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ABSTRACT

Pollution, including chemicals and trash, negatively impacts the environment and aquatic
life. A cloud-controlled aquatic cleaning boat has been developed using an ESP 32
controller and DC motors to address this issue. This boat features two DC motors for
movement and a conveyor system powered by four 12V DC geared motors to collect waste.
The trash is then processed in a shredder to be crushed and reusable, then dried with a
laser beam. Overall, the cleaning robot is framed as a boat to do all such activities in an
aquatic region and make them clean and hygienic. This innovative integration guarantees
uninterrupted performance and optimal cleaning outcomes. Due to the demands of
techniques to automate the existing infrastructure solution, this work aims to provide
remote-controlled infrastructure to collect the garbage on water bodies. This cloud-
controlled water body cleaning system uses ESP32 to operate the boat from anywhere.
Once the trash is collected by the conveyor, which interfaces with the cloud model, it is
deposited into the shredder, which makes the deposited particles for reuse. Testing of the
prototype in real-time demonstrates its effectiveness in managing aquatic waste.

Cite this article as: Jeyashanthi ], Barsana Banu ], Harish Babu T. Advanced aquatic
cleaning robot powered by IoT and cloud control. Environmental Research and

Technology, 2026, 9 (3), 398-411.

INTRODUCTION

This Cleanliness is essential for human society, yet much
waste is in water bodies, leading to severe water pollution.
This project aims to eliminate waste from these areas to
maintain clean water surfaces. The world is grappling with
environmental issues, notably water pollution from human
activities. Contaminated water poses health risks due to
infectious agents and toxic chemicals, often resulting in
disease transmission. Additionally, marine debris threatens
ecosystems and can starve animals. Solid waste like plastic
bags and bottles often makes its way to the ocean,
contributing to the formation of garbage patches [1- 5].

The materials affecting water bodies include chemicals and
trash that spread into oceans, disrupting the entire aquatic
food chain. Manual patrolling in certain areas is impractical,
and monitoring river and lake activities is essential. Water
quality is crucial for human and animal health, but traditional
methods for monitoring and cleaning require a significant
workforce and are risky, costly, and time-consuming. Relying
solely on human operations is inefficient, especially in large
areas, leading to challenges in waste collection due to safety
concerns. A remote-controlled robot offers an efficient and
eco-friendly solution to these problems, helping to keep

* Corresponding Author: barsanajamal@gmail.com (J. Barsana Banu)

aquatic bodies clean and hygienic. To overcome these critical
situations, the product must be brought out to create an
endpoint to this situation and make the aquatic bodies clean
and hygienic [6-8].

In 2010, the UN General Assembly recognized the human
right to water and sanitation, emphasizing the right to
accessible, safe, and affordable water for personal use. In
developing countries, water bodies often contain significant
amounts of garbage, including plastic and other debris, which
can block drainage systems and lead to flooding in Figure 1.
In 2007, it was reported that garbage generation in 33
Indonesian cities exceeded 132,192 cubic meters daily, with
much of it improperly managed and often burned or dumped
in rivers. Plastic pollution is particularly acute in Malaysia,
where studies show it constitutes 32% of river waste. A
University of Plymouth report highlights the dire
consequences, stating that at least half of aquatic species are
threatened with extinction due to plastic, which poses
dangers such as suffocation and strangulation.

A multi-robot system of autonomous aquatic vehicles is
designed for lake cleaning and fisheries maintenance [9]. It
automates surface impurity removal, oxygen pumping,
chemical spraying, food distribution, and water quality
measurement. The system utilizes a novel "recruitment

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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algorithm" for navigation and waste removal inspired by
insects like ants and bees. Additionally, robots have been
developed specifically for collecting floating rubbish [10-11].

The study employs a Naive Bayes control algorithm in [12] to
evaluate physical and chemical water quality parameters,
highlighting the potential of machine learning in
environmental monitoring. This approach fits with recent
improvements in water quality assessment, which leverage
different machine learning techniques to enhance predictive
accuracy and improve decision-making.

The research proposes in [13] a remote-controlled boat
outfitted with sensors to assess water quality, quality along
with an efficient waste collection system, utilizing IoT
technology to enhance marine waste cleanup and promote
sustainable practices while raising public awareness about
marine pollution. Utilizing IoT technology, it transmits real-
time data to a centralized platform for continuous
monitoring. The initiative aims to enhance marine cleanup
efforts and promote sustainability through community
outreach and educational campaigns, ultimately contributing
to a healthier marine ecosystem and raise public awareness
of marine pollution.

A pontoon-shaped hull is ideal for gathering surface waste,
ensuring hydrostatic and structural stability. A motor-driven
collecting arm places waste into a rectangular basket on the

hull. An underwater mobile sensor network [14] is being
developed to monitor waste storage pools and map their
internal structures for removal and decommissioning.
Challenges such as robot localization in cluttered underwater
environments and the impact of location errors on mapping
are being addressed.

In Delhi, a study of 44 lakes from 2010-11 revealed that 21
had dried up due to rapid urbanization and declining water
tables [15]. The paper [16] examines an autonomous water
cleaning robot that employs sophisticated sensor fusion and
computer vision technologies for efficient waste removal.
However, it does not explicitly incorporate IoT or cloud
control within its design or operational framework. The study
presents in [17] a river cleaning robot utilizing IoT
technology for efficient waste collection from water bodies. It
enables monitoring and control of the cleaning process,
addressing issues of water logging caused by various debris,
enhancing environmental cleanliness and health safety.

Despite covering two-thirds of the Earth's surface, our water
resources are under increasing pressure from a growing
population, leading to poorer water quality and increased
pollution. This paper discusses the role of skimmer boats in
collecting and disposing of waste, highlighting the negative
impact of domestic waste on water bodies [18].

Figure 1. Garbage on water body

Numerous countries have invested significant resources to
address environmental issues, mainly focusing on initiatives
such as enhancing green spaces and rehabilitating
contaminated rivers. On the other hand, the development of
automated vehicles represents a critical effort by
communities to tackle the growing problem of accumulated
garbage in water reservoirs [19]. In recent years, several
nations have constructed semi-automated and fully
automated crafts, including Unmanned Aerial Vehicles
(UAVs), specifically designed for waste collection. These

advanced crafts are equipped with innovative systems that
leverage the latest technological developments, enabling
them to perform garbage collection tasks in aquatic
environments efficiently. Integrating these technologies
streamlines the cleaning process and contributes to broader
environmental conservation goals, showcasing a proactive
approach to managing water pollution and preserving natural
ecosystems [20-25].
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The proposed cloud-based aquatic cleaning boat can be
utilized by municipal labor and NGOs to promote healthier
aquatic environments and human health. With the ESP 32
controller, these boats can be remotely operated via mobile
phone or laptop app, eliminating the need for manual
cleaning. They can be deployed to areas with garbage,
reducing waste and minimizing carbon footprints. This
innovative approach ensures efficient cleaning of water
bodies while maintaining environmental sustainability and
hygiene. Remotely controlled rotation enhances the cleaning
mechanism for optimal results.

The primary contributions of this endeavor are as follows:

1.  The collection of nonliving waste materials from water
bodies utilizing specialized lake cleaning vessels.

The reduction of water pollution in rivers and ponds.

The alleviation of environmental marine pollution in
both rivers and lakes.

4. To support the goals of innovative city initiatives and
the Clean India Mission, the enhancement of monitoring
efficiency for aquatic waste management.

This paper comprises four sections. Section 1 reviews the
current status of solid waste collection. Section 2 explains a
complete overview of all the components involved in this
work. Section 3 presents the hardware requirements,
selection, specifications, and developed cleaning robot.
Section 4 illustrates the implementation of the proposed
work with a coding algorithm. Finally, Section 5 discusses
conclusions along with the advantages and challenges of the
designed water body cleaning robot.

PROPOSED MARINE ROBOVAC

This remote-controlled solar water body cleaner boat is
meticulously engineered to effectively skim and purify open
water bodies' surfaces. Featuring an advanced and
streamlined design, the boat is equipped with a powerful
system that includes two robust DC motors for propulsion
and two precise servomotors that operate the cleaning arm.
This sophisticated configuration enhances the efficiency of
cleaning operations and ensures an accurate and thorough
removal of debris. The innovative design emphasizes a
holistic approach to environmental sustainability, allowing
for continuous operation while minimizing its ecological
footprint. The boat is constructed using the ESP32 platform
and various sensors to facilitate real-time data collection and
communication, ensuring optimal functionality. The
servomotor controls the garbage collection arm, allowing
agile maneuvering and effective debris retrieval. Additionally,

Power

supply

the boat is engineered with an automatic return feature that
activates when the battery levels are low, a condition
monitored by the onboard controller, ensuring a safe and
dependable return to the charging station. This
comprehensive  technology  integration  guarantees
uninterrupted performance and superior cleaning results,
making it an essential tool for maintaining clean water
environments.

Block Diagram

The block diagram for the proposed system is shown in
Figure 2. Central to this design is the ESP32 Wroom
microcontroller, which operates through a dedicated power
supply linked to cloud technology, enabling remote control
and processing. The ESP32 coordinates the operation of a
motor drive, managing four motors, two geared and two DC,
which control the boat's propellers and a conveyor belt for
waste collection. The DC motors facilitate the boat's
movement, allowing it to navigate in various directions, while
the geared motors power the conveyor belt. This belt, made
from durable 30 cm Polyvinyl Chloride (PVC), transports
debris to a 50 kg waste bin. An air tube piping system beneath
the boat draws in floating garbage, then redirected to the
conveyor. Geared motors also run a shredder to crush
collected materials, while a laser assists in drying these
particles. The Blynk platform supports the development of
IoT applications for secure operations. Powering the system
is a 3.3V, 2A, 2500mAH lithium-ion battery, chosen for its
efficiency. Users can control the boat through a mobile
application, allowing real-time navigation and monitoring.
Dubbed "Cloud Controlled Aquatic Cleaning Boat," the device
leverages Wi-Fi connectivity and requires an Android
handset. The BlynkloT framework makes it easy to manage
the DC motors using the ESP32. After connecting to the
mobile app, users receive a notification upon successful
communication with the boat. Operating under a cloud-based
control system, the boat can easily navigate away from
obstacles, improving operational efficiency and prolonging its
lifespan as an effective aquatic cleaning solution.

The block diagram illustrates the operation of a cloud-
connected aquatic boat. The ESP32 Wroom, powered by cloud
technology, enables remote control and processing. It
manages a motor drive that controls four motors—two
geared motors for the conveyor belt and two DC motors for
locomotion. The DC motors rotate the propellers for
movement, while the geared motors facilitate material
shredding. A laser dries the crushed particles, all powered by
the system's supply.

L29SN-Motor

= // > >
il "K;&’

2 * Geared motors

ESP-32 Wroom

By
A
Propeller

Figure 2. Block diagram of aquatic marine robotic

2 * DC-Motor

! !

Conveyor

system Shredder
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Circuit Diagram

The circuit primarily features a 3.3V and 2A power supply
that connects to the ESP-32 WROOM, which operates at 5V. In
this configuration, MD1 and MD2 are linked to the pins of
1014, 1027, 1026, 1025, 1018, 1019, 1022, and 1023. The DC
motors for MD1 are connected to pins 11, 12, 13, and 14 of
the motor driver, facilitating their movement. Similarly, the
DC gear motors for MD2 are also connected to pins 11, 12,13,
and 14 of their respective motor driver. All four motors
operate on a 12V supply and are utilized for various purposes:
one set drives a propeller for propulsion, while another set
operates 14 conveyors for efficient trash collection and a
shredder for crushing trash. Additionally, a laser is directly
attached to the power supply; it emits intense heat rays
within the container, effectively drying wet trash and
decreasing the boat's weight. Detailed schematic circuit
diagrams and the operational flow of this system are
illustrated in Figure 3 and Fiigure 4.

The salient features for the next recommendations of
batteries for large water bodies and advanced systems are as
follows,

e Predictive control techniques can be implemented in
order to reduce power loss in motor control system.

e In future work, it is planned to add solar panel and fuel
cell powered hybrid energy system for power supply.
Based on the capacity of boat and solar panel, motor
rating has to be increased.

e Use of renewable energy sources will increase the
operating time of the robot.

e Battery management system can also be introduced to
enhance the performance and life span of battery

To initiate the operation, the first step is to initialize the Node
MCU (ESP32 WROOM) along with the motor drive associated
with the L298N motor. This setup is crucial for activating the
boat's functionality. Upon receiving the designated
commands, the boat will respond accordingly by moving in
various directions.

e A forward signal prompts the boat to advance, propelling
it ahead.

e Conversely, a reverse signal directs the boat to move
backward.

e To navigate left, a left signal is issued, and
e Similarly, a right signal guides the boat to steer right.

Additionally, the boat can rotate clockwise or anticlockwise
based on the respective commands, allowing for precise
maneuverability.

A safeguard is in place while the boat collects garbage using
its integrated conveyor belts. If the weight of the collected
waste exceeds the predetermined threshold, the conveyor
belt will automatically halt its rotation to prevent any
potential damage or malfunction.

This careful monitoring ensures the efficient and safe
functioning of the boat, ultimately leading to the completion
of its garbage collection task.

il

Figure 3. Circuit diagram for the working model



Environ Res Tec, Vol. 9, Issue 3, pp. 398-411, June 2026

402

Initialize Node MCLU, Motor Drive )

Boat will

=0
forvward

Boat will
o left

Conveyor
belt clock
wise & Aot
clockwisc

oat wi
raotatc
clockwise &
Aonti
clockwise

If Weight Limit Reaches )

|

[ Stop Rotating Conveyor Belt ]

Figure 4. Flow chart of locomotion signal

HARDWARE ASSEMBLING AND TESTING

Figures 5 to 10 illustrate the development stages of the
proposed work. Table 1 highlights the hardware
requirements for the proposed cloud-controlled aquatic
cleaning robot, paving the way for innovation and progress in
aquatic cleanliness.

Table 1. Hardware specifications

Parameters Specifications

Main processor ESP-32 Node mcu

Power supply 3.3v, 2Amp (Rechargeable)
Control mode IoT - Cloud

DC motor 12V, 1.5A

Geared motor 12V, 300mA

L298N drive controller 5V

Laser light 5

Garbage weight 50 Kg

Boat weight 1.5Kg

Trash payload 500g

Maximum speed 6000 RPM

Running time 5 Hrs

Dimensions Ixhxw = 0.61m x 0.548m x
0.45

L298N Motor Driver Module

The L293D is a 16-pin motor driver IC that controls two DC
motors simultaneously, providing bidirectional drive
currents up to 600 mA per channel and voltages from 4.5 V to
36 V.Itincludes 2 INPUT pins, 2 OUTPUT pins, and 1 ENABLE
pin for each motor and consists of two H-bridges for motor
control. The L298N motor driver IC, which requires a 5V
power supply, can control up to 4 DC or 2 motors with

directional and speed control. This project, L293D, controls 4
motors (2 geared and 2 DC) for propelling a boat and
operating a conveyor belt.

DC Motor

The system includes two geared and two DC motors at 12V,
with maximum currents of 300 mA and 1.2A, respectively.
These motors rotate the boat's propellers and the conveyor
belt. They are connected to the outboard MD1 at pins 11, 12,
13, and 14 for operation.

DC Gear Motor

A gear motor includes a gearbox that helps increase torque
and reduces RPM. This setup drives a conveyor that collects
waste. The gearbox gears change the shaft's speed and torque
at specific ratios, allowing the shredder to crush the garbage.
The motors are connected to 11 outboard MD2 at pins 11, 12,
13, and 14 on the motor driver to control their movement.

ESP-32 Wroom

The ESP32 WROOM is a versatile MCU module that supports
Wi-Fi, Bluetooth, and BLE, suitable for applications like
sensor networks and music streaming. The W-rover variant
adds 32-MBit PSRAM for enhanced storage, including GPI016
and GPIO17 for PSRAM control. It supports secure OTA
upgrades and features two individually controllable CPU
cores with a clock frequency of 80MHz to 240MHz. With a
range of 1km, it monitors paths and obstacles on a boat,
accessible via an online web server for adjusting settings like
quality and brightness. It connects directly to a 12V power
supply and controls the drive circuit through pins 1014, 1027,
1026, 1025, and 1018, 1019, 1022, 1023 for locomotion and
conveyor operations
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Figure 9. Hardware assembling-1

BLYNK Application

Blynk is a platform for building IoT applications that lets the
control hardware devices remotely via a mobile app. In this
context, a "cloud-controlled aquatic cleaning boat" is
operated through IoT-cloud technology using Wi-Fi
connectivity and an Android device. The boat's direction and
collection operations can be managed from any mobile
handset with Wi-Fi. Using the Arduino IDE, Blynk libraries are
uploaded to control the boat's DC motor with the ESP32

Figure 10. Hardware assembling-2

model. Once connected, the mobile app allows users to
navigate the boat, preventing obstacles and enhancing its
lifespan. The interface displays the device name and
connection status, making remote control efficient and
straightforward.

Shredder

The shredder machine is essential for recycling waste plastic,
as it breaks down materials into small, manageable pieces to
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facilitate further processing. The process begins with a single
rotating shaft equipped with rotating and fixed blades
designed for efficient shredding. The shredder's performance
is influenced by the geometries and orientations of the blades,
which can lead to wuneven load distribution. This
inconsistency may result in some blades experiencing more
stress and wear, impacting overall efficiency. Additionally,
the shredder receives collected waste from a conveyor belt,
where the blades crush the plastic into smaller particles. This
size reduction increases bulk density, allowing more trash to
be stored in the shredder container and preparing it for the
next steps in the recycling process. In future;

e Waste segregation is done by CNN algorithm to improve
the collection accuracy. Inductive sensors will be used to
detect metallic object before shredding.

e It is planned to add sorting mechanism using sensor to
store different waste in separate bins

e Also, it is planned to save classification data to enhance
recycling procedures and gradually increase Al accuracy
in future work.

e Mainly aims to build the product by using the raspberry
pi which the powerful processor to function and to
propose the system more autonomous to completely
reduce the human intervention and make the product
hygiene and safe.

Conveyor System

The conveyor belt uses torque from the motor to drive a chain
drive that pulls up the waste on the water surface, which is
put into a bin called a garbage collector with a capacity of
storing 50 kg. We have used a polyvinyl conveyor belt. The
Arduino system controls the conveyor belt using a motor
driver circuit. It has PVC pipes that drive the air tube piping
guide mechanism under the boat. This mechanism draws all
floating garbage from the water towards the boat and collects
it through a conveyor belt. Specifications are: 1. Belt Capacity:
500g 3. Belt Length: 30Cm2. Belt Width: 8Cm 4. PVC pipe
Diameter: 1 inch.

Laser Light

Laser light, characterized by its highly concentrated and
coherent beam, is intricately linked to a power supply that
harnesses the process of stimulated emission of photons.
When this powerful laser light is precisely directed onto a
designated spot within a container, it unleashes an energetic
barrage of photons interacting with the molecules in that
area. This interaction generates heat, effectively warming and
drying the waste material contained inside. The intensity of
the laser beam plays a crucial role; a more potent beam
results in a more significant heating effect, gradually
evaporating moisture and thereby significantly reducing the
boat's overall weight.

e By conducting risk analysis for eco system, it will be
ensured in compliance with environmental regulations
such as Environmental protection agency.

e (lear documentation on safety procedures will be
provided to ensure the environmental impact
assessments to stakeholders.

e Although using a laser to dry garbage is a novel idea, we
recognize how critical it is to solve health and
environmental issues. We suggest installing a completely

enclosed laser drying system with interlocks and safety
shielding to reduce any hazards.

e Additionally, energy-efficient laser operations will be
adjusted to reduce environmental effect, and air filtration
systems will be connected to manage pollutants.

e To guarantee adherence to safety and legal requirements,
routine environmental and health evaluations will also be
carried out. These steps will improve the laser drying
process's sustainability and safety.

Path Planning

In contrast to the typical path planning challenges
encountered by various mobile robots, the common path
planning problem (CPP) specifically associated with surface
cleaning tasks possesses two distinct characteristics.

(1) CPP must be carried out in environments that can vary in
shape and may include various obstacles

(2) The shortest cleaning path doesn’t always ensure high
efficiency, as turning takes time. It's important to
minimize both turns and path length.

The regional path planning efficiency metric npath as an
effective measure of the total time required to complete a task
based on the selected planning path P is defined by (1).

npath(P) =tl/v+nx*T 1)

Let tl be the total path length, v the normal speed, T the
average turning time, and n the quantity of planned turns. The
coverage rate ¢ is the ratio of the covered area to the total
area, with § as the minimum coverage rate. Thus, the CPP
issue for a convex polygon can be given by (2);

Pyost = argp min (npath (P)) ,S.t.€)0 )

The advanced obstacle detection and avoidance mechanisms
are;

e This system is installed with ultrasonic sensor to detect
obstacles. In the next level of this research, it is planned to
implement deep learning computer vision technique such
as CNN algorithm for object detection and classification.
CNN algorithm is used in multiple ways. It will classify the
waste plastics for garbage collection also it will detect the
rocks, vegetation and other boats.

e Path planning techniques will be implemented in the
extended work of this project to dynamically plan the
safest path around obstacles. Real-Time Course
Correction will be used to make use of a fuzzy logic
feedback control system that modifies the navigation
course in response to sensor input.

e The system will slow down or stop until a safe route is
found if it identifies an impassable impediment.

Cost Analysis

The cost analysis of the given proposed system with
components and the corresponding price are given in Table 2
and Table 3. illustrates the cost ccomparison with existing
cleaning methods.
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Table 2. Cost analysis

S. No. Components Price in INR.
L Node MCU 600
2. 12VDC motor 800
3. 12Vgeared motor 300
4, L298N drive controller 1,300
5. Steel fabrication work 15,000
6. 3D printed propeller 8,000
7. Water proof fabrication 1,000
8. Shredder 4,000
9. Laser light 500
10. Power Supply (Battery) 300
11. Conveyor Belt 300
12. IoT Module 200
Total Amount in INR 32,300
Table 2. Cost comparison
Method Estimated cost Maintenance E?flllcefetlll(():; Scalability
Manual Cleaning  Around 30,000 for 1 time High labor cost Low Low
Skimmer boats More than Rs. 5,00,000 High fuel and repair cost and High Moderate
Proposed Robot  Starts from Rs. 30,000 Low High High
Scalability enhancing maneuverability and control as it navigates

e Increases in battery capacity, motor power, and conveyor
size can be made to adapt the system for larger-scale
operations.

e Bulk manufacturing and the use of substitute materials
can further lower costs.

e It is very practical for usage by municipalities and non-
governmental organizations in areas with limited
resources because to its low cost, low maintenance
requirements, and IoT-based remote operation.

IMPLEMENTATION OF PROPOSED CLEANING
ROBOT AT ‘SUNDARAJANPATTI- MADURATI'

Our project is a hardware system comprised of several key
components, including the main controller, motor drive
system, conveyor system, shredder, and power supply. At the
core of the system is the ESP-32 WROOM microcontroller,
which features an integrated Wi-Fi module. This module is
instrumental in  establishing a reliable wireless
communication link between the smartphone and the boat,
allowing for efficient operation while maintaining a compact
size and low power consumption.

Navigational instructions for the boat will be provided
through a dedicated smartphone application. This application
will guide the boat as it moves across the lake, ensuring
precise navigation and control. The power supply for this
system will be 12 volts, which is essential for operating the
robotic components of the boat. This power source will
enable the boat to move forward and backward efficiently.
Additionally, the boat will be equipped with a conveyor belt
mechanism that allows for rotational movements. This
mechanism can rotate clockwise or counterclockwise,

through the water.

Upon connecting to the mobile application, the user interface
will govern the direction of the boat's movement. The device's
default name and PIN are displayed, and a “Paired and
connected” message confirms once the connection is
established. This connection allows for remote boat control,
avoiding obstacles and promoting the vessel's longevity.
Upon activation, the machine will initiate the conveyor belt,
allowing the robot to move forward and efficiently collect
waste, which is then transferred to a designated container.

The trash collection system features an efficient shredder that
crushes and cuts waste materials, maximizing space within
the collection unit. The boat is controlled remotely via cloud
technology, allowing operators to manage its movements
from anywhere. Inside the container, a laser light system uses
emitted heat rays to dry the collected trash, reducing
moisture for easier handling. The power supply consists of a
3.3V, 2A, 2500mAH lithium battery, providing reliable energy
for the propeller. The collector has a storage capacity of up to
50 kilograms, enabling more extended operation before
offloading the waste.

The Marine Robovac collects trash using cloud control
technology, improving accessibility and efficiency. It was
tested in Sundarajanpatti village, Madurai, where pollution in
a local pond was caused by waste, as shown in Figure 11 and
Figure 12. We evaluated the Robovac's movement, shredding,
and collection processes, all connected through an ESP32
controller to a cloud Wi-Fi network for easy control. Users
operate it via a simple interface on the Blynk app, shown in
Figure 13, allowing adjustments to the boat's movement,
shredding, and conveyor system. It helps efficiently clean the
pond and supports environmental efforts in the village. The
Coding algorithm for this work is given below;
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Step 1: Initialization

Define Constants: Set constants for motor control, Wi-Fi
credentials (SSID and password), and Blynk
authentication token.

Include Libraries: Import necessary libraries for motor
control, Wi-Fi, and Blynk functionalities. Hardware Setup:
Connect motors to driver modules and configure pin

connections for motor control and power to Wi-Fi and
Blynk modules.

Step 2: Establishing Connection

Initiate the Wi-Fi connection with the defined SSID and
password, handling connection errors. Authenticate
with the Blynk server using the Blynk token to enable cloud
connectivity.

Step 3: Motor Movement Functions
Forward Motion: Function to move the motor forward.
Reverse Motion: Function to reverse motor direction.
Left Turn: Adjust motors for a left turn.
Right Turn: Adjust motors for a right turn.
Stop: Function to stop all motors.

Step 4: Shredder Control Functions

Open Shredder: Function to activate the shredder’s
opening mechanism.

Close Shredder: This function closes the shredder safely.

Step 5: Sensor Functions—Create functions to read and
process data from sensors (e.g., temperature and
obstacle detection) for system operation.

Step 6: Cloud Integration - Develop functions to send sensor
data and motor status to the cloud, enabling remote
monitoring and command execution.

Step 7: Main Loop Operation - Implement the main loop to
check for incoming commands from  the cloud and
execute them while periodically updating the cloud with
system status.

Step 8: Debugging and Testing - Debug and test each function

for connection stability and command accuracy.
Implement logging for performance tracking and
troubleshooting.

Figure 11. Hardware testing-1

Figure 12. Hardware testing-2

( MARINE ROBOVAC )
( LOCOMOTION CONTROLO d
( CONVEYOR CONTROL
( SHREDDER CONTROL a

Figure 13. User interface to control the boat

Blynk Interface in this work

Constants: Constants mi to me represent pin numbers
connected to motors and are defined with their respective
values.

Blynk Setup: Blynk-related configurations such as
BLYNK_PRINT, BLYNK_TEMPLATE_ID,
BLYNK TEMPLATE_NAME, BLYNK AUTH_TOKEN, Wi-Fi
credentials (ssidandpass), and auth token are set up are

mentioned in Figure 14.

Setup Function: In the setup () function, serial
communication is initialized, and the pins connected to
motors (mi1 to me) are configured as output pins. Motor
Control Functions: r_f(), r_r(), r_1 (), and r_s () control different
movements of a vehicle or robot (e.g., forward, reverse, left,
stop). door_op () and door_cl () control the on & off stages are
mentioned in Figure 15.

Blynk Write Functions: These functions are called
whenever Blynk receives data from the app. Each function
corresponds to a virtual pin on the Blynk app (V3 to Vo). When
a particular virtual pin is triggered (i.e., receives data), the
corresponding function is called to perform an action based
on the received value are mentioned in Figure 16.
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Figure 14. Pin set up for blynk libraries and motor control

-

Figure 15. Serial communication, connected motor pins are initialized
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Figure 16. Interface the blynk server to the hardware control
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Loop Function: The loop () function is essential for Blynk to
continuously run and process incoming commands or
updates from the Blynk app. Overall, it's uploaded for ESP32
microcontroller to control motors on/off remotely via the
Blynk app connected to motors (m1 to me) are configured as
output pins are mentioned in Figure 17.

Color-coded status indicators, logical structure, and clear
iconography will be used in future to improve usability. Voice
commands, text-to-speech, large text options, and
multilingual support can be used to increase accessibility.
Tool tips, a troubleshooting guide, and guided on boarding
can be provided to make ease navigation. Offline data access,
configurable alarms, and push notifications are available for
real-time Monitoring.

Figure 18 presents a detailed analysis of the hazards collected
every week. The data illustrates significant fluctuations in
hazard levels daily throughout the week. In Figure 19, the
Hazards Removal Conversion percentage demonstrates a
positive trend, increasing from 90% on the first week to 98%
by the fifteenth week. This improvement indicates a
successful implementation of hazard removal strategies over
the week. Figure 20 showcases the efficiency of the robot boat

© 0 0 T F

under varying conditions. It is evident that as the level of
hazards increases, the capacity of the sensors for searching
and detecting also enhances, resulting in an overall increase
in the efficiency of the robot boat. This correlation highlights
the adaptive capabilities of the technology in responding to
environmental challenges.

The equation (3) describing hazards removal conversion is
wt % given below,

X =2 100 3)
Where X is the Hazards Removal Conversion (wt %)

The “a” is the assumption of Hazards Total weight (Kgs)

The “b” is the Collected Hazards (Kgs)

Furthermore, Table 4 and Figure 21 provide critical insights
into the validation of hazards and the accuracy of training
associated with the detection process. This data emphasizes
the robustness of the training model and its ability to
accurately identify and validate hazards, thereby contributing
to improved safety measures and operational effectiveness.

o

SAEm e mOo@me ES

Figure 17. Continuous operation of the entire prototype is initialized
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Figure 18. Collected hazards
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Figure 19. Hazards removal conversion (%)
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Table 4. Validation of hazards

Assumption of Hazards Total weight

Collected Hazards Remain Hazards

No. of Weeks (Kgs) (Kgs) (Kgs)
1 50.00 490 45.10
2 45.10 4.60 40.50
3 40.50 4.50 36.00
4 36.00 4.25 31.75
5 31.75 4.00 27.75
6 27.75 3.90 23.85
7 23.85 3.75 20.10
8 20.10 3.50 16.60
9 16.60 3.25 13.35
10 13.35 3.00 10.35
11 10.35 2.75 7.60
12 7.60 2.50 5.10
13 5.10 2.00 3.10
14 3.10 1.75 1.35
15 1.35 1.00 0.35
CONCLUSION path around obstacles. Real-Time Course Correction will

The paper involves developing a robotic cleaning boat to
address pollution in water bodies caused by floating debris,
plastics, and toxic materials. The boat offers an innovative,
efficient, and safe method for cleaning static water bodies,
reducing manual labor, and promoting a balanced aquatic
ecosystem. The design and development of a real-time robotic
system based on IOT control for aquatic surface trash
collection is presented. This robot successfully puts forth the
concept of a cost-effective system that integrates Computer
Vision with the Electronic Control Unit to achieve
autonomous cleaning. The proposed work utilizes a DC motor
mechanism and cloud technology to detect and collect the
garbage. The system has been simulated using open-source
software, showing potential as a cost-effective solution for
preserving water quality and aquatic life with minimal human
effort. The project was created using hardware and a
microcontroller to control all the machine parts.

Additionally, Marine Robovac can monitor and improve
image segmentation algorithms, contributing to effective
environmental waste management. This proposed system
can determine the water quality for aquatic life. Therefore,
Marine Robovac can clean the river's surface and free the
water from garbage and waste.

Future work: The future work aims to enhance a boat
designed for various water bodies by integrating a water
monitoring system to measure pH, turbidity, and
temperature. This system will automate garbage detection
and collection using image processing and machine learning.
Future developments include distinguishing between
biodegradable and non-biodegradable waste. Additionally,
sensors will detect water hardness and spray chemicals to
reduce waterborne diseases. The project intends to utilize
Raspberry Pi for greater automation, reducing human
intervention and ensuring safety and hygiene.

e In future work, it is planned to add solar panel and fuel
cell powered hybrid energy system for power supply.
Based on the capacity of boat and solar panel, motor
rating has to be increased.

e Use of renewable energy sources will increase the
operating time of the robot.

e Battery management system can also be introduced to
enhance the performance and life span of battery

e Path planning techniques will be implemented in the
extended work of this work to dynamically plan the safest

be used to make use of a fuzzy logic feedback control
system that modifies the navigation course in response to
sensor input.

e Waste segregation is done by CNN algorithm to improve
the collection accuracy. Inductive sensors will be used to
detect metallic object before shredding.

e [t is planned to add sorting mechanism using sensor to
store different waste in separate bins

e Also, it is planned to save classification data to enhance
recycling procedures and gradually increase Al accuracy
in future work.
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INTRODUCTION

In recent decades, global development, driven by the
triggered unbalanced advances,

capitalist model, has

ABSTRACT

The increasing demand for sustainable urban development requires innovative solutions
that balance environmental conservation with residential expansion. This study presents
a clean technologies roadmap for horizontal condominiums, providing a structured
approach to mitigate environmental impacts and enhance sustainability in the residential
construction sector. The research followed a four phases methodology: pre-prospective
analysis with an exploratory review; technological foresight through bibliometric (642
articles) and patentometrics (155 patents) studies; data organization and analysis, leading
to the consolidation of 13 technology clusters; and roadmap development, categorizing
technologies into energy, water, and waste. Key solutions include solar energy systems,
thermal control, phase change materials, high-efficient windows, water reuse strategies,
and additive manufacturing (3D printing), all aimed at reducing environmental impacts
and optimizing resources. This roadmap provides a valuable strategic guide for
policymakers and environmental agencies, fostering sustainable practices in the planning,
licensing, and implementation of eco-condominiums. By bridging gaps in the literature and
aligning with global sustainability goals, this study contributes to the transformation of the
construction industry towards more resilient and environmentally responsible housing
solutions.

Cite this article as: Abrahdo AV, Ghesti GF. Pursuing sustainability: Clean technologies
roadmap for eco-condominiums. Environmental Research and Technology, 2026, 9 (3),
412-424.

of all wood, and 40% of all raw materials. It also generates
roughly 30-40% of solid waste and emits 35-40% of global
carbon dioxide emissions [10, 11]. In horizontal
condominiums the main environmental pressures include

prioritizing economic aspects while neglecting socio-
environmental issues [1, 2]. In Brazil, environmental
protection is a constitutional right and is carried out through
the environmental licensing of ventures and activities that
use environmental resources or may degrade the
environment [3, 4], such as land partitioning for the
construction of horizontal condominiums. Measures
mitigating or compensating for the environmental impacts
caused by these ventures may be required [5, 6]. In the
Federal District/Brazil, territorial occupation is an evident
problem, greatly impacted by the implementation of irregular
subdivisions and condominiums [7]. The region experiences
demographic growth [8], and its real estate market s thriving,
driving urban expansion into new residential areas, with a
focus on the construction of horizontal condominiums.
Consequently, land partitioning is "the potentially polluting
activity that most challenges the environmental management
of the region” [9].

The construction sector is highly resource-intensive: it
consumes about 40% of global energy, 12-16% of all available
water, 32% of non-renewable and renewable resources, 25%

* Corresponding Author: grace@unb.br (Grace Ferreira Ghesti)

soil compaction and sealing, erosion, reduced rainwater
infiltration, high volumes of waste, loss of native vegetation
and wildlife habitat fragmentation, as well as increased air,
water, and noise pollution, proliferation of invasive species
and greater flood risk [12].

The growing emphasis on sustainability in project
management has increased the demand for structured tools,
such as roadmaps, that support long-term transitions toward
more resource-efficient and environmentally responsible
construction practices. Roadmaps help define clear
implementation pathways, allowing decision-makers to
anticipate technological developments, align investments
with sustainability goals, and integrate innovative solutions
into regulatory frameworks. Recent studies highlight that this
approach has been successfully applied in various industries,
accelerating the adoption of clean technologies and
supporting global sustainability commitments [4, 6, 13, 14,
15]. Moreover, aligning technological roadmaps with
international policies - such as the Paris Agreement and
carbon neutrality targets - enhances their role as strategic

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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instruments for guiding the construction sector toward a low-
carbon and climate-resilient future [15, 16].

In addition to the strategic value of technology roadmaps
highlighted above, environmental licensing emerges as a key
governance instrument for steering urban expansion towards
sustainability. By imposing mitigation and compensation
requirements, the licensing process can actively foster the
adoption of sustainable technologies that reconcile economic
feasibility with environmental responsibility. In urban
infrastructure and housing, for example, this framework
unlocks opportunities for innovations in renewable energy,
water security, sanitation, sustainable construction and low-
carbon mobility, thereby improving citizens’ quality of life
while curbing the ecological footprint of growing
agglomerations [10]. Prioritising such 'clean' technological
paradigms not only reduces consumption, but also promotes
circularity through waste recycling and reuse [17, 18, 19, 20].

The successful implementation of sustainable technologies
requires not only innovation but also strategic planning and
long-term foresight. Recent studies suggest that adopting
future-oriented methodologies and foresight studies can
contribute to the effective deployment of technological and
sustainable innovations [2, 14]. In this context, this article
aims to provide a structured vision of emerging trends in the
sustainable construction sector, anticipating both challenges
and opportunities.

Given this scenario, this study develops a clean technologies
roadmap for eco-condominiums, offering a structured
framework to identify emerging trends, assess their
technological maturity, and provide practical guidelines for
their integration into sustainable construction practices.
Digitalization has proven to be a key driver in accelerating
sustainable processes, facilitating the adoption of innovative
technologies in the construction sector [13]. Thus, this
roadmap is intended to serve as a strategic reference for
implementing solutions that promote urban sustainability
and circular economy principles in residential developments.

To materialize this framework, this research pursues four
interrelated objectives: (1) to identify and classify emerging
clean technologies applicable to horizontal residential
condominiums; (2) to evaluate each technology’s readiness
level, implementation feasibility and potential to mitigate key
environmental pressures (energy, water, waste and
emissions); (3) to integrate these insights into a phased
roadmap that aligns project life-cycle stages - planning,
construction, operation and retrofit - with suitable
technological solutions; and (4) to provide evidence-based
guidelines for developers, policymakers and investors
seeking to accelerate large-scale adoption of high-impact
clean technologies. To achieve these objetives, the research
was divided into four phases- exploratory,
bibliometric/patentometric, data analysis, and framework -
that identified 13 clusters of applicable technologies in
horizontal condominiums, with an emphasis on energy,
water, and waste. The focus of this prospective study is not to
'discover' the future but to outline probable visions that can
positively guide the choices made today for the construction
of a desirable future [21 - 26].

Consequently, this study provides a structured tool to
support public policies, particularly in environmental
licensing and urban planning. By identifying key clean
technologies and assessing their technological readiness, the
proposed roadmap enables decision-makers to anticipate
challenges, refine regulatory frameworks, and promote the
large-scale adoption of sustainable solutions in horizontal
condominiums. Additionally, this roadmap serves as a

strategic reference for integrating innovative technologies
into construction planning, ensuring that sustainability-
driven advancements are effectively translated into practical
applications. By bridging technological progress with
regulatory needs, this study contributes to both theoretical
discussions and practical implementations, reinforcing the
role of clean technologies in shaping future urban
development.

METHODOLOGY

A qualitative research design was adopted because the study
is inherently exploratory: it seeks to interpret emerging
technological patterns and build an actionable roadmap
rather than test hypotheses or estimate effect sizes.
Technology roadmapping is, by nature, interpretative and
therefore relies on contextual judgements of maturity,
feasibility and stakeholder relevance [25, 26]. The analytical
core combined thematic coding, expert elicitation and cross-
case synthesis - procedures firmly rooted in qualitative
research traditions [27]. Implementing a mixed-methods or
fully quantitative design would have required harmonised
datasets and large-scale adoption metrics that are not yet
available for many of the nascent clean technologies
identified here. Consequently, a qualitative framework
provides the most appropriate foundation for early-stage
technological foresight. This research involved four phases
described in Table 1.

Phase 1 (preliminary prospective) consisted of a scoping
literature review conducted to graound the study’s
theoretical foundation and refine its key concepts. Searches
were performed in Google Scholar and CAPES Journals portal
(CAFe access) using structured queries in English and
Portuguese: "environmental licensing” AND ("horizontal
condominium” OR "land partitioning"); "clean technology”
AND ("construction” OR "building" OR "condominium"); and
"technology roadmap.” Articles were retained if they
addressed regulatory aspects, technological innovation in
sustainable  construction, or  strategic  planning
methodologies. Because this phase served only to build the
conceptual background - rather than the empirical dataset -
the references are cited qualitatively and are not counted as
part of the study sample. The synthesis provided the
knowledge base for the subsequent stages of technological
prospecting and roadmap development.

Phase 2 (technological prospective) involved defining
targeted search strategies to identify relevant clean
technologies for this study. Given the wide range of available
technologies, the research focused on three key categories -
energy, water, and waste - due to their direct relevance to
environmental licensing processes for  horizontal
condominiums in the Federal District. These categories were
selected based on their significant environmental impact, as
identified in previous studies on land partitioning and
sustainable urbanization [28]. The categorization ensured
that the selected technologies addressed critical regulatory
and sustainability challenges, particularly those related to
energy consumption, water management, and waste
generation in residential developments. By structuring the
research around these categories, the study aligned
technological innovations with the most pressing
environmental concerns in horizontal condominium projects,
facilitating their applicability in environmental licensing and
urban planning frameworks.

To systematically identify and analyze relevant technologies,
two complementary search strategies were employed. The
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first strategy focused on retrieving scientific articles from the
Scopus database, chosen for its advanced filtering
functionalities and comprehensive coverage of peer-
reviewed literature. The search queries combined the terms
"technology” AND "construction” AND "hous*" with category-
specific keywords ("energy” OR "water” OR "waste"),
restricting results to publications from January 2015 to June
2022. This search yielded 642 records (Table 2), forming the
basis for further screening and classification.

From this total, only articles that met the following criteria
were selected for analysis: (i) alignment with the scope of
clean technologies applicable to horizontal condominiums
construction, and (ii) availability of information on
Technology Readiness Levels (TRL). Studies focusing
exclusively on other types of buildings, conventional

Table 1. Research phases

construction materials without environmental innovation, or
technologies with low replicability in the Brazilian context
were excluded. The final sample ensured that the selected
studies provided both technological applicability and
feasibility for environmental licensing scenarios. As a result,
65 articles were selected for the final sample, focusing on
clean technologies in the areas of energy, water, and waste,
with potential applications in the construction and operation
of horizontal condominiums (Table 3).

The second strategy focused on retrieving patents from the
WIPO GREEN database, a specialized platform for sustainable
innovations with a structured classification system. It is
possible to consult technologies in seven distinct areas, as
shown in Table 4, which presents in descending order of
registered patents by category and subcategory.

Phase

Objective

Phase 1 - Preliminary

Literature review to gather theoretical references on the research topics: environment;
environmental licensing (particularly land subdivisions in the Federal District); clean technologies

r i A . .. .
prospective applied in horizontal condominiums, and technological roadmap.
Phase 2 Definition of strategies for targeted search, including the selection of keywords and choice of
Technological research databases for scientific articles and patents. Search for scientific articles and patents
prospecting related to the chosen categories of clean technologies in the study.
Phase 3 Compilation of a database containing comprehensive information about the identified
0 . dd technologies. Categorization of technologies according to applicable technological areas and
rganlzatl(l)n an ata  assessment of technological maturity (TRL). Consolidation of results into clusters for visual
analysis structuring of the roadmap.
Phase 4 Definition of sub-layers and positioning of analyzed technologies on the roadmap, according to the
Roadmap 'maturity’ dimension (TRL). Development of the roadmap. Drafting support texts for
development communicating the results and providing insights for the future.

Table 2. Results of the Scopus search records

Strategies applied in Scopus Articles
TITLE-ABS-KEY (technology AND construction AND hous* AND “solar energy”) AND PUBYEAR AFT 30
2015
TITLE-ABS-KEY (technology AND construction AND hous* AND “wind energy”) AND PUBYEAR AFT 6
2015
TITLE-ABS-KEY (technology AND construction AND hous* AND (biomass OR bioenergy)) AND 29
PUBYEAR AFT 2015
TITLE-ABS-KEY (technology AND construction AND hous* AND “energy efficiency”) AND PUBYEAR AFT 254
2015
TITLE-ABS-KEY (technology AND construction AND hous* AND lighting) AND PUBYEAR AFT 2015 26
TITLE-ABS-KEY (technology AND construction AND hous* AND (cooling OR ventilation OR "thermal 182
insulation")) AND PUBYEAR AFT 2015
TITLE-ABS-KEY (technology AND construction AND hous* AND ("water use efficiency” OR "water 46
storage” OR "water treatment” OR "sanitation") AND PUBYEAR > 2015
TITLE-ABS-KEY (technology AND construction AND hous* AND ("waste collection” OR "recycling and 38
reuse"” OR "wastewater treatment” OR "solid waste treatment” OR "construction waste”)
TITLE-ABS-KEY (technology AND construction AND “permeable pavement”) AND PUBYEAR AFT 2015 15
TITLE-ABS-KEY (technology AND construction AND hous* AND drainage) AND PUBYEAR AFT 2015 16

Total number of articles found

642
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Table 3. Selection of articles by category and technological area

Category and technological area Articles

ENERGY 31
Energy efficiency 12
Solar energy 4
Wind energy 3
Cooling, ventilation, and thermal insulation of buildings 10
Biomass / Bioenergy 2
WATER 7
Water efficiency 5
Stormwater management 2
WASTE 27
Construction technologies and materials 23
Recycling and reuse 3
Solid waste treatment 1

Total selected records for analysis in the roadmap 65

Table 4. WIPO GREEN clean technologies patents

Category Patents by subcategories (quantity)
Fuel cells (11,844); Solar (9,924); Energy storage (5,989); Wind (4,503); Biomass/Bioenergy
ENERGY (4,205); Electrical engineering (4,051); Energy transmission and distribution (3,933); Power

(51,161 patents)

generation (2,644); Wave/Tidal/Ocean (1,659); Hydropower (1,530); Waste to energy (865);
Waste heat recovery (644); Geothermal (351); Energy efficiency (230); ICT in energy and
energy management (146); Thermal (82).

TRANSPORT
(23,030 patents)

Electric/Hybrid vehicles (16,031); Enhanced internal combustion engines (4,002);
Aeronautics/Aviation (2,318); Maritime/Waterborne (499); ICT-based transport solutions
(170); Railways (79); Road (74).

POLLUTION AND WASTE
(15,651 patents)

Waste recycling and reuse (5,076); Wastewater treatment (3,497); Air (3,367); Carbon capture
and storage (3,026); Pollution detection, measurement, monitoring, and removal (1,083);
Greenhouse gas measurement and monitoring (623); Waste collection and transportation
(139); Waste disposal (138); Food waste (118); Bioremediation (55); Land (38); Waste
prevention (18); Solid waste treatment (13); Clean coal (11); ICT in pollution and waste
management (8).

BUILDINGS AND
CONSTRUCTION

(12,406 patents)

Heating, cooling, ventilation, heat pumps (4,400); Building materials (3,400); Lighting (2,725);
Buildings (788); Thermal insulation (590); Appliances (357); Urban planning (35); ICT in
buildings and urban management (10).

AGRICULTURE AND
FORESTRY

(11,468 patents)

Plant and animal varieties (2,548); Greenhouse and indoor (2,321); Fish farming (aquaculture)
(1,632); Enhanced agricultural inputs (1,626); Agricultural technologies (1,402); Livestock
(820); Food processing (575); Irrigation (302); Hazard prevention and early warning systems
(261); Forest, biodiversity, and ecosystem restoration/conservation (166); Stress-tolerant
cultivation (158); Harvesting and storage (122); ICT in agriculture (46); Forest production
(silviculture) (32); GIS and Earth observation (16); Soil improvement (16); Land use
management (4).

PRODUCTS, MATERIALS
AND PROCESSES

(9,639 patents)

Chemical and industrial processes (5,347); Mining and metals (2,315); Enhanced materials
(646); Packaging and fabric materials (551); Sustainable fashion and textiles (302);
Biodegradable/biocompatible products (280); Water/energy-saving products (236); Products
avoiding toxic emissions or others (123); Bio-based products (54).

WATER
(2,863 patents)

Desalination (1,153); Water treatment (500); Assessment, monitoring, and control of water
reserves (291); Coastal protection (291); Water extraction (285); Water use efficiency (195);
Flood control (135); Water transportation and distribution (118); Water storage (17);
Sanitation (9).




Environ Res Tec, Vol. 9, Issue. 3, pp. 412-424, June 2026

416

This search, conducted between June 14 and 18, 2022,
targeted the 'Buildings and Construction' category, covering
four subcategories: (i) heating, cooling, ventilation, and heat
pumps; (ii) building material; (iii) lighting; and (iv) thermal
insulation. The search yielded 155 relevant patents (Table 5).
All selected articles (N = 65) and patents (N = 155) were
analyzed. Technologies that did not align with environmental
licensing requirements or had limited applicability in
horizontal condominiums - such as large-scale power
generation systems (power plants) and manufacturing
processes for construction materials (material industry) -
were excluded. Additionally, technologies designed
exclusively for individual buildings, or those with low
replication potential in the Federal District, such as solutions
developed for extreme climatic conditions (deserts, severe
winters, etc.), were also disregarded. This filtering process
ensured that the final roadmap focused on technologies with
practical implementation potential in sustainable urban
planning and environmental licensing contexts.

Phase 3 (data analysis) involved structuring a multi-layered
roadmap. The vertical axis included three layers (energy,
water, and waste), while the horizontal axis represented time,
divided into three stages - now, tomorrow, and future, based
on the TRL of the analyzed technologies. The 'now' stage
comprises technologies currently available on the market
(TRL 9: production/expansion phase). In contrast, the

Table 5. Results of the WIPO GREEN patents search

'‘tomorrow' stage includes innovations undergoing final
testing and industrial scaling, requiring further validation
before widespread commercialization (TRL 7: validated
prototype in operational environment; TRL 8: commercial
demonstration). Lastly, the ‘'future' stage consists of
technologies in early research and development phases,
requiring additional development and validation before
market entry (TRL 3-4: proof of concept; TRL 5-6: prototype
development). This structured timeline enables stakeholders
to anticipate technological adoption pathways, align
investment strategies, and support regulatory decision-
making for sustainable urban development.

Although this study was conducted until 2023, its findings
remain highly relevant due to the prospective nature of the
roadmap, which anticipates technological trends still in
development and implementation [26]. Moreover, recent
studies highlight that sustainable technologies in the
construction sector have yet to achieve full operational
maturity, reinforcing the importance of continuous strategic
planning [13]. Therefore, this roadmap should be interpreted
as a dynamic tool that can be periodically updated as new
innovations emerge and consolidate in the sector, ensuring its
applicability in future decision-making processes.

Finally, in Phase 4 (framework), the roadmap was finalized,
with technologies categorized based on maturity levels,
concluding with a comprehensive synthesis of results.

Subcategory Technological Readiness Level (TRL) Patents
. . Proof of concept (TRL 3-4) 81
Vel;lliﬁl:t?gilcggg?{géat Technology development/Prototype (TRL 5-6) 3
Pu m ps Validated prototype in operational environment (TRL 7) 23
Production/Scale-up (TRL 9) 21
Proof of concept (TRL 3-4) 11
Building materials Validated prototype in operational environment (TRL 7) 2
Production/Scale-up (TRL 9) 7
Lichtin Validated prototype in operational environment (TRL 7) 2
ighti
ghting Production/Scale-up (TRL 9) 2
Proof of concept (TRL 3-4) 2
Th l insulati
ermat insuiation Production/Scale-up (TRL 9) 1
Total patents found 155

RESULTS AND DISCUSSION

The increasing convergence of digitalization and
sustainability is driving innovation in the construction sector,
accelerating the adoption of resource-efficient technologies
[13, 14]. Emerging digital solutions, including artificial
intelligence, 10T, and blockchain, have demonstrated their
potential to optimize material management, predict energy
demand, and reduce waste throughout the construction
lifecycle [14]. These advancements align with the strategies
proposed in this roadmap, emphasizing the role of smart
technologies in enhancing energy efficiency and sustainable
urban planning [13]. Furthermore, circular economy
principles - such as material reuse and recycling - are gaining
traction, further validating the relevance of this study in
addressing contemporary challenges in sustainable
construction [29].

Advancing sustainable construction practices requires not
only technological progress but also structured

implementation strategies, such as roadmaps, which provide
a systematic framework for guiding long-term sustainability
transitions [16]. In project management, digital technologies
- especially IoT and artificial intelligence - have been
extensively explored to enhance operational efficiency and
minimize environmental impacts [16]. These trends
underscore the strategic importance of the roadmap
developed in this study, as it serves as a guiding tool
adaptable to sectoral transformations and regulatory
changes.

This study follows sustainable project management
guidelines, ensuring that the mapped technologies are
assessed based on economic, environmental, and social
feasibility [16]. One of the ongoing challenges in this field is
the absence of standardized sustainability assessment
metrics, which complicates the comparison and validation of
different technologies. Nevertheless, the roadmap developed
in this study remains relevant, as it aligns with global trends
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and integrates emerging digital tools to enhance decision-
making in sustainable construction.

Approaches of the Technologies in the Roadmap

The roadmap presents two complementary strategies: the
first focuses on infrastructure solutions that mitigate
environmental damages caused by land partitioning, while
the second concentrates on integrating sustainable
technologies into residential units within condominiums,
aiming for comprehensive sustainability throughout the
development. Although the second approach is not directly
related to environmental licensing, these technologies can be
integrated into condominium guidelines and contribute to
addressing environmental challenges commonly identified in
the environmental licensing process of horizontal
condominiums in the Federal District, such as energy
consumption, water use, and waste management.

Clean Technologies Horizontal

Condominiums

Roadmap for

The prospective analysis identified key clean technologies,
which were grouped based on their functional similarities
and categorized according to standardized criteria reflecting
their characteristics, attributes, and applications. This
process resulted in the identification of 13 technology
clusters, considered the most relevant for sustainable
horizontal condominiums (Figure 1).

In the next section, we discuss each technology synthesized in
Table 6, highlighting both opportunities and challenges for
their widespread adoption in the market.

Energy Category

Renewable energy solutions and more energy-efficient
equipment have been incorporated into the construction
industry, expanding the functionality of building elements
such as walls, which can now store, transmit, and radiate heat
while also distributing structural loads [30, 31]. Various
solutions are recommended to minimize energy
consumption. In hot climates, low-cost reflective materials,
internal and external shading, and low-emissivity window
coatings can be applied to improve thermal efficiency. In cold
climates, passive heating sources, advanced windows, and
high-performance glazing systems are more suitable [32].
Emerging technologies such as [oT and machine learning are
enhancing the efficiency of renewable energy systems in the
construction sector. Smart buildings are now utilizing
predictive algorithms and sensor networks to optimize the
consumption of solar and wind energy, reducing operational
inefficiencies and improving energy resilience [33].

Phase change materials (PCM)

The use of phase change materials (PCMs) is a promising
strategy for improving energy efficiency in buildings,
enabling passive thermal regulation [32, 34, 35]. By
incorporating PCMs into building elements such as walls,
floors, roofs, and windows, significant energy savings can be
achieved, ranging from 5% to 25% of annual cooling and
heating needs, depending on the climate and building type
[31]. PCMs offer substantial benefits by absorbing and

releasing latent heat, thereby stabilizing indoor temperatures
and reducing reliance on active heating and cooling systems
[32, 35, 36]. However, current challenges include the lack of
standardization, uncertainty regarding long-term
performance, and limited information on economic
feasibility. Continuous research is needed to optimize PCM
formulations, improve thermal behavior, and enhance their
mechanical performance for large-scale adoption in
construction [37].

Photovoltaic thermal hybrid (PVT)

Hybrid solar heating and power generation systems, known
as photovoltaic thermal hybrid (PVT), represent a promising
approach by combining thermal solar collectors with
photovoltaic modules [38], optimizing roof space and
enhancing overall energy efficiency [39]. These systems
convert solar radiation into electricity while simultaneously
capturing thermal energy, allowing seasonal solar energy
supply to align with seasonal energy demand, enabling solar
fractions exceeding 50% for residential and water heating
applications [40]. However, the challenge lies in finding a
balance between electrical and thermal performance,
considering the decrease in the efficiency of photovoltaic cells
with increasing temperature [41]. Despite their potential, the
widespread adoption of PVT systems is still hindered by
technical and economic barriers. Studies indicate that key
challenges include the efficiency loss of photovoltaic cells at
higher temperatures, high initial investment costs, and
maintenance issues such as dust accumulation [42]. To
address these challenges, research is focusing on optimizing
materials and integration methods to improve the overall
performance and cost-effectiveness of PVT systems [39].
Additionally, recent advancements suggest the potential of
integrating photobioreactor panels with microalgae into
building facades as a complementary technology to PVT
systems. These biopanels can enhance energy efficiency while
simultaneously capturing CO, and generating bioenergy [33].

Heating, ventilation and air conditioning technologies -
HVAC

Over the past decades, significant innovations have emerged
in heating, ventilation, and air conditioning (HVAC) systems.
Among these, heat pumps have gained prominence for their
energy efficiency, robustness, and widespread applicability in
residential and commercial buildings. Nighttime radiative
cooling has also been explored as a low-energy alternative for
temperature control, with successful implementations in
competitions such as the Solar Decathlon Europe 2012 and
Solar Decathlon US 2015, where rainwater-cooled surfaces
contributed to passive cooling strategies. While these
solutions alone may not fully maintain thermal comfort, they
can complement HVAC systems, significantly reducing
cooling demands during nighttime hours. In addition to new
technologies, efficient control of HVAC systems allows
optimizing sustainability and energy efficiency through
mathematical models that predict solar radiation,
photovoltaic performance, and heating and cooling demands
[34].
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Phase change materials (PCM)
Hybrid photovoltaic-thermal collectors (PVT)
= Heating, ventilation, and air conditioning (HVAC) .
e . Photobioreactor panels
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& High-efficiency windows or microaigae
Solar chimney
Green roofs and facades
Permeable pavements
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§ Treatment and reuse of greywater
Rainwater harvesting systems (RWHS)
-
] Additive manufacturing (3D Printing) Construction with maritime containers
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Figure 1. Clean technologies roadmap for horizontal condominiums
Table 6. Selected clean technologies for the roadmap
Category Technology Description
. Materials that absorb and release heat during their phase transition
Phase change materials . L . :
(PCM) (mostly from solid to liquid and vice versa) at a relatively constant
temperature.
. . Photovoltaic cells placed in a heat exchanger that extracts heat for useful
Hybrid photovoltaic-thermal S . .y
purposes, combining the production of heat and electricity from solar
collectors (PVT)
energy.
Heating, ventilation, and air Systems Systems for thermal control of indoor environments in a
conditioning (HVAC) building.
Energy Passive ventilation mechanism triggered by pressure changes obtained
Solar chimney by the convective cycle of air, where warm, lighter air rises and pulls
cold, heavier air, creating air movement inside the house.
Green roofs and facades Use of vegetation on roofs and facades to reduce building cooling needs.
. Reflective materials that help reduce the daily surface temperature of a
Reflective surfaces . o
pavement by reflecting solar radiation.
Photobioreactor panels for Glazed panels filled with algae in water that generate biomass and solar
microalgae thermal energy.
Pavements designed to allow rainwater to flow to sub-layers and
Permeable pavements . .
percolate into the soil
Water Treatment and reuse of Technologies for treating greywater before its reuse or final disposal.
greywater
Rainwater harvesting Collection, storage, treatment, and distribution of rainwater from roofs,
systems (RWHS) terraces, and impermeable surfaces for on-site use.
Additive manufacturing (3D Manufacturing process of objects using the deposition method of
Printing) material, layer upon layer.
Waste

Construction with maritime
containers

Reuse of maritime containers for the construction of residences.
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High efficiency windows (HEW)

Windows play a significant role in the energy efficiency of
buildings, ranking among the top five most impactful
technologies in this context. In addition to providing natural
light and ventilation, windows significantly influence thermal
radiation and heat conduction, directly affecting energy
consumption. In larger and high-end residences, where
window size and quantity are generally greater, optimizing
window energy efficiency becomes even more critical. High-
efficiency windows (HEW) are designed to improve thermal
insulation by utilizing double or triple glazing filled with
dense gases such as argon and incorporating low-emissivity
(low-E) coatings to minimize heat transfer [43].

Solar chimney

Passive cooling strategies, such as natural ventilation, are
essential for energy-efficient buildings. One of the most
effective passive ventilation mechanisms is the solar
chimney, which uses solar energy to induce airflow by
creating a "chimney effect" based on temperature
differentials. During daytime heating, solar radiation raises
the temperature of the chimney, causing hot air to rise and
creating an upward airflow. As warmer air exits, cooler air
from shaded areas is drawn into the building through
openings, effectively ventilating and cooling indoor spaces.
Studies suggest that the use of solar chimneys can reduce the
energy demand of mechanical cooling systems by up to 8%,
making them a viable solution for sustainable building design
[44].

Green facades and roofs

Although the use of vegetation on facades and rooftops is not
a new concept, its adoption is expanding due to its potential
to reduce cooling demands in buildings. Green roofs and
facades can regulate indoor temperatures, mitigate urban
heat island effects, and improve urban air quality. However,
studies indicate that economic viability remains a challenge,
particularly in hot climates where artificial irrigation is
required for maintenance. Nonetheless, broader economic
analyses suggest that these systems can provide indirect
financial benefits by reducing pollution and mitigating
climate change impacts [45].

Reflective surfaces

To mitigate excessive heat gain and reduce cooling demands,
various eco-efficient technologies have been developed for
building surfaces. Reflective materials are particularly
effective in lowering surface temperatures by reflecting a
significant portion of incoming solar radiation, thereby
reducing the heat absorbed by buildings and pavements.
Some notable reflective material applications include: i)
highly reflective white paints on concrete roof tiles; ii)
infrared-reflective colored paints for asphalt or concrete
surfaces; iii) heat-reflective coatings for asphalt aggregates;
iv) thermochromic paints that change color based on
temperature, improving reflectivity in hot weather; v) the
incorporation of fly ash and slag into concrete as substitutes
for cement, enhancing solar reflectance. These technologies
help lower ambient temperatures and mitigate the urban heat
island effect, contributing to a more sustainable built
environment [45].

Photobioreactor panels of microalgae

Although still in the early stages of development, the
integration of photobioreactors in building facades is
emerging as an innovative approach to improving energy
efficlency and sustainability in architecture [46].
Photobioreactors consist of transparent panels filled with
microalgae in water, which utilize sunlight to generate
biomass and produce bioenergy. This dual-function system
not only contributes to energy production but also aids in CO,
capture and air purification. Despite their potential,
photobioreactors still face challenges such as lower efficiency
compared to traditional renewable energy systems, high
initial costs, and concerns about odor, contamination, and
possible leaks from toxic algae species. As research advances,
optimizing integration methods and scaling production will
be essential to ensure their feasibility in large-scale
construction projects [47].

Water Category

The continuous urbanization process has significantly
impacted natural water cycle, leading to increased runoff,
early peak flows, and reduced evapotranspiration rates.
Global concerns regarding water scarcity are particularly
pronounced in regions where freshwater resources are
already under stress, while deteriorating surface water
quality remains an additional challenge. In Brazil,
approximately 40% of urban water distribution systems
experience losses due to leaks, underscoring the need for
more efficient water management solutions. Faced with these
challenges, the water sector has been actively seeking
sustainable alternatives, including the implementation of
smart meters, expansion of permeable areas, and
decentralized systems such as rainwater harvesting [48, 49].

Permeable pavements

Permeable pavements represent a sustainable solution for
urban water management, designed to facilitate natural
rainwater infiltration while reducing runoff and mitigating
flooding risks. These porous materials help alleviate pressure
on urban drainage systems and promote groundwater
recharge. Technological innovations in permeable pavements
include: i) water retention additives (e.g., steel by-products in
porous asphalt); ii) use of fine blast furnace slag, permeable
mortar, and bottom ashes in permeable concrete; iii) grass
pavers and concrete grids, which allow vegetation growth
within pavement gaps. Although promising, existing research
predominantly focuses on macroscopic phenomena, with
limited studies on microscopic-scale factors such as internal
water permeation, pollutant retention, and degradation
mechanisms. Aspects such as internal water permeation,
storage and evaporation, pollutant distribution, and
degradation mechanisms require a more comprehensive
approach for a complete understanding of the performance of
permeable pavements [45, 50].

Technologies for greywater treatment and reuse

The reuse of greywater from domestic activities represents
an effective strategy to alleviate pressure on freshwater
resources, particularly in urban areas. Greywater can be
treated and repurposed for applications such as domestic
cleaning, irrigation, and toilet flushing, reducing overall water
consumption and wastewater discharge [51]. Despite its
potential benefits, challenges remain, particularly regarding
public perception, health risks, and technological adaptation.
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The chemical and biological composition of greywater varies
significantly, often containing nutrients, organic pollutants,
pharmaceutical residues, and heavy metals [52]. Filtration,
reverse osmosis, and biological treatment methods such as
activated sludge systems and membrane bioreactors have
been explored to enhance the safety and efficiency of
greywater reuse systems [11, 52].

Rainwater harvesting systems - RWHS

Rainwater harvesting systems (RWHS) offer a practical and
environmentally sustainable solution to address water
scarcity, particularly in regions with limited freshwater
resources [53]. These systems involve the collection, storage,
treatment, and distribution of rainwater for non-potable uses
such as irrigation, toilet flushing, and industrial processes
[54]. Proper reservoir sizing and system efficiency can be
optimized through computational tools such as the Netuno
program, which simulates precipitation patterns and daily
water demand to estimate potential potable water savings.
Studies indicate that RWHS implementation can significantly
reduce the demand on municipal water supplies and lower
stormwater runoff, helping to prevent urban flooding.
However, the economic feasibility of RWHS depends on
several factors, including water tariffs, storage tank costs, and
the investment payback period, making financial incentives
crucial for widespread adoption [48].

Waste Category

The construction sector is the largest contributor to landfill
waste while simultaneously being a major consumer of
natural resources. This results in high rates of material
wastage, including sand (21%), aggregates (20.7%), PVC
pipes (19.6%), timber (19.5%), cement (8.3%), concrete
blocks (17.1%), steel reinforcement (17%), concrete
(16.8%), ceramic tiles (15.6%), and cladding stones (14.1%)
[55]. Innovative strategies are being developed to reduce
construction and demolition waste (CDW) and promote
material reuse, recycling, and recovery. In the European
Union alone, over 800 million tons of CDW are generated
annually, including excavated soil. The adoption of circular
economy models has encouraged the integration of recycled
construction materials into new building components,
reducing the carbon footprint of the industry and
contributing to the preservation of natural resources [56].

Additive manufacturing (3D printing)

Additive manufacturing, particularly 3D printing, is
transforming the construction industry by enabling precise,
material-efficient, and highly customizable building
processes. Unlike traditional construction methods, which
rely on subtractive techniques and generate considerable
waste, 3D printing follows a layer-by-layer fabrication
process, optimizing material usage and significantly reducing
environmental impact [57, 58]. This technology offers
multiple advantages, including lower material waste, reduced
labor costs, and decreased carbon emissions. Recent studies
indicate that 3D printing can streamline production timelines
and minimize the ecological footprint of construction
projects, making it an attractive solution for sustainable
development [59, 60, 61]. Moreover, its flexibility allows for
complex architectural designs that would be difficult or costly
to achieve using conventional methods. Despite its potential,
widespread adoption still faces regulatory and technical
challenges, particularly concerning building codes, safety
standards, and the structural properties of printed materials

[58, 62]. Ensuring compliance with existing construction
regulations and developing new standards tailored to 3D-
printed structures remain critical steps toward its
mainstream application.

An emerging evolution of this technology is 4D printing,
which introduces the ability for printed structures to change
shape, color, or function over time in response to external
stimuli. This innovation is paving the way for adaptive and
resilient architecture, potentially enhancing sustainability
and efficiency in the built environment [63]. However,
barriers such as certification challenges, safety concerns, and
technological limitations must still be addressed before 4D
printing becomes commercially viable [64].

To unlock the full potential of additive manufacturing in
construction, key challenges must be overcome, including
shifts in architectural paradigms, improvements in
collaborative workflows, and the development of design
strategies that fully exploit the capabilities of this technology
[57]. Despite these hurdles, additive manufacturing stands as
a transformative force in the construction industry, fostering
innovations in materials, structural designs, and sustainable
production  methods. Nevertheless, its large-scale
implementation remains contingent on resolving regulatory
and technical constraints. Developing policies that support
the integration of 3D printing into construction frameworks,
along with continued advancements in material science and
automation, will be essential to ensuring its long-term
viability and impact on sustainable construction practices
[61].

Shipping container construction

The repurposing of shipping containers for residential and
commercial construction is gaining traction as an innovative
and sustainable alternative to conventional building
materials. Shipping containers are structurally robust,
modular, and easily transportable, making them a practical
option for eco-friendly housing solutions. Studies indicate
that reusing shipping containers for construction consumes
only 5% of the energy required for traditional recycling
processes, significantly reducing carbon emissions and
material waste. The conversion process involves
modifications such as floor replacement, insulation
installation, and the incorporation of prefabricated doors and
windows to enhance livability [65]. However, the absence of
specific regulatory guidelines for container-based housing
remains a challenge, highlighting the need for further
research and policy development to facilitate its safe and
scalable adoption.

Challenges and Barriers to the Implementation of
Sustainable Technologies

The large-scale adoption of sustainable technologies in the
construction sector faces multiple challenges that may hinder
their widespread implementation. Recent studies identify
several critical barriers, including high initial costs, resistance
to new practices, regulatory gaps, and deficiencies in
technological infrastructure [33, 66]. Additionally, the
shortage of skilled professionals and interoperability
limitations between digital systems further complicate the
integration of emerging technologies into sustainable
construction [66].

One of the most pressing technical challenges in sustainable
construction is the variability of renewable energy sources,
such as solar and wind power, which necessitates efficient
energy storage and hybrid system solutions to ensure
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stability and reliability [33]. Furthermore, insufficient digital
infrastructure remains a significant barrier to the adoption of
smart and sustainable technologies. Without targeted
investments in connectivity, automation, and data
integration, these innovations risk being confined to pilot
projects rather than achieving sector-wide adoption [66].
Addressing these barriers requires coordinated efforts in
policy reform, financial incentives, and workforce
development to build an enabling environment for
sustainable construction.

Recent studies emphasize that the integration of architectural
and mechanical design factors significantly influences the
energy efficiency and thermal performance of buildings,
reinforcing the need for holistic planning approaches in
sustainable construction [67]. Additionally, financial and
economic assessments play a crucial role in the feasibility of
implementing innovative technologies, underscoring the
necessity of policy incentives that facilitate the adoption of
clean solutions in eco-condominiums.

Despite notable technological advancements, the large-scale
implementation of green solutions in construction remains
constrained by economic, regulatory, and structural barriers.
Studies indicate that high initial costs, reluctance to embrace

innovation, inadequate regulatory frameworks, and
fragmented technological infrastructure remain key
obstacles to progress [14, 67]. Moreover, limited

interoperability between digital systems further hampers the
seamless integration of new solutions into conventional
construction workflows [66]. Overcoming these challenges
demands well-designed policies, strategic investment
incentives, and comprehensive training programs to equip
the construction workforce with the necessary skills for a
sustainable transition [14, 42].

Theoretical, Practical, and Social Contributions

This study presents a structured framework for integrating
clean technologies into the planning, development, and
operation of horizontal condominiums, aiming to mitigate
their environmental impacts. From a theoretical perspective,
its main contributions include the identification,
classification, and systematization of innovative technologies,
establishing a solid foundation for future research on
sustainable construction and urban development. On the
social level, the study highlights the potential to improve
residents’ quality of life by promoting clean technologies that
enhance sustainability, resource efficiency, and
environmental resilience. By incorporating these solutions
into urban planning and environmental licensing policies,
horizontal condominiums can transition toward more
sustainable and adaptive urban environments.

Regarding the practical contribution, the roadmap developed
in this study offers a strategic and structured approach to
implementing green technologies in eco-condominiums,
aligning with emerging trends in digitalization, circular
economy models, and sustainability. Recent studies indicate
that the digital economy has accelerated innovations in
energy efficiency, waste management, and impact reduction
in the construction sector, reinforcing the importance of
structured technological planning [13]. Additionally, this
roadmap aligns with strategic foresight methodologies,
ensuring that its proposed solutions remain viable both in the
present and the future. The integration of future-oriented
studies and innovative governance mechanisms can
significantly enhance the scalability and resilience of these
technologies [14].

Thus, this study offers both theoretical and practical
contributions: it consolidates a methodological framework
for developing technological roadmaps while also providing
strategic guidelines for policymakers, industry professionals,
and sustainable construction managers. By bridging eco-
innovation with regulatory and planning considerations, this
research facilitates the transition toward more sustainable
and resilient residential developments.

Limitations and Proposal for Future Research Agenda

The selection and systematization of relevant clean
technologies for horizontal condominiums posed significant
challenges, primarily due to the lack of a consolidated body of
research on this topic. The wide range of available articles and
patents required extensive effort to refine the study’s scope,
ensuring that the roadmap remains applicable to
environmental licensing and sustainable urban development.
Furthermore, the continuous evolution of clean technologies
reinforces the need for periodic updates to this roadmap. As
new technologies emerge, regulatory frameworks evolve, and
market conditions shift, periodic reassessment is necessary
to maintain its relevance and effectiveness. Incorporating
predictive modeling and scenario analysis could further
improve its adaptability to future sustainability challenges.

As part of the future research agenda, additional studies
should evaluate the real-world impact of the identified
technologies, considering their economic viability, social
acceptance, and environmental performance. Additionally,
exploring regulatory and political factors that influence large-
scale implementation is crucial for overcoming adoption
barriers. Future studies should also focus on integration
strategies, examining how entrepreneurs, policymakers, and
communities can collaborate to accelerate the transition to
sustainable horizontal condominiums. Moreover,
interdisciplinary research should be encouraged, integrating
insights from urban planning, environmental sciences,
engineering, and digital transformation to develop
comprehensive solutions for sustainable construction. The
role of emerging technologies such as artificial intelligence,
blockchain, and digital twins in optimizing sustainability
strategies should also be further explored.

The dissemination and discussion of this roadmap in qualified
forums, such as academic conferences, industry panels, and
policymaking roundtables, represent an essential step
toward mainstreaming these sustainable practices. Effective
collaboration between public authorities, regulatory bodies,
private enterprises, and civil society is fundamental to
shaping policies and strategies that align environmental
sustainability with urban expansion needs. Additionally,
financial mechanisms such as environmental offsets, green
bonds, and government incentives could accelerate the
adoption of clean technologies in the construction sector.
Establishing structured funding channels would support the
practical implementation of the roadmap, ensuring that
sustainability-driven transformations in Brazilian urban
planning are both scalable and economically viable.

CONCLUSIONS

This study developed a clean technologies roadmap
specifically for horizontal condominiums, addressing a
significant gap in the existing literature. By providing a
structured analysis of sustainable technologies applicable to
both the construction and operation of these developments,
this research advances knowledge at the intersection of civil
construction, sustainability, and urban planning.



Environ Res Tec, Vol. 9, Issue 3, pp. 412-424, June 2026

422

The proposed roadmap aligns with global sustainability
trends and regulatory frameworks, offering strategic
guidelines for integrating clean technologies into eco-
condominiums. The increasing adoption of digital systems,
supported by regulatory advancements, has accelerated the
transition toward a more sustainable construction sector
[33]. However, financial constraints, regulatory gaps, and the
need for robust technological infrastructure remain critical
challenges, reinforcing the importance of coordinated efforts
among policymakers, industry stakeholders, and researchers
to facilitate this transition [66].

By emphasizing the necessity of evidence-based public

policies and structured decision-making, this study
establishes a solid foundation for mobilizing both
governmental and private-sector initiatives toward

sustainable urban development. The identification of key
technological trends, particularly in the energy, water, and
waste categories, strengthens environmental licensing
strategies while fostering innovation and broader adoption of
sustainable construction practices.

Beyond its theoretical contribution, this research serves as a
call to action, outlining practical pathways for transforming
the construction sector - especially in the residential segment
- toward sustainability, lower environmental impact, and
improved quality of life for communities. The roadmap
presented here is not a static tool but a dynamic framework
that must evolve alongside emerging technologies, regulatory
shifts, and market transformations. As sustainability in
construction continues to gain momentum, future studies
should build upon these findings, further refining and
expanding clean technology applications to ensure their long-
term integration into urban development strategies.
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ARTICLE INFO ABSTRACT

The dispersion of radionuclides causing nuclear pollution in the atmosphere poses
significant life-threatening risks, and the effects of these isotopes continue for prolonged
periods, depending on their half-lives. This study aims to reveal the temporal and spatial
dispersion in the atmosphere of potential pollution that may occur near three nuclear
power plant sites of Tiirkiye. The study utilized satellite-based data. In the analysis of the
vertical dispersion of radiological pollution in the atmosphere, the Modern-Era
Retrospective Analysis for Research and Applications, Version-2 planetary boundary layer
data was used, while Global Wind Atlas wind data was employed to determine transport
directions and potential dry-wet deposition areas. According to the research findings, the
annual average height that potential radiological pollution may reach in the atmosphere
around Akkuyu is 614.4 m. The transport direction and potential dry-wet deposition areas,
shaped by the prevailing wind direction, are located in the northeastern region of the
power plant site. The annual average height that radionuclides may reach in the
atmosphere around Inceburun is 580.3 meters. The coastal zone located in the southeast
of the site is the area that is likely to be most affected by plume transport. Around Igneada,
the annual average height that plumes may reach in the atmosphere is 586.9 meters. The
potential transport direction and possible dry-wet deposition areas, depending on
northern winds, are the lands located to the south of the power plant.
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INTRODUCTION hydrogen) and is transported to long distances in aerosol
form. Although Cs-137 does not react rapidly in the
atmosphere like iodine, it disperses depending on

meteorological parameters [9, 10]. Cs-137 infiltrates

Nuclear energy production entails significant risks alongside
the benefits it offers to countries [1]. Under normal

conditions, nuclear power plants release volatile particles
into the atmosphere mostly in the form of aerosols. However,
in the event of a potential accident, radionuclides dispersed
into the atmosphere can cause irreversible harm to both
human health and the natural environment. Human history
has experienced such incidents during accidents like
Chernobyl [2-5]. Half-life of radionuclides and the amount of
dose exposed determine the level of damage [6]. lodine 131
(I-131), Cesium 137 (Cs-137), Cesium 134 (Cs-134),
Strontium 90 (Sr-90), and Plutonium 239 (Pu-239) are the
main isotopes that constitute the plume released as a result
of a nuclear accident [7]. Among these radionuclides, -131
and Cs-137 draw attention due to their release quantities and
unstable isotopic structures in the atmosphere [8]. Harmful
isotopes primarily cause internal irradiation through
inhalation and digestion. 1-131 has a half-life of 8 days,
whereas Cs-137 has a half-life of approximately 30 years. Due
to its unstable structure, I-131 readily forms compounds with
atmospheric gases (such as oxygen, water vapor and

* Corresponding Author: onurcanbulat25@gmail.com (Onur Canbulat)

groundwater when it interacts with soil as a result of wet and
dry deposition conditions. It is absorbed by plants and
transferred to other organisms through the food chain.
Agricultural  products, pastures, forested regions,
mountainous areas, and livestock products are more affected
by contamination [11].

The distribution of the released plume in the atmosphere is
shaped according to the topographic structure of the area and
meteorological parameters. Initially, the plume reaching the
upper levels of the atmosphere is transported over long
distances depending on the global air circulation. However,
the most intense contamination occurs around the nuclear
power plant [12]. The vertical dispersion of the plume in the
atmosphere is determined by the stability conditions of the
region and the height of the planetary boundary layer.
Horizontal transport is predominantly driven by winds [13].
Atmospheric stability briefly refers to the air's ability to rise
vertically and plays a critical role in the formation of the
planetary boundary layer [14]. The planetary boundary layer

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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is the lowest part of the troposphere that can respond quickly
to the changes in heat and momentum at the Earth's surface.
The planetary boundary layer height (PBLH) represents the
level at which vertical rise in the atmosphere ceases and the
free atmosphere is reached [15]. In general, pollutants
causing contamination accumulate between the Earth's
surface and this height [16, 17]. PBLH is determined by
climatic parameters such as temperature, wind, and humidity
within the region [18]. Meteorological parameters have more
influence on vertical dispersion. The laminar transport of
radionuclides and the occurrence of wet-dry deposition are
accompanied by topographic factors alongside climatic
elements [19]. Therefore, considering all geographical
properties of nuclear power plant sites is crucial for
predicting potential dispersion.

Tiirkiye has three nuclear power plant projects, one of which
is under construction, while the other two are in the
feasibility stage (Figure 1). Akkuyu Nuclear Power Plant
(NPP), currently under construction, is in the Biiyiikeceli
Town of the Giilnar District in Mersin Province. The site of the
power plant is characterized by a terrain extending in an east-
west direction. Average elevation around NPP is 10 meters,
and the terrain slope varies between 20-30%. Due to the
rugged topography, both elevation and terrain slope increase
sharply from the coastline. The northern part of the site is
surrounded by the Taurus Mountains [20]. inceburun NPP
site is in Sinop Province and at the northernmost tip of
Turkiye. The topography of the plant site is exceptionally flat.
As in Akkuyu, the elevation and slope of the terrain increase
from the coastline towards the inland areas. Kiire Mountains
form the rugged terrain to the south. igneada NPP site is in
the Demirkoy District of Kirklareli Province. The flat terrain

of the power plant site becomes rugged towards the Yildiz
Mountains in the west. The mountainous area extends in a
northwest-southeast direction. In the site selection for all
three NPP, areas close to the sea have been preferred.

The migratory cyclones of the Black Sea and the
Mediterranean, which are influential in NPP sites, strengthen
with the onset of autumn and persist in their effects until the
summer season. Northwest in the Black Sea and southwest in
the Mediterranean are the common movement directions of
cyclones. Depending on the predominant direction, they play
a decisive role in rainfall patterns and transport directions.

This research aims to reveal the atmospheric dispersion of
potential radiological contamination at three nuclear power
plant sites in Tiirkiye. The vertical dispersion of plumes,
laminar transport directions, and potential dry and wet
deposition areas are investigated within the scope of this
research. There are various studies on the subject that
encompass potential accident scenarios, site selection
processes, the environmental impacts of radiological
contamination, disaster crisis management, atmospheric
transport simulations, and the effects of meteorological
parameters and stability conditions on dispersion [21-26].
However, there is a notable lack of a detailed study that
examines the geographical conditions and dispersion
probabilities temporally and spatially across the areas of all
three nuclear power plant sites. Topographic features that
may influence dispersion, the planetary boundary layer cycle,
and meteorological parameters are addressed within the
research methodology. The absence of studies in the
literature that examine all three nuclear power plant sites
using the specified approach highlights the originality of the
research and its contribution to the literature.
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MATERIAL AND METHODS

All analyses related to the atmospheric dispersion of
radiological contamination were conducted using the Google
Earth Engine (GEE) cloud-based operating platform. GEE is a
geographic analysis platform that provides researchers with
the opportunity to conduct studies on a global scale [27, 28].
ArcMap and ArcGIS Pro software were used to map the
analysis results. The geographic coordinate system used in
the maps is WGS84 UTM Zone 37, which covers the territory
of Turkiye. Data on the dispersion of pollutants were obtained
from satellite-based sources. The MERRA-2 data (Modern-
Era Retrospective Analysis for Research and Applications
Version 2) available in the GEE data library were utilized in
analyses of the vertical dispersion of pollutants in the
atmosphere. MERRA-2 consists of global-scale atmospheric
reanalysis products developed by the NASA Global Modeling
and Assimilation Office (GMAO). Covering the period from
1980 to the present, MERRA-2 has a resolution of 0.5° latitude
x 0.625° longitude and 72 vertical hybrid pressure levels.
Measurements are taken at one-hour intervals (24
measurements per day), starting from 00:30 according to the
international time zone (UTC) [29, 30]. MERRA-2 is widely
used in scientific studies because it includes various
additional components that influence climate processes, such
as stratospheric ozone, glacial, land surface characteristics,
and aerosol composition. In many respects, it provides more
reliable meteorological records than other satellite-based
datasets. Due to its features, it was also preferred for this
research [31, 32]. The PBLH, which indicates the altitude level
that plumes dispersed from an NPP will reach in the
atmosphere, exhibits three distinct patterns of evolution
throughout the day. The peak height of the convective
movement generated by the rise of air heated during the
daytime refers to PBLH (Convective Boundary Layer) [33].
Under nighttime conditions, the inversion layer formed by
cooling creates the PBLH (Stable Boundary Layer) [34].
During the transition periods from day to night or vice versa,
the peak height of the low-level jet winds occurring during
this time is considered the boundary of the PBLH (Residual
Boundary Layer) [35]. The complex structure of PBLH, which
varies throughout the day, complicates its accurate
calculation. There are various methods (such as the potential
temperature gradient, dynamic effect approach, and matter
dispersion approach) that calculate PBLH based on different
meteorological parameters, such as temperature, humidity,
and wind, as well as the structure of particulate matter
(aerosols) [36-41]. However, each method has specific
limitations. For instance, methods that take only a single
meteorological parameter into account do not possess high
reliability due to the multi-component and variable nature of
the atmosphere. Using calculation methods that consider
thermal and dynamic properties provides more reliable
results. The vertical dispersion of pollutant particles in the
atmosphere is influenced by temperature, while their
horizontal dispersion is driven by winds. Therefore, it would
be a more accurate approach to prefer a thermodynamic
calculation method that encompasses both temperature and
wind characteristics in the calculation of PBLH. The Bulk
Richardson Number Method is preferred over other methods
in calculating the PBLH due to its consideration of
thermodynamic properties and turbulence formation [42,
43]. The method is based on the ratio of thermal and
mechanical turbulence in the atmosphere [44]. It is the ratio

of buoyancy force to the wind shear. PBLH is considered to be
the level at which the Bulk Richardson Number exceeds a
critical value. A threshold value of 0.25 is used [45]. The Bulk
Richardson Number is calculated using the following formula:

£ (evz_ev )
Ri, = w (1)

In the formula, the parameter (ei) represents the buoyancy
v0

parameter. 8v0 and B are the virtual potential temperature
values at the surface and height z, respectively. u, and v;are
used to define the horizontal wind speed components at
height z. In this research, the PBLH data from the MERRA-2
dataset were used to analyze the vertical dispersion of
radionuclides in the atmosphere. In the dataset, the PBLH
calculation is performed using the Bulk Richardson Number
Method. The 2024 data were used in the analysis, and the
maps were generated based on provincial boundaries. When
calculating the average height that radiological
contamination may reach in the atmosphere, the Emergency
Planning Zones (approximately 16 miles) were considered in
accordance with the standards set by the International
Atomic Energy Agency [46]. The wind characteristics
influencing the horizontal transport of plumes released from
nuclear power plants were obtained from the Global Wind
Atlas data derived from ECMWF ERA-5 (European Centre for
Medium-Range Weather Forecasts) datasets. Data, such as
the prevailing wind direction and the direction of the fastest
wind, can be specifically created for the study area.
Additionally, ERA-5 is one of the satellite-based data sources
with high reliability and was chosen for this reason [47-50].

In the assessment of the topographic features of NPP sites and
potential dry-wet deposition areas, ASTER GDEM (Terra
Advanced Spaceborne Thermal Emission and Reflection
Radiometer-Global Digital Elevation Model) data with a
spatial resolution of 30 meters were used [51].

RESULTS AND DISCUSSION

The findings of the research will be explained sequentially for
the Akkuyu, Inceburun, and igneada nuclear power plant
sites. The findings include annual, seasonal, and monthly
averages for the NPP sites and their surrounding areas.

Based on the research findings, the annual average height of
the planetary boundary layer at the Akkuyu NPP site and its
surrounding area is 614.4 meters (Figure 2). This value also
represents the average height that pollutants may reach in
the event of potential radiological contamination. PBLH
increases toward the north of the power plant area and the
northeastern regions of Mersin province. The summer season
exhibits the highest PBLH value at 931.8 meters, while the
lowest average value of 385 meters is observed in winter
(Table 1 and Figure 3). This result indicates that thermal
characteristics play a more significant role in the evolution of
the PBLH. Temperature characteristics will have an impact on
the dispersion of radionuclides. Similar to seasonal averages,
monthly PBLH values are also higher during the summer
months. The highest PBLH value is observed in July as 1053.8
meters, while the lowest value is measured in February as
402.6 meters (Table 2).
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Table 1. The annual and seasonal average values of the
PBLH around the Akkuyu NPP site

Seasons PBLH (m)
Winter 385
Spring 571
Summer 931.8
Autumn 570
Annual Average 614.4

Table 2. The monthly average values of the PBLH around
the Akkuyu NPP site

Month PBLH (m) Month PBLH (m)
January 402.7 July 1053.8
February 402.6 August 793.9
March 525.4 September 646.4
April 467 October 564.4
May 715.7 November 500.8
June 948.1 December 350.7

The annual average value of the PBLH around the inceburun
NPP site, the second investigation area of research, is 580.3

meters (Figure 4). PBLH increases toward the mountainous
areas in the south of Sinop Province. Higher PBLH values
(800.2 m and 642.4 m) are observed in autumn and winter,
while lower values are recorded in spring and summer (369
m and 510.1 m), (Table 3 and Figure 5). The fact that PBLH
values around inceburun are higher in autumn and winter
indicates that dynamic factors (winds) will be the guiding
parameters in the atmospheric dispersion of radionuclides.
Because the PBLH value, even during the summer season
when thermal effects are strongest (510.1 m) is lower than
that in winter (641.4 m). Among the monthly averages, the
highest value is observed in October (858.7 m), whereas the
lowest is recorded in April (215.8 m), (Table 4).

The annual average planetary boundary layer height around
the igneada NPP site, the final investigation site of this
research, is 586.9 meters (Figure 6). The vertical dispersion
of radionuclides in the atmosphere will be concentrated
between the Earth's surface and this height. In Kirklareli
Province, the planetary boundary layer height increases
toward the Yildiz Mountains, which extend in the northwest-
southeast direction. Similar to the Inceburun NPP site, higher
PBLH values (698.2 m and 615.3 m) are observed in autumn
and winter seasons (Table 5 and Figure 7). Spring is the
season with the lowest measurement (446.3 m). When
considering the monthly averages, the highest measurement
(763.7 m) is observed in November, while the lowest (399.3
m) is recorded in March (Table 6).
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Figure 4. The annual average height of the planetary boundary layer around the inceburun NPP site
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Table 3. The annual and seasonal average values of the
PBLH around the Inceburun NPP site

Table 5. The annual and seasonal average values of the
PBLH around the igneada NPP site

Seasons PBLH (m) Seasons PBLH (m)
Winter 641.4 Winter 615.3
Spring 369 Spring 446.3

Summer 510.1 Summer 587.9

Autumn 800.2 Autumn 698.2

Annual Average 580.3 Annual Average 586.9

Table 4. The monthly average values of the PBLH around

Table 6. The monthly average values of the PBLH around

the inceburun NPP site the igneada NPP site

Month PBLH (m) Month PBLH (m) Month PBLH (m) Month PBLH (m)

January 781.4 July 428.6 January 698.4 July 587.2

February 470.8 August 676 February 517.4 August 667.6

March 453.4 September 691.9 March 399.3 September 691.7

April 215.8 October 858.7 April 434.2 October 641.2

May 433.7 November 848 May 505.1 November 763.7

June 423 December 661.1 June 506.2 December 623.8
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The patterns of PBLH evolution throughout the year at the
igneada and inceburun NPP sites are similar. This situation
indicates that similar meteorological parameters will be
effective in the dispersion of radiological contamination at
both sites. As in Inceburun, wind is likely to be a main
parameter determining dispersion in igneada. In the event of
potential nuclear contamination around Inceburun and
igneada, the coastal rugged zones will likely be affected
initially. However, over time, inland areas are also expected
to be impacted by the spread of contamination. The inland
parts of Sinop’s coastal districts, including Boyabat and
Duragan, the city center and Pmarhisar district of Kirklareli,
as well as the northern districts of Tekirdag and Istanbul
located near the coastline, are among the potential
radionuclide dispersion zones.

Another issue addressed in the research is the wind
characteristics that will influence the spatial dispersion and
the transport of radionuclides in the NPP sites (Figure 8). The
prevailing wind direction at the Akkuyu NPP site is from the
northeast to the southwest. This situation implies that plumes
will be transported initially toward the Mediterranean. Other
prevailing transport directions are west, east, north, and
southwest. Among these directions, the dominant wind
direction that could lead to radionuclide transport toward
land is southwest.

At the Inceburun NPP site, the prevailing wind direction is
from the west to the east. Plumes will initially be transported
toward the sea, as in the case of Akkuyu. The other directions
with high wind frequency are southeast, northwest, and
southwest, respectively. Among these directions, the winds
that could carry plumes toward land are blowing from the
northwest.

At the igneada NPP site, the prevailing wind direction is
northwest. However, northerly winds are also prevalent in
the region. Although the prevailing winds initially transport

radionuclides toward the Black Sea, other northerly winds
can carry plumes to the land.

The elevation values of terrains in the prevailing wind
directions and the height of the PBL are the main factors
influencing the potential dispersion of pollutants in NPP sites.
In all three NPP sites, terrain elevations exceed the annual
average height of the PBL. Under these conditions, the
southern slopes around Akkuyu with elevations below
approximately 614 m, the northern and northwestern slopes
around Inceburun below 580 m, and the northern slopes
around igneada below 586 m are the areas most likely to be
affected by the dispersion of radionuclides.

In the relevant literature, no study simultaneously evaluates
all three NPP sites. The existing research predominantly
focuses on individual plant locations. Bilgi¢c and Giindiiz [24]
modeled the atmospheric dispersion of Cs-137 and [-131 in
the event of a potential accident at the Akkuyu NPP site. The
results of their study emphasize that meteorological
conditions are among the most critical parameters
influencing the dispersion of radioactivity. Additionally, the
province of Mersin and the inland areas (Central Anatolia) are
identified as the regions most likely to be affected by a
potential release. The findings are consistent with the results
obtained in this study. Tsabaris et al. [52] investigated the
distribution of Cs-137, I-131, and Pu-238 isotopes in the
waters of the Eastern Mediterranean under a hypothetical
accident scenario at Akkuyu. According to the research
findings, the surrounding areas of Akkuyu, Cyprus, and the
Syrian coasts are among the regions expected to be most
affected by radioactive contamination. Unver [53], in the
accident scenarios developed for the inceburun and Akkuyu
NPP sites, states that meteorological conditions and the
vegetation cycles of plants would significantly influence the
dispersion and effective dose levels. As in the present study,
previous research in the literature also highlights the
importance of meteorological characteristics.

b o

(c) 0°
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==

Figure 8. Annual average wind frequency diagrams for NPP sites. (a) Akkuyu, (b) inceburun, (c) igneada

CONCLUSIONS

In this study, the spatial and temporal dispersion of potential
radiological contamination at three NPP sites in Tiirkiye was
examined. In the evaluation of the vertical dispersion of
radionuclides in the atmosphere, PBLH data based on the
Bulk Richardson Number method was utilized. In order to
identify the horizontal transport direction and potential dry-
wet deposition areas, data from the Global Wind Atlas were
used. According to the research results, the annual average
height that potential radiological contamination may reach in
the atmosphere around the Akkuyu NPP site is 614.4 meters

(Figure 9). In the event of a potential accident, although
radionuclides may initially reach high altitudes in the
atmosphere, the contamination is expected to concentrate
between the Earth's surface and this height over time. This
level is higher during the spring and summer seasons when
the temperature increases (571 m and 931.8 m, respectively),
while it is lower during the colder periods (385 m in winter
and 570 m in autumn). Additionally, the highest monthly
value was observed in July, as 1053.8 m. From this point, it
can be stated that the thermal effect will act as a guiding force
in the dispersion of radiological contamination around
AKkkuyu. At all three nuclear power plant sites, radionuclides
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will initially be transported toward the sea, depending on the  Silifke. The settlements and rugged areas mentioned in the
prevailing wind direction. Winds originating from the  specified direction, particularly this district, are likely to be
southeast around Akkuyu, blowing from the sea toward the  subjected to potential dry and wet deposition.

land, will transport plumes in the northeast direction toward

Figure 9. Spatial dispersion and transport directions of potential radiological contamination around the Akkuyu NPP site
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Figure 10. Spatial dispersion and transport directions of potential radiological contamination around the inceburun NPP site
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Figure 11. Spatial dispersion and transport directions of potential radiological contamination around the Iigneada NPP site

The meteorological characteristics of the Inceburun and
igneada NPP sites are similar. The fact that they are in the
same climatic region has affected this similarity. The annual
average height radionuclides may reach in the atmosphere
around Inceburun is 580.3 meters (Figure 10). Autumn has
the highest average height, as 800.2 meters. The average
heights for the other seasons are 641.4 meters in winter,
510.1 meters in summer, and 369 meters in spring. The
highest dispersion height was recorded in October, as 858.7
meters. Around the Inceburun NPP site, it is more likely that
winds (dynamic factors) influence the dispersion of the
plume rather than thermal effects. Considering the prevailing
wind direction (west), radionuclides will initially be
transported eastward, toward the sea. However, northwest
winds that affect the land will transport radionuclides in a
southeast direction toward the city center of Sinop and the
coastal districts between Sinop and Samsun. The rugged
terrains in this direction are potential areas of dry and wet
deposition.

The annual average height radionuclides may reach in the
atmosphere around igneada is 586.9 meters (Figure 11). This
height is very close to the average measured at inceburun
NPP site. The seasonal averages are 698.2 meters in autumn,
615.3 meters in winter, 587.9 meters in summer, and 446.3
meters in spring. November has the highest average, as 763.7
meters. Considering the existing distribution patterns, it is
likely that dynamic effects will influence the potential
dispersion of plume in this NPP site as well. The prevailing
northwesterly winds in the area will first carry radionuclides
toward the sea. However, it is likely that the northerly winds,
which occur frequently throughout the year around igneada,
will carry the plumes toward the southern settlements. In
addition, depending on the prevailing wind direction, there is
a possibility that the plumes carried toward the sea may reach
the provinces and districts located on the northern coasts of

the Marmara Region via northerly winds. The rugged terrain
in these regions will be potential sites for wet and dry
deposition.

This research aimed to reveal the spatial and temporal
dispersion of potential radiological contamination in the
atmosphere at NPP sites in Tiirkiye and utilized satellite-
based data. Satellite-based data provide researchers with
significant temporal and spatial capabilities for analysis.
However, the results obtained need to be validated by ground
observations. At this point, it is necessary to have radiosonde
stations that conduct vertical meteorological measurements
in the atmosphere for all three NPP sites. However, there are
no radiosonde stations at all three NPP sites. Radiological
contamination poses significant risks if it occurs. Therefore, it
is vital to utilize both ground and satellite data to obtain more
accurate results from the analyses and to plan the necessary
precautions. Initially, it is necessary to establish radiosonde
stations at Akkuyu, where construction is ongoing, and
subsequently at the other NPP sites as soon as possible. If
taken into account by policymakers, the findings of this study
may provide significant benefits for urban evacuation
planning related to NPP sites, agricultural production
strategies, the planning of city expansion directions, and the
preservation of environmental sustainability. Moreover,
study will serve as a guide for implementing safety measures
such as defining risk zones and evacuation routes,
particularly starting from nearby areas, including the
Emergency Planning Zone surrounding the NPP sites.

Although the research findings are based on a contemporary
methodology and a geographical perspective, the nuclear
power plants are not yet operational. Therefore, the results
require further validation. Additionally, the study does not
include dispersion modeling specific to radioactive isotopes.
Considering these aspects in future research would enhance
the scientific robustness of the study.
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INTRODUCTION

ABSTRACT

The Aral Sea Basin has become a hotspot for several environmental problems due to its
geo-location and continental arid climate. In particular, water resource degradation and
pollution are major challenges, leading to agricultural losses and reduced productivity.
This study assessed the quantity and quality of water resources of Uzbekistan, using
retrospective and field measurement data on heavy metal concentrations, long-term
river water mineralization, and agricultural runoff obtained from the
Hydrometeorological Service Agency, and Ministry of Water Resources of Uzbekistan. In
addition, we applied pearson correlation coefficient to better understand how climatic
variables influence the mineralization of Amu Darya River (ADR) and drainage water
mineralization at different hydrological stations and regions. The findings indicate that
the mineralization of Amu Darya River water has escalated from 1.35 to 1.74 times from
upstream to downstream. The concentrations of heavy metals, including Cu, Zn, and Cr
(VI), have also risen along the river. Copper (Cu) concentrations have increased by an
average of 1.1 to 1.5 times, zinc (Zn) concentrations by 1.1 to 2.6 times, and chromium
(Cr (VI)) concentrations by 1.1 to 1.8 times. The average annual salinity of collector-
drainage water in the Amu Darya River basin varies, with the lowest value recorded at
1.44 g/l in the Surkhandarya region, and the highest value reaching 5.28 g/l in the
Kashkadarya region. The average annual volume of collector-drainage water ranges from
4,010 x 109 m3 to 9,283 x 109 m3, carrying approximately 27,769 x 102 tons of salts, out
of a total annual salt load of 19,09 x103 tons. Overall, the results indicate that water
resources are becoming highly mineralized and contaminated with heavy metals in
Uzbekistan. These findings highlight the urgent need for policymakers to implement
effective measures to mitigate pollution and develop long-term strategies for sustainable
agriculture.

Cite this article as: Kulmatov R, Gapporov K, Alimov A, Opp C. Assessment of quantitative
and qualitative indicators of water resources in the Amu Darya Basin, Uzbekistan.
Environmental Research and Technology, 2026, 9 (3), 502-512.

long-standing inadequacies in land management policies [6,
7]. The Aral Sea, once the fourth-largest lake in the world, has

Water resources in transboundary rivers have changed
significantly due to global warming and increasing human
activities [1, 2]. This often leads to water shortage, reduced
crop yields and prolonged droughts, particularly in
ecologically fragile arid regions. The arid inland region of
Central Asia is considered susceptible to climate change and
human impacts [2, 3]. Water scarcity and quality degradation
have escalated markedly in this region [4], largely as a result
of intensified industrial development, inadequate agricultural
practices, and rising domestic water consumption [5].

The Aral Sea Basin (hereinafter ASB) stands out as a focal
point of international concern owing to its several
transboundary rivers and the various environmental
challenges, including uneven spatial distribution of water and

experienced a dramatic reduction in water volume [8], losing
nearly 90% of its original size due to intensive and continuous
irrigation water withdrawal from its two main tributaries,
Amu Darya River (hereinafter ADR) and Syr Darya River
(hereinafter SDR) [9].

The ASB, with its vast area of around 1.76 million km?, is a
region that comprises the drainage area of the Aral Sea, which
is located in the heartland of Central Asia [10]. The basin is
shared by several independent states, including Kyrgyzstan,
Tajikistan, Afghanistan, Uzbekistan, Kazakhstan, and
Turkmenistan [11]. The ADR and SDR, two prominent river
systems within the ASB, contribute to its water resources
with an average annual surface water volume of 78 km3 and
37 km3, respectively [12]. These rivers serve as the primary
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sources of water for the Aral Sea, but due to overdimensional
water withdrawal for irrigation and other uses during the last
century, their flow into the terminal lake has been drastically
reduced, contributing to the environmental disaster that the
Aral Sea has become [13, 14].

The area drained by the ADR is referred to as the Amu Darya
River Basin, which covers an approximate area of 534,739
km?, spanning from the Hindu Kush and Pamir Mountain
ranges to Ustyurt Plateau. About 61% of the basin lies within
Tajikistan, Uzbekistan, Kyrgyzstan while the remaining 39%
is located within the territory of Afghanistan [15].

ADR is the longest (2540 km) and one of the key water
sources in the Central Asia [16], being the major water supply
for agriculture and various industries for the countries
located along the river [17]. Flowing through Tajikistan,
Afghanistan Turkmenistan and Uzbekistan, the ADR provides
water for supporting agricultural productivity, drinking,
hydropower and sustains the Aral Sea [18]. Snowmelt and
melting glaciers in the Pamir and Hindu Kush mountains
contribute significantly to river discharge, particularly with
peak flows in summer (starts in April and peaks in June) in
the headwater tributaries Panj and Vakhsh rivers [19, 20].

In recent years, Central Asia’s climate has experienced
significant changes, with a temperature increase 0.30 °C per
decade, outpacing the normal pace of global warming, which
was 0.175 °C per decade during 1960-2017 [21]. This
accelerated warming has led to rapid glacier melting in high-
altitude regions, increasing seasonal flooding and mudslide
threats and exacerbating the reduction in water resources
[22, 23]. These changes have also affected the river
ecosystems in the region, particularly the ADR, leading to
decreased water availability and deterioration in regional
water quality [24, 25].

On the other hand, excessive salt leaching practices,
combined with a poorly functioning drainage system, result
in the discharge of large volumes of water (agricultural
runoff) into the ADR, with high concentrations of NaCl, CaSO4,
NazS04, NaHCOs, NOs33°, NH4*, and P0O43" brought on by
agricultural fertilization [26, 27]. Also, inadequately treated
industrial and residential wastewater persistently increases
the mineralization levels of water resources, with escalating
concentrations of heavy metals and other pollutants in their
composition, continuing unabated [28, 29]. These practices
further contribute to and are the major driving factors of the
river pollution with diverse contaminants, particularly heavy
metals. Considering the evident effects of global warming and
human activities on the quality and quantity of water
resources in arid river ecosystems, it is essential to conduct a
comprehensive assessment to manage and prevent further
degradation and pollution.

Given its crucial role in agriculture and various industrial
sectors, the ADR has long attracted considerable attention
and has been the focus of extensive research [30, 31, 32, 33].
Recently, several studies have focused on the impacts of
climate change and human activities, salinity changes, and
water quality. For example, Leng et al. [34] investigated the
impact of agricultural activities on longitudinal variations in
water quality in Central Asian rivers, specifically the ADR and
SDRs. Crosa et al. [35] documented the spatial and seasonal
fluctuations in salinity within the ADR between 1990 and
1997. This study identified two major driving forces that
govern the temporal variations in the ADR water salinity: the
low drainage density and the melting of snow and glaciers.
While low drainage density restricts salt loads brought on by
natural runoff, the dilution of dissolved salts during high-flow
seasons is accelerated by snow and glacier melting in

upstream areas. In low-flow periods, traditional irrigation
techniques and salt leaching practices influence on river
salinity. A recent review by Liu et al. [36] considered general
water pollution in Central Asia, with a specific emphasis on
the impacts of agriculture and mining activities on both ADR
and SDR. Karimov et al. [37] evaluated the salinization
dynamics of both rivers in the middle stream areas in 2005-
2014 using the annual average salinity. He claims that
sulphates, chlorides and sodium are prevalent in the ADR,
particularly in downstream areas. Lobanova and Didovets
[38] overviewed the mean annual and monthly salinity trend
changes and water quality parameters (pH, NO2, NOs, Total N,
and Total P) over a 25-year period. Kulmatov R. et al. [39]
assessed heavy metal pollution in the ADR and SDRs within
the territory of Uzbekistan. However, the study was
constrained by a limited number of sampling points and small
sample size, resulting in insufficient data that covered only
the river entrance areas.

The literature review reveals that numerous studies have
evaluated the ADR from general water salinity perspectives
using long-term annual and monthly data with limited focus
on heavy metal pollution and agricultural runoff.
Nevertheless, there still remains a significant research gap in
comprehensively assessing the river's water quality
dynamics, particularly the interplay between salinity, heavy
metal pollution, agricultural runoff, and the impacts of
climate change through long-term monitoring approaches.
Therefore, this study aims to evaluate (1) river water
mineralization, (2) heavy metals (HMs), and (3) agricultural
runoff quantity and mineralization.

MATERIALS AND METHODS
Study Area

Originating in the Pamir Mountains, the ADR begins at the
confluence of the Panj and Vakhsh rivers in Tajikistan and
extends for a total length of 2540 km (Figure 1). The Vakhsh
River is primarily fed by glaciers in the Pamir Mountains of
Tajikistan, whereas the Panj River, which is formed by the
confluence of the Pamir River and the Warkhan River,
receives water from the Bartang River. Both the Vakhsh River
and Panj River merge to form ADR [40]. The ADR is a major
river in Central Asia in terms of total water volume, which
flows through Tajikistan, Afghanistan, Uzbekistan and
Turkmenistan. Approximately 80% of these water resources
originate in Tajikistan, with the remaining portion forming in
Afghanistan and Uzbekistan [41]. The ADR basin has a dry
continental arid to semi-arid climate, characterized by
extreme temperature variations, low precipitation, and high
evaporation rates [42]. The Turan Lowland region, which is a
vast arid and semi-arid lowland in in Central Asia, covering
parts of Kazakhstan, Uzbekistan, Turkmenistan, experiences
low atmospheric precipitation with uneven distribution
throughout the seasons, a short winter with frequent
temperature changes between cold and warm, an early
spring, and a quick transition to scorching and dry summer
[43]. Under a warming climate, the ADR basin experienced an
upward trend of 0.30 °C/decade in temperature, which is
much higher than the global warming rate [21]. The
temperature in the basin exhibits significant spatial
variability due to its diverse topography. In the upstream
areas (Pamir and Hindu Kush mountains) the annual average
temperature ranges from 0 to 5°C, with summer
temperatures between 5 and 15°C and winter temperatures
dropping to -20 to -40°C. In the midstream, including foothills
and valleys, the annual average temperature varies from 5 to
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15°C, with summer temperatures reaching 20-35°C and
winter temperatures ranging from -5 to -20°C. Meanwhile, in
the downstream areas, encompassing the Turan Lowland and
desert regions, the average temperature ranges from 10 to
18°C, with summer temperatures frequently exceeding 35-
45°C and winter temperatures dropping to -5 to -15°C.
Precipitation also varies widely from upstream to
downstream. The mean annual precipitation is higher than
1000 mm in the upstream alpine areas and approximately
100-300 mm in the downstream desert steppe areas,
especially in lower reaches, where it does not exceed 100 mm.
Approximately 40-45% of the total annual precipitation
occurs in spring, 25-35% in winter, and 15-20% in autumn
[44, 45].

Data collection and Water sampling.

The methodology in this study based on collecting and
analyzing water quality and hydrological data within the
context of the ADR in Uzbekistan. Various datasets and our
own field and laboratory measurements were utilized for this

Table 1. Hardware specifications

research. To examine long-term water quality parameters of
the ADR, along with annual agricultural runoff volumes and
the mineralization of perennial river water, retrospective
data were obtained from archival records of the Center of
Hydrometeorological Service (Uzhydromet) and the Ministry
of Water Resources of the Republic of Uzbekistan. The
Uzhydromet analyzes the water quality of the ADR monthly
using well-established laboratory analytical methods (flame
atomic absorption spectrometry and ionchromatography), as
well as traditional titrimetric and electrochemical methods.
Thus, in the study area, five hydrological stations operated by
Uzhydromet were used for data extraction: (H1) Termez;
(H2) Tuyamuyin; (H3) Kipchak; (H4) Samanbay; (H5)
Kyzyldjar (Table 1, Figure 1).

The data collection of water quality parameters spanned a
substantial period from 2013 to 2020. Water use trends, river
water mineralization, heavy metal data spanned from 2013 to
2020, and agricultural runoff data spanned from 2018 to
2022 offering a longitudinal perspective.

Hydrological stations Region Latitude Longitude Indication in the text

Termez Surkhandarya 37°11'48.72"N 67°17'57.94"E H1
Tuyamuyin Khorezm 41°13'18.78"N 61°20'4.20"E H2
Kipchak Karakalpakstan 42°13'38.80"N 60°6'48.70"E H3
Samanbay Karakalpakstan 42°26'46.06"N 59°32'58.11"E H4
Kyzyldjar Karakalpakstan 43°9'14.80"N 59°8'11.20"E H5
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Figure 1. Location of the Amu Darya River basin and spatial distribution of hydrological stations in Uzbekistan, (b)
Spatiotemporal distribution of air temperature and (c) Precipitation over ADR basin (from 2014 to 2023).

Additionally, the authors sampled river water at these 5
hydrological stations in 2021 as a complement to the
retrospective data, reflecting the typical characteristics of the
upper, middle, and lower streams of the Amu Darya River in
Uzbekistan. The collected samples were delivered to the
laboratory of the Navoi Mining and Metallurgical Combine for
heavy metal concentration analysis, which is the leading-edge

laboratory in Uzbekistan. Multiple analytical methods were
employed to assess heavy metal concentrations, including
atomic absorption [46], gas chromatography [47],
photometric analysis [48], photocolorimetry [49], gravimetry
[49], spectrophotometry [50], titrimetry [50], and other
physico-chemical techniques [51]. Climate data, including air
temperature, were obtained from UzHydromet, while
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precipitation data were sourced from the CHRS Data Portal,
which provides estimates based on remotely sensed
information using an artificial neural network approach [52].
Subsequently, to obtain the final results, a Pearson
correlation coefficient analysis was applied between water
mineralization and the temperature and precipitation data to
assess seasonal climatic dependencies.

RESULTS AND DISCUSSION
Water Use Trends in Uzbekistan

Besides Turkmenistan Uzbekistan is one of the largest water
consumers from the Amu Darya River. The country relies
heavily on the river for irrigating its vast agricultural lands,
particularly for water-intensive crops such as cotton and
wheat. The largest water volume is used during the
vegetation period, which spans from April to October, while
the lowest consumption occurs during the non-vegetative
period. The volume of water supplied to the Nurek reservoir,
located in the upper part of the river basin in Tajikistan, was
16.79 km?® during the 2023 vegetation period, while the water
volume released from the reservoir was 13.28 km?. At the
beginning of the vegetation period, the Nurek reservoir held
6.38 km? of water. By the end of the vegetation period, the
total volume of water stored in the reservoir had increased to
10.51 km?, meaning that 3.51 km?® of inflow from the upper
river basins was added to the reservoir. At the beginning of
the vegetation season, the Tuyamuyin reservoir, located in
the lower part of the Amu Darya basin, held 2.7 km? of water.
By the end of the period, the total volume of water stored in
the reservoir had increased to 3.48 km?, indicating an inflow
of 0.78 km® from the river basins to the reservoir. The
dynamics of water availability indicators for the vegetation
period (from April to October) in the Amu Darya basin have
been analysed. According to this, the highest indicator in
2017 was 38.0 km?, while the lowest indicator was 31.38 km?
during 2021-2022. During the vegetation period, the total
water volume extracted from the Amu Darya was 33.19 km?,
of which Uzbekistan utilized 12.4 km?® (Figure 2).

When evaluating the water availability indicators during the
non-vegetation period (from October to April) in the Amu
Darya basin, the highest indicator was 16.16 km? in 2019-
2020, and the lowest indicator was 13.17 km? in 2020-2021.
Specifically, during the non-vegetation period from October
1, 2023, to April 1, 2024, the water volume supplied to the
Nurek reservoir was 3.81 km?, while the water volume
released from the reservoir was 7.65 km?>. At the beginning of
this period, the Nurek reservoir held 10.51 km? of water. By
the end of the non-vegetation period, the total water volume
stored in the reservoir had decreased to 6.02 km?, indicating
that 3.84 km? of water was released from the reservoir. In the
Tuyamuyin reservoir at the beginning of the non-vegetation
period 3.48 km? of water was stored. By the end of the non-
vegetation period the total water volume stored in the
reservoir had decreased to 2.97 km?, indicating that 0.51 km?
of water was released from the reservoir. During the non-
vegetation period the total water volume extracted from the
Amu Darya was 14.04 km?3, of which Uzbekistan utilized 5.28
km? (Figure 3).
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Figure 2. Dynamics of water availability for the vegetation
period in the Amu Darya River basin
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Figure 3. Dynamics of water availability for the non-
vegetation period in the Amu Darya River basin

Specifically, during the non-vegetation period from October
1, 2023, to April 1, 2024, the water volume supplied to the
Nurek reservoir was 3.81 km? while the water volume
released from the reservoir was 7.65 km?>. At the beginning of
this period, the Nurek reservoir held 10.51 km?® of water. By
the end of the non-vegetation period, the total water volume
stored in the reservoir had decreased to 6.02 km?, indicating
that 3.84 km? of water was released from the reservoir. In the
Tuyamuyin reservoir at the beginning of the non-vegetation
period 3.48 km? of water was stored. By the end of the non-
vegetation period the total water volume stored in the
reservoir had decreased to 2.97 km?, indicating that 0.51 km?
of water was released from the reservoir. During the non-
vegetation period the total water volume extracted from the
Amu Darya was 14.04 km?, of which Uzbekistan utilized 5.28

km?.

Spatio-temporal Variation of the Amu Darya River
Mineralization

Assessing spatio-temporal variation of river water
mineralization, is essential for several environmental,
agricultural and human health purposes. The long-term
water mineralization of the ADR is presented in Figure 4. A
heatmap was developed to visualize the spatio-temporal
variation of mineralization levels in the ADR, based on annual
measurements collected from five hydrological stations
between 2013 and 2021. Overall, the data reveal a clear
spatial increase in mineralization levels from upstream (H1)
to downstream stations (H5). For instance, in 2013, the
salinity at station H1 was 0.634 g/L, while it reached 1.089
g/L at H5. This pattern persists consistently across the
observed years, highlighting the cumulative effect of return
flows, groundwater inflows, and possibly reduced dilution
downstream due to extensive water abstraction for irrigation.
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Temporally, certain fluctuations in salinity were observed
across all stations. Notably, 2018 marks a significant rise in
mineralization levels at almost all stations, especially H5,
where it peaked at 1.297 g/L. This may be attributed to a
combination of reduced river discharge and increased
evapotranspiration, possibly linked to drier climatic
conditions during that year. A general upward trend in
salinity is also seen toward 2020-2021, particularly at
downstream stations (H4 and H5), where the values exceed
1.2 g/L, raising concerns about water quality degradation
over time. Interestingly, upstream stations (H1 and H2)
exhibit relatively more stable and lower salinity levels across
the study period, reflecting less exposure to anthropogenic
and agricultural return flows. Meanwhile, stations H3 to H5
present both higher and more variable salinity values,
suggesting intensified land and water use impacts in the
downstream areas. These findings underscore the
importance of implementing integrated water resource
management strategies that address both the quantity and
quality of river water. Continuous monitoring and mitigation
of salinity sources are vital to sustaining irrigation practices
and preventing long-term soil degradation in the ADR basin.
Using a correlation analysis, we investigated the effects both
of air temperature (in summer and winter) and of annual
precipitation on river water mineralization across the
hydrological stations (Table 2). The results reveal that the
correlation between the river water mineralization and
precipitation is mostly negative, while lower winter
temperatures also show a negative correlation

In contrast, summer temperatures exhibit a slightly positive
correlation with mineralization levels (a medium correlation
at H1 and H4, a weak correlation at H3 and H5, no correlation
at H2). This could be attributed to high evaporation rates and
reduced water volumes at the downstream stations (H3, H4,
and H5), which lead to increased salt concentrations in the
river water.

Value (g/L)
Figure 4. Long-term average mineralization of Amu Darya
River water (g/L) at 5 Hydrological Stations.

Table 2. Correlation of river water mineralization with air temperature and precipitation at 5 Hydrological stations along the

Amu Darya River

Air temperature

Air temperature
P Precipitation (mm)

Ne Hydrological stations (summer) (winter)

1 Termez (H1) 03* -0.087 -0.133
2 Tuyamuyin (H2) -0.2 -0.32 ** -0.256
3 Kipchak (H3) 0.2* -0.26 -0.196
4 Samanbay (H4) 0.3* -0.087 -0.124
5 Kyzyldjar (H5) 0.1 -0.29 ** -0.205

Correlation is significant at the 0.05 level (2-tailed)
Correlation is significant at the 0.01 level (2-tailed)

Heavy Metal Concentration Assessment in Amu Darya
River Water

Heavy metal concentration changes across the observed
years (2013 and 2021) are shown in Figure 5. Average copper
concentrations exhibit a fluctuation from 2013 to 2018 in the
ADR water, followed by a gradual increase from around 2019
onward. Notably, the years 2019 and 2020 recorded a
significant peak, with average concentrations reaching
approximately 3.5-4.0 pg/L. However, a decline in copper
levels was observed in 2021. In terms of variability, the
interquartile range varied across the years, with larger
variability observed in 2015 and 2020, while 2021
demonstrated reduced variability, as indicated by a smaller
interquartile range. The trend for average zinc concentrations
have steadily increased over the years, especially sharp jump
in 2018, 2020 and 2021, reaching 25-30 pg/L in the river
water by 2021. Low variability has been a main trend in the
ADR water in early years (2013 - 2016), but from 2017
onward variability increased, especially in 2021.

Meanwhile, the concentrations of chromium (VI) showed a
decreasing trend between 2013 to 2014, reaching its lowest
levels in the latter time period. This was followed by a gradual

increase from 2015 to 2020, with a moderate fluctuation.
However, a subsequent decline in concentrations was
observed in 2021. The trends for the Iron concentrations
stand out, experiencing fluctuations over the years. It exhibits
a slight decline in 2015, 2017 and 2018, followed by an
increase from 2019 to 2021. In 2021, the concentrations
remained stable, showing values similar to those in 2020. It is
important to note that iron concentrations are reported in
mg/L, unlike the other heavy metals presented in pug/L,
resulting in numerically higher values. Overall, all trends for
heavy metals reveal a steady increase over the years in the
ADR water.

The average concentration changes of heavy metals by 5
hydrological stations (from Termiz station (H1) in
Surkhandarya region to Kyzyldjar station (H5) in the
Republic of Karakalpakstan) are presented in Figure 6. The
average concentrations of copper, zinc, chromium (VI), and
iron showed significant variations dependinging on the
location of the hydrological station. From the boundary of the
H1 (Termez, Surkhandarya) to the H5 (Kyzyldjar, Republic of
Karakalpakstan), the concentration of copper (Cu) ranged
from 1.1-3.4 pg/L to 1.2-3.7 pug/L, zinc ranged from 1.5-11.3
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pg/L to 1.3-26.3 pg/L, and chromium (VI) ranged from 0.2-
0.6 pg/Lto 0.1-0.7 pg/L.

The average concentration of copper in the river water
increased from 1.1 times to 1.5 times from the H1 boundary
station to the H5 station. The concentration of zinc exhibited
a similar trend, increasing from 1.1 to 2.6 times over the
years. In certain years, a decreasing trend was also observed,

4
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which might be attributed to variations in river water flow or
changing metal input. In the observed years, chromium (VI)
concentration increased from 1.1 times to 1.8 from upstream
to downstream. Additionally, the concentration of iron (Fe) in
Amu Darya water was found to be 3-4 times lower than the
permissible limit, and quite lower as in decades before for the
Zarafshan River [53].
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Figure 5. Dynamics of average Copper (Cu), Zinc (Zn), Chromium (VI) and Iron (Fe) concentration in Amu Darya water across

years

i T i
| Li

H3 H4 i

Average Copper (Cu) concentration

0.8
0.6 T
3
0.4
0.2
0.0 T I T !
H1 H2 H3 H4 H5

Average Chromium VI (Cr) concentration

307

ng/L

10

0 T T T T

H1 H2 H3 H4 H5

Average Zinc (Zn) concentration

0.0257

0.0204 ——

0.0154

0.0104 ———

0.005

0.000 T T

H1 H2 H3 H4 HS

Average Iron (Fe) concentration

Figure 6. Dynamics of average Copper (Cu), Zinc (Zn), Chromium (VI) and Iron (Fe) concentration changes in Amu Darya River

water by 5 hydrological stations



Environ Res Tec, Vol. 9, Issue. 3, pp. 502-512, June 2026

508

Agricultural Runoff and Drainage Water Formation in
Uzbekistan

Agricultural runoff refers to the water which flows over farms
and cultivated lands when intensive irrigation practices are
used [54]. This water moves across the land, picking up
diverse pollutants along the way, eventually flowing into
nearby water bodies such as lakes, streams, and rivers [55].
On the other hand, drainage water refers to the water that
infiltrates the soil surface and percolates through the soil
profile, ultimately being collected and removed through open
drainage systems [56]. The infiltrated water is typically rich
in dissolved (or water-soluble) salts, nutrients, and other
agrochemicals leached from the soil, and it is discharged from
agricultural lands through drainage networks to prevent
waterlogging and salinization [57]. Similarly, in Aral Sea
Basin countries, agricultural runoff is excessively discharged
into collector and drainage networks from irrigated fields,

primarily in April and October due to early salt-leaching
practices. In turn, the generated collector drainage water
(CDW) is discharged into the ADR, leading to increased river
water mineralization in downstream areas. In countries like
Uzbekistan, agricultural runoff and collector drainage water
are deemed major environmental concerns that drive the
degradation of both aquatic and terrestrial ecosystems and
pose serious risks to human health by contaminating water
resources [58]. In the Uzbek part of the river basin, the ADR
receives the majority of CDW generated from irrigated lands
across the five regions situated along its course. As a result,
this leads to elevated mineralization of river water and
contamination with a wide range of pollutants, ultimately
contributing to salinization and land degradation. The annual
average volume, mineralization, and total salt content values
in the Uzbek part of the basin are shown in Table 3.

Table 3. Average values of volume, mineralization, and total salt content in the collector-drainage water in the Amu Darya

basin

Regions Description Years
2018 2019 2020 2021 2022
Volume (10° m?) 1.11 1.20 1.23 1.027 9.73
Surkhandarya Mineralization (g/L) 1.52 1.44 1.54 1.61 1.63
Total salt content (10° tons) 1.68 174 1.89 1.65 1.58
Volume (10° m3) 3.18 1.25 1.23 8.47 7.03
Kashkadarya Mineralization (g/L) 5.17 4.83 4.65 4.85 5.28
Total salt content (10° tons) 4.74 6.18 5.71 4.10 3.71
Volume (10° m®) 1.86 1.97 2.12 1.69 1.67
Bukhara Mineralization (g/L) 3.45 3.49 3.42 3.50 3.08
Total salt content (10° tons) 6.42 6.87 7.25 5.91 5.14
Volume (10° m®) 1.56 2.46 1.49 1.27 1.17
Khorezm Mineralization (g/L) 2.09 1.92 2.24 2.43 2.83
Total salt content (10° tons) 3.26 4.72 3.34 3.08 3.31
) Volume (10° m®) 2.32 2.39 1.70 1.16 1.52
EZE:E;:;;JSQH Mineralization (/L) 397 350 472 398 348
Total salt content (10° tons) 9.21 8.36 8.02 4.61 5.29

Table 4. The impact of air temperature and precipitation on Collector Drainage Water mineralization.

Air temperature

Air temperature
P Precipitation (mm)

Ne Regions (summer) (winter)

1 Surkhandarya 0.70%** 0.07 -0.66*
2 Kashkadarya 0.37 0.23 -0.67*
3 Bukhara 0.20 0.32 -0.64
4 Khorezm 0.32 -0.33 -0.04
5 Karakalpakstan -0.18 -0.20 -0.03

Correlation is significant at the 0.05 level (2-tailed)
Correlation is significant at the 0.01 level (2-tailed)

The total volume of collector-drainage water (CDW)
generated annually in Uzbekistan exhibits significant regional
and temporal variation, ranging from 1.027 to 9.73 x 10° m?,
with mineralization levels fluctuating between 1.44 and 5.28
g/L. In the Surkhandarya region, CDW volumes varied
between 1.027 x 10° m3 (2021) and 1.23 x 10° m® (2020),
reaching a sharp increase in 2022 with 9.73 x 10° m?. In
contrast, the Republic of Karakalpakstan, located in the lower
reaches of the Amu Darya basin, generated CDW volumes

between 1.16 and 2.39 x 10° m3, averaging approximately 1.8
x 10° m? over the five-year period. During the same period,
mineralization levels in Karakalpakstan ranged from 3.48 to
4.72 g/L, indicating relatively high salinity in the drainage
waters compared to other regions. In terms of discharge
destinations, most CDW in Khorezm and the Republic of
Karakalpakstan is directed toward Sarykamysh Lake,
whereas in the upper and middle parts of the basin (e.g,
Surkhandarya, Kashkadarya), CDW is often discharged into
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riverbeds. The total salt content of CDW similarly varies: from
1.58 x 10° tons in Surkhandarya (2022) to 8.36 x 10° tons in
Karakalpakstan (2019), and 7.25 x 10° tons in Bukhara
(2020). The mineralization level of CDW ranges from a
minimum of 1.44 g/L in Surkhandarya (2019) to a maximum
of 5.28 g/L in Kashkadarya (2022). These differences reflect
regional variations in water quality, land use, and soil
salinization conditions. The higher levels of mineralization
observed in Kashkadarya, Bukhara, and Karakalpakstan can
be attributed to two main factors. First, greater salinization of
soils in these regions leads to increased salt content in
drainage water. Second, as the Amu Darya River flows from
upstream to downstream, the mineralization of the river
water rises, affecting the quality of irrigation water and,
subsequently, the mineralization of CDW. By contrast,
Surkhandarya region consistently demonstrates lower CDW
mineralization, ranging from 1.44 to 1.63 g/L over the five
years. This is likely due to the region’s reliance on the
Surkhandarya and Sherabad rivers, which supply lower-
mineralized water for irrigation.

The analysis of climatic variables indicates that air
temperature and precipitation exert varying degrees of
influence on CDW mineralization across different regions. In
Surkhandarya region, a strong positive correlation was
observed between summer air temperature and CDW
mineralization (r = 0.70, p < 0.01), suggesting enhanced
mineralization under higher thermal conditions (Table 4).
Conversely, precipitation exhibited a significant negative
relationship (r = -0.66, p < 0.05), indicating that increased
rainfall may dilute or reduce CDW mineralization
concentrations.  Similar negative correlations with
precipitation were found in Kashkadarya (r = -0.67, p < 0.05)
and Bukhara (r = -0.64), though only the former was
statistically significant. Temperature effects in these regions
were moderate to weak.

Conversely, precipitation exhibited a significant negative
relationship (r = -0.66, p < 0.05), indicating that increased
rainfall may dilute or reduce CDW mineralization
concentrations. Similar negative correlations with
precipitation were found in Kashkadarya region (r = -0.67, p
< 0.05) and Bukhara region (r = -0.64), though only the
former was statistically significant. Temperature effects in
these regions were moderate to weak. In contrast, Khorezm
and Karakalpakstan displayed weak or negligible
correlations, implying that other environmental or
anthropogenic factors may have more influence in regulating
CDW mineralization in these areas.

CONCLUSION

In this study, the heavy metal concentrations and the ADR
water mineralization within the territory of Uzbekistan were
analyzed comprehensively. The results reveal that the
mineralization of river water has increased from 1.35 times
to 1.74 times along the river flow, due to the reset of salts
from the CDW formed inirrigated areas. Weak correlation has
been observed between the mineralization of Amu Darya
water and the amount of precipitation. Very weak correlation
with river water mineralization under low air temperatures
(winter) is observed. Under high air temperatures (summer),
a medium correlation is observed at hydrolological stations
H1 and H4, a weak correlation at hydroposts 3 and 5, and no
correlation is observed at hydropost 2. Heavy metal
concentrations, particularly the concentration of copper has
increased by an average of 1.1 times to 1.5 times, zinc by 1.1
times to 2.6 times, and chromium (VI) by 1.1 times to 1.8
times along the river. The mineralization of CDW formed in

Surkhandarya and Khorezm provinces is lower than that of
collector-drainage waters in Kashkadarya and Bukhara
regions, and the Republic of Karakalpakstan. Due to the
general high importance of water mineralization of drainage
water from large irrigation field complexes, this study
highlights the spatial differences in dependence on regions
within the ADR basin, the biggest river basin in Central Asia.
Additionally, the dynamics of heavy metal concentrations
(copper, zinc, chromium and iron) in the Amu Darya water
were analysed between 2013 and 2021 at five different
hydroposts (H1-H5) from upstream to downstream
(respectively five regions within the Amu Darya River basin),
showing an increasing tendency for most of the metals. This
spatio-temporal analysis of water pollutants is an imortant
basic information for land users and policy makers for both
environmental and public health protection. Even under
global warming conditions, knowledge about water quality
dependencies on climatic and land use influences is a
necessity to manage water quantity and water quality
problems.
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ABSTRACT

Waste treatment is one of the most critical issues addressed by societies in alignment
with their environmental protection and sustainability goals. The study seeks to examine
the efficiency of European Union (EU) countries in waste treatment, using Data
Envelopment Analysis (DEA) as the chosen methodology. The research investigates the
relative efficiency of the 27 EU member states in the field of waste treatment, using seven
specified parameters namely recycling, backfilling, landfilling, incineration, circular
material use rate, gross value added in the environmental goods and services sector, the
recycling rate of municipal waste. The study identified seven EU member states—Czech
Republic, Spain, France, Hungary, Malta, Poland, and Sweden—as having efficiency
scores below 1, indicating suboptimal performance in waste management. Countries
identified as ineffective in waste treatment are analyzed in comparison to the
benchmarks of effective countries, and target output values necessary for achieving
effectiveness are determined.

Cite this article as: Tunali D. Assessing waste treatment efficiency of European Union

countries. Environmental Research and Technology, 2026, 9 (3), 513-519.

INTRODUCTION

Environmental challenges have emerged as a significant
concern for governments globally, as both industrialized and
developing nations contend with serious issues related to
pollution management and resource preservation. These
problems stem from factors such as industrialization,
population growth, and the scarcity of natural resources.
Maintaining economic development, using resources
efficiently, and establishing environmentally friendly supply
chains are critical goals for countries. In this context, waste
should be considered both as a pollutant and a potential
resource [1]. The rapid increase in waste generation, driven
by population growth, consumption patterns, and industrial
production, has exacerbated resource depletion and
environmental pollution. Therefore, efficiently managing
waste has turned into a fundamental element of sustainable
development, especially for industrially developing
countries.

Managing waste in an environmentally responsible manner
also facilitates the recovery of secondary materials, thus
contributing to economic cycles. The European Union (EU)
has taken a leading role in this area, highlighting waste
management as a key component of its environmental
policies [2]. The EU’s Waste Framework Directive sets
objectives such as conserving resources, promoting recycling,
and ensuring that waste is disposed of in line with the waste
hierarchy [3]. These policies aim to expedite the shift to a

* Corresponding Author: dcoskun@anadolu.edu.tr (Duygu Tunalr)

circular economy, thereby strengthening the environmental
dimension of sustainable development.

Environmental sustainability has become one of the most
fundamental goals of modern societies [4]. In particular, the
EU has been taking concrete steps in waste management to
preserve the environment, safeguard public health, and
ensure the efficient use of resources. The primary aim of these
policies is to promote the recovery and recycling of waste,
while minimizing the consumption of new resources.

This research intends to assess the efficiency of waste
treatment in European Union (EU) countries. This evaluation
may allow countries to measure their effectiveness in waste
management, enabling them to better utilize their resources
in an environmentally sustainable manner. Additionally, less
effective countries can implement the recommended
regulations to improve their performance and contribute to
their economies.

This paper first presents similar studies on the topic. The
second section outlines the methodology for the quantitative
analysis and explains the data set used. In the third section,
the results of the calculations based on this methodology for
EU countries are discussed, along with opportunities to
improve efficiency and the paper ends with the conclusion
section.

LITERATURE REVIEW

As awareness of the importance of waste processing for
ensuring environmental sustainability continues to grow, the

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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