes depending on
current conditions. These could be algorithms for pre-
dicting soil moisture based on weather data and histor-
ical indicators. There were also software solutions that
enabled users to monitor and control irrigation systems
in real time. For example, the CropX platform offered a
mobile application that displayed sensor data, provided
irrigation recommendations, and allowed remote con-
trol of equipment (Cropx platform overview, n.d.).

Overall, the efficiency of water distribution in an ir-
rigation system depended on various factors: the type
of irrigation system, soil characteristics, climatic con-
ditions, and the technical condition of the equipment.
Drip irrigation usually provided the least water loss
compared to other methods, while conventional canal
systems could have major losses due to evaporation
and infiltration. Thus, the findings of the present study
substantiated the significance of automation and im-
plementation of intelligent water distribution manage-
ment systems to optimise the use of water resources in
the Kyrgyz Republic.




DISCUSSION

The findings of the study confirmed a considerable im-
provement in water consumption efficiency and water
conservation through automation and intelligent water
distribution management systems. The use of sensor
networks helped to achieve a level of water use in the
irrigation system of up to 85%, while reducing losses to
150 m? out of 1,000 m® of supplied water. The study by
H. Ojaghlou et al. (2024) on alfalfa crops also reported
water savings due to the adjustment of irrigation time,
but three times higher, as the crop is not demanding on
humidity. The introduction of intelligent water distribu-
tion management systems, such as DDD, reduced water
leakage by an average of 15% and pipe damage by 50%.
These findings are substantially better than the con-
ventional irrigation methods mentioned by K.R. Choud-
hary (2024), including sprinkling, surface or drainage
irrigation, and flooding, which also had limitations: they
contributed to soil erosion and significant water losses.

The precision irrigation methods (drip, sub-sur-
face drip, micro-irrigation) investigated by K.R. Choud-
hary (2024) provided high precision and resource sav-
ings by minimising water loss and precisely distributing
water directly to the root zone of plants. Compared to
these conventional methods, the DDD system demon-
strated efficiency mainly in water conservation and
reduction of energy consumption and infrastructure
repair costs. The findings confirmed the need for the de-
velopment and application of innovative technologies
in irrigation, primarily for intelligent water distribution
management. This is consistent with the findings of
Y. Li (2023), who noted the significance of integrating
loT and sensor systems for water resources monitoring.
However, the researchers did not pay attention to meth-
ods of reducing water losses and infrastructure damage.

J.Singh et al. (2024) investigated the use of ML al-
gorithms to optimise irrigation and confirmed the sig-
nificance of automation technologies. Sensor networks
in the study by J. Singh et al. were integrated with in-
telligent systems to achieve high accuracy in predicting
plant water needs. In contrast, the present study found
that the integration of sensor networks with intelligent
water distribution control systems reduced water losses
to 150 m* when supplying 1,000 m?* of water, which re-
sulted in substantial resource savings and contributed
to water management efficiency. The studies comple-
mented each other as they demonstrated the potential of
combining sensor technologies and intelligent systems
to optimise irrigation and increase water use efficiency.

H. Liu and Q. Li (2021) developed an intelligent
system for automated greenhouse irrigation based on
a microcontroller that helped to control soil moisture
and reduce water consumption. The researchers’ study
confirmed the findings of the present study, but it did
not cover the possibility of integrating water monitor-
ing and optimisation technologies, which enabled a re-
duction in infrastructure damage and a 15% reduction
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in water losses. The findings of the current study on
the significance of using energy-efficient systems were
also consistent with the findings of M. Tripathi (2022),
who studied automatic micro-irrigation based on solar
energy in remote areas. The findings obtained in both
studies demonstrated the possibility of large-scale im-
plementation of integrated solutions that combined
automation, intelligent systems, and innovative moni-
toring technologies, which ensures integrated resource
management and minimises energy supply costs.

Analogously to the study by B. Mason et al. (2019)
on agriculture and its adaptation to different climatic
conditions, the present study substantiated the effec-
tiveness of smart irrigation systems and confirmed that
smart irrigation systems could operate effectively in
different conditions without loss of yield. The findings
demonstrated the efficiency of using drones for spray-
ing, which was estimated at 90%, enabling the uniform
distribution of 450 m? of spray solution from an initial
volume of 500 m? minimising losses of up to 50 m>.
On the other hand, A.R. Alex et al. (2025) confirmed the
significance of automation for optimising irrigation and
water conservation. This approach, which focused on
continuous monitoring of soil moisture using soil mois-
ture sensors and an Arduino Uno microcontroller, ena-
bled localised irrigation automation. The present study,
on the other hand, included a review of an automated
system for water metering, water distribution, and irri-
gation control in Kyrgyzstan, which enabled the inte-
gration of automation into larger irrigation networks,
improving water use efficiency at the macro level.

The study found that the integration of sensor
networks, drones, and water distribution management
software saved resources and increased irrigation effi-
ciency. Y.K. Kushwaha et al. (2024) applied the Smart Ir-
rigation Monitoring System (SIMS) system for real-time
irrigation management, which uses loT components to
monitor soil moisture and forecast precipitation, which
also helps to optimise water consumption. Both ap-
proaches included intelligent monitoring and control
systems, although Y.K. Kushwaha’s et al. study focused
on the use of loT for real-time monitoring and fore-
casting. At the same time, the present study focused on
methods of automating water distribution, including
not only monitoring but also active management using
drones and integrated software for irrigation networks.

D.M.C.D. Le Veut et al. (2024) explored an autono-
mous solar pumping system with a controller for local
irrigation. In the present study, on the contrary, solar
panels were not included in the automation system,
which may reduce its efficiency. Still, both studies were
aimed at saving water and, accordingly, sustainable
agricultural development, and therefore contributed
to optimising water consumption in various climat-
ic zones. The study also confirmed the effectiveness
of integrating intelligent water distribution manage-
ment systems, which is consistent with the findings of
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M.C. Lallawmkimi et al. (2024), who noted the signifi-
cant potential of nanotechnology to improve water and
irrigation management through the use of nanomateri-
als for water purification and real-time nanosensors for
water quality and soil moisture. The integration of such
technologies helped to save water, increase yields, and
ensure sustainable agricultural development.

B. Askaraliev et al. (2024) confirmed the effective-
ness of drip irrigation and automatic loT-based systems
in reducing water consumption by 50% while increas-
ing yields by 30%. As in the present study, the intro-
duction of agrodrones for monitoring and precise irri-
gation control in this study confirmed the significance
of innovative technologies in reducing water costs
and increasing productivity. Therewith, the findings of
the present study revealed that the data collected by
drones can be integrated into the automation system
by automatically reading and transmitting them to the
central server or the operator’s mobile application.

The findings of the present study demonstrated a
considerable improvement in the efficiency of water
consumption and water conservation through the in-
troduction of automated systems. K.V.Joshi et al. (2024)
confirmed the significance of such irrigation systems
for optimising water use. N. Patel et al. (2024) investi-
gated the improvement of irrigation efficiency in hor-
ticulture, specifically through the strategy of deficit ir-
rigation and the use of hydrogels. The findings of the
present study, which included technologies for precise
monitoring and management of water resources, com-
plemented this approach, confirming the effectiveness
of integrated solutions for water conservation and irri-
gation optimisation. The study also found that SIWAs
intelligent Leak Finder system detects water leaks with
an accuracy of 0.2 litres per second, reducing water
losses by up to 50%, while the DDD system reduces
pump energy consumption by 25%, water leaks by 15%
and pipe damage by 50%. At the same time, a study by
M.C.A. Diallo et al. (2024) highlighted that smart irri-
gation technologies can reduce water consumption
by 30% and increase productivity by up to 125%, with
maximum savings of up to 78% in arid regions. Notably,
the present study focused on an integrated approach
to reducing water loss, energy consumption, and in-
frastructure damage, while M.CA. Diallo et al. focused
more on optimising water consumption and increasing
productivity in drought conditions.

D. Mukhamedieva et al. (2024) explored the crea-
tion of an intelligent irrigation system based on fuzzy
Sugeno logic that optimises water use and increas-
es yields. The software proposed by the researchers
can make decisions on the need for irrigation and
the optimised amount of water supply based on the
collected data on soil moisture. In terms of the find-
ings of the present study, the software (AquaCrop and
ArcGIS) considered in this study was more focused on
water balance and irrigation optimisation based on
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geospatial data and agronomy models, but did not pro-
vide the flexibility to make decisions in the presence
of uncertainty as the Sugeno model does. However, it
had the advantage of providing a comprehensive as-
sessment of water balance over large agricultural areas,
considering various agronomic and geographic factors
(Fedoniuk & Skydan, 2023).

This study analysed the effectiveness of using au-
tomated water distribution management systems to
conserve water and improve irrigation efficiency. In
the study by W. Patel et al. (2024), an loT system for
irrigation optimisation collected data on soil and plant
health and used neural networks to provide recommen-
dations to farmers, resulting in improved water conser-
vation efficiency and productivity. This study confirmed
the findings of the present study, as both approaches
used intelligent systems to monitor and manage irriga-
tion.However, the present study focused on the integra-
tion of sensor networks, drones, and software to auto-
mate water distribution in agricultural areas, allowing
for integrated water management at the macro level.

I. Abd-Elaty et al. (2024) showed that the use of
modern irrigation systems in the Nile Delta can save
significant amounts of water (2.15 x 10° m?), but there
are problems with increased salinity and lower ground-
water levels. The conclusions of the present study also
pointed to the significance of an integrated approach to
water management, where the introduction of innova-
tive technologies can greatly increase efficiency with-
out harming the environment. Additionally, the findings
obtained were consistent with the study by P. Kumar et
al. (2023), who focused on the automation of drip irri-
gation using wireless sensor networks and loT, which
ensured an increase in water use efficiency. However,
the current study concentrated not only on improving
water use efficiency, but also on predicting water bal-
ance and using various technologies.

Z.Yang et al. (2024) proposed a method for op-
timising irrigation profits, considering climate risks,
which complements current approaches to water bal-
ance modelling and irrigation optimisation. Overall, the
findings obtained in this study confirmed the efficiency
of automated systems for improving water supply and
optimising agricultural production. Thus, compared to
other studies, the present study demonstrated a more
comprehensive approach to water management, in-
cluding monitoring, optimisation of water balance, and
the use of intelligent systems that significantly reduce
water leakage and pipe damage.

CONCLUSIONS

The use of sensor networks to monitor soil moisture,
canal water levels, and water flow in the Wzzard LRPv
and John Deere Operations Centre systems was found
to be highly effective. Their implementation enabled
the irrigation system to achieve a water use efficiency
of up to 85%, which corresponded to losses of 150 m?




when supplying 1,000 m?3. AquaCrop and ArcGIS water
balance modelling and irrigation optimisation software
helped to reduce water losses and improve water man-
agement efficiency, ensuring water use efficiency of
70%.This was achieved when the total volume of water
applied was 1,000 m3, and the volume of water retained
in the root zone of plants was 700 m>. The use of drones
for water and land monitoring, such as the DJI Phantom
4 RTK and P4 Multispectral, demonstrated the advan-
tage of collecting data with high precision and speed.
The efficiency of liquid distribution using drones was
estimated at 90%, which allowed for an even spraying
of 450 m* out of a total volume of 500 m?, accounting
for losses due to evaporation and other factors (e.g.,
dosing inaccuracy, battery wear, wind, and uneven sur-
face coverage). Overall, the findings revealed improved
water distribution performance and reduced water con-
sumption, which is essential for the sustainable use of
water resources in the agricultural sector.

The introduction of intelligent systems and their
improvement with GIS allowed increasing the accuracy
and efficiency of water management. The DDD intel-
ligent system reduced pump energy consumption by
25%, water leakage by 15%, and pipe damage by 50%.
The SIWA Leak Finder system could detect minor wa-
ter leaks, reducing resource losses by up to 50%. Thus,
the findings of the present study confirmed the signifi-
cance of integrating intelligent and automated systems
into agriculture in Central Asia, where water resources
are limited. The use of such technologies has helped
to conserve water and reduce energy consumption,
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which is significant for the development of sustaina-
ble agriculture in the region. Additionally, the Rain Bird
ESP controller enabled efficient irrigation automation,
while the CropX platform provided monitoring and re-
mote control of the process. Limitations of the study
included the integration of the latest technologies into
existing irrigation systems, which would require exten-
sive investment and time, as well as dependence on
specific climatic conditions that could vary from region
to region. Areas for future research could include the
development of common standards for integrating var-
ious technologies, ML-based water balance forecasting
algorithms, and improving infrastructure to support the
latest solutions in remote areas.
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AHoTauis. MeTot LbOro [ocCnimkeHHsS OyB aHania MeTOAiB aBTOMAaTM3alii, iHTENeKTyanbHOro po3noginy Ta
CNOXXMBAHHSA BOAM B ipurauinHmnx cuctemax LleHTpanbHoi Asii Ha npuknaai Kuprusbkoi Pecnybniku. Y gocnigkeHHi
PO3MNSIHYTO BUKOPUCTAHHS CEHCOPHMUX MEpPEX AN MOHITOPWMHIY BOAHMX AaHux koMnaHielo Wzzard LRPv ta John
Deere Operations Centre. [poaHanizoBaHo poboTy nporpamMHoro 3abesneuveHHs AquaCrop AN MOAENOBaHHS
BOAHOro 6anaHcy Ta ONTUMI3aLii 3pOLIEHHS, @ TAKOX BUKOPUCTAHHS APOHIB A5 MOHITOPUHIY CTaHy BOAHUX pecypCiB
Ta 3eMeNbHUX AiNS9HOK, 30KpeMa ApoHiB Da-Jiang Innovations Phantom 4 Real-Time Kinematic Ta P4 Multispectral.
AHani3 epeKTMBHOCTI KOXXHOMO METOAY MOKa3aB 3HAYHY eKOHOMI0 BOAM Ta NOKPALLEHHS MOKA3HMKIB BOLAOPO3MOAINY.
[lns ceHCopHMX Mepex piBEHb BUKOPUCTAHHS BOAM B 3pOLUYBanbHii cuctemi cknas 85 % - npu nogaui 1,000 m?
BTpaTM cknanun 150 M3 [ins nporpamMHoro 3abesneyeHHs eheKTUBHICTb BUKOPUCTaHHSI BOAM Oyna BM3HAYEHA Ha
pieHi 70 %, BpaxoByouM, WO 3aranbHMit obcar nogaHoi Bogu ctaHoBuB 1,000 M3 a dakTUUHMIA 06Car Boau, LLO
YTPUMYETLCS B KOpPEHEBIi 30Hi pociuH, - 700 M. EQeKTUBHICTb BUKOPUCTAHHS APOHIB aocarna 90 %, Wwo 03Havae,
wo 3 500 M BoaM, 3anpaBnieHoi B APOHM A8 06npuckyBaHHs, 450 M3 6yno piBHOMIpHO po3MoAineHo, a BTpaTH
yepes BMMApOBYBAHHSA i HETOYHOCTI 0ONpUCKYBaHHSA cknanu 50 KybiuHMX MeTpiB. AHani3 MOX/IMBOCTEN CUCTEMMU
ynpasniHHs po3noainom oo Demand Driven Distribution nokasae 3HUXEHHS éHeprocnoXmMBaHHS HAcoCiB Ha 25
%, BUTOKIB BoAM — HA 15 % i nowkonaxeHb Tpyd — Ha 50 %. AHani3 moxnusocTen cuctemm Siemens Water Leak Finder
MoKa3as, L0 aifOPUTMU LUTYYHOIO iHTENEeKTY TOYHO BUSIBNSKOTb HABITb HE3HAYHI BUTOKM BoaM B 0,2 niTpa Ha cekyHay,
CKOpouYytoumn BTpatu pecypciB Ao 50 %. AHani3 poboumx xapakTepucTuk KoHTponepa Rain Bird i nnatdopmu CropX
nokasaB niaBuLLEeHHS eDeKTUBHOCTI BOJOCNOXMBAHHS Ta BOL036epexeHHs B LleHTpanbHii Asii, LWo cTano Baxanemm
KPOKOM Ha LWAAXY [0 CTaN0oro po3BUTKY CiSlbCbKOrOCNOAAPCbKOro CEKTOPY perioHy

KniouoBi cnoBa: MOHITOPUHI [aHUX; CEHCOPHI Mepexi; nporpamHe 3abe3nevyeHHsi; BMKOPUCTAHHS [POHIB;
pecypco3bepexeHHs; edeKTUBHICTb 3pOLLIEHHS
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