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Terraform vs Ansible:
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Abstract. In the world of IT infrastructure management, the concept of infrastructure as code has firmly established
itself. Two popular tools for implementing this approach - Terraform and Ansible — are widely used by DevOps
professionals to automate and manage cloud and on-premises resources. Although both tools perform analogous tasks,
they have distinct principles of operation, architecture, and application scenarios. The purpose of this study was to
provide the key differences between Terraform and Ansible, their strengths and weaknesses, and use cases for each of
these tools. Recommendations for choosing a tool depending on specific tasks were offered. Terraform, as a declarative
style tool, enables users to describe the end state of the infrastructure, after which it automatically brings it to that
state. Ansible, on the other hand, supports both declarative and imperative approaches, making it flexible for managing
server configurations and performing orchestration. The study presented practical examples of using both tools. The
first example demonstrated how Terraform can be used to automatically deploy cloud infrastructure in Hetzner Cloud. In
this example, actions with a cloud service took place using declarative configuration files. The second example described
how Ansible can be used to configure servers and how to automate server tasks. The study included scientific aspects
related to the evaluation of IaC effectiveness, specifically formulas for calculating the time of application of changes in
the infrastructure. The use of formulas helped to quantify the time and overall efficiency of work in the infrastructure to
increase overall transparency and control over management processes. Thus, understanding the scenarios in which each
tool is most effective will help engineers properly organise infrastructure management processes

Keywords: infrastructure automation; configuration management; DevOps tools; Infrastructure as Code; optimisation;
server deployment

Introduction

The automation of infrastructure management has become
an integral part of the effective work of modern DevOps
teams. As the complexity of IT infrastructure grows, so does
the need to use tools that can provide reliable and scalable
management of servers, networks, and applications. Using
the Infrastructure as Code (IaC) approach allows not only
automating these processes, but also making them repeat-
able, which reduces the number of errors and improves
control over the infrastructure. In Specifically, Terraform
and Ansible play an instrumental role in this, allowing for
solutions of various tasks pertaining to the management of
cloud resources and server configurations.

According to the examples provided by S. Bhatia &
C. Gabhane (2024), Terraform demonstrates high efficien-
cy in the infrastructure deployment process thanks to a

declarative approach that allows centralised management
of resources in distinct cloud environments. R. Modi (2021)
discussed the use of Terraform modules in detail, describing
the work with Azure at the core. The researcher also men-
tioned several other cloud providers that allow creating and
maintaining scalable infrastructures, provided examples of
modules that facilitate multiple use of configurations, and
standardisation of infrastructure management, which is
especially useful for teams working in complex cloud en-
vironments. Modules simplify the infrastructure configu-
ration process, enabling the use of standardised settings
and increasing the efficiency of resource management.

A.M. de Menezes (2021) emphasised the significance
of integrating Terraform with various cloud providers in a
cloud environment. The researcher focused on the tool’s
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ability to automate configuration management, which al-
lows scaling the infrastructure and leveraging configura-
tions to improve performance. Swedish students A. Witt
& S. Westling (2023) detailed the use of Ansible in vari-
ous cloud environments. They addressed the capabilities
of this automation tool, particularly the fact that it com-
bines imperative and declarative languages for configuring
systems and software. They also emphasised that the key
advantage of Ansible is its agentless architecture, which al-
lows avoiding extra resource costs on end devices by using
only OpenSSH to communicate with them.

All the studies cited above emphasise the role of us-
ing playbooks, which allow describing the desired state of
systems without the need to specify all the steps, making
this tool effective for managing large-scale infrastructures.
Notably, Ansible is optimised for hybrid environments, and
its flexibility allows using it both for managing single serv-
ers and for automating complex multi-cloud architectures.
Thus, Ansible is a powerful tool for automating processes
in cloud environments, saving resources and simplifying
infrastructure management through easy-to-write and
maintainable YAML-based playbooks. However, the choice
between Terraform and Ansible is often uncertain. Both
tools are designed to automate tasks, but their approaches
and scopes are different. The purpose of this study was to
provide use cases that help to understand how each tool
works, in which situations they show the best results, and
how to correctly choose the suitable solution depending on
the task at hand.

Materials and Methods

The efficiency coefficient Formula (1) helped to determine
in which cases each of the tools is the most effective and
how their joint use can increase the overall automation of
IT systems deployment and configuration processes.

Ejac = % “(1 = Poprors (1)
total

where A, is the total number of automated operations, i.e.,
how many tasks or stages of infrastructure management
were successfully automated usingIaC; T, ,is the total time
required to perform all automated operations (this may in-
clude time to deploy resources, apply changes, and adjust
configurations); P, is the probability of an error during
the execution of automated operations (the lower the prob-
ability of errors, the higher the efficiency of automation).
The first step of the study was to review the available
scientific publications, books, and technical documenta-
tion related to Terraform and Ansible. The study exam-
ined articles on infrastructure automation, configuration
management, and Infrastructure as Code (IaC) approach-
es (Vanbuskirk, 2023). Attention was paid to the research
describing the successful use cases for these tools, as well
as the analysis of their performance and effectiveness in

different conditions.
The stage of comparative analysis of architectural fea-
tures explored the key architectural principles of Terraform

and Ansible. Terraform was analysed in terms of its declar-
ative approach to infrastructure management, resource
state, and change of the “planning” mechanism. Ansible
was examined as a tool for imperative server configuration
management without the need to install agents. Both tools
were tested in various infrastructure automation scenarios.

The present study proposed a mathematical model for
evaluating the effectiveness of using Terraform and An-
sible. For this, an efficiency factor was introduced (E, ),
which factors in the time of operations, the probability of
errors, and the degree of process automation. Another es-
sential part of the study was the model for estimating the
time needed to implement changes in the infrastructure.
For this, Formula (2) was introduced:

Tapply = z:"i=1(tcreate(Ri) + tmodify(Ri) + tdestmy(Ri))’ (2)

where t_  (R)+t, . (R)+1,... (R) is the time for creation,
modification, and deletion of the resource. is the approach
used to quantify the time spent when using Terraform to
deploy the infrastructure.

Both quantitative and qualitative methods were em-
ployed to analyse the test results. The execution time of
operations was recorded and compared for distinct types of
tasks (creating, changing, deleting resources). A qualitative
assessment of the usability and flexibility of each tool was
also used:

For infrastructure deployment: Terraform (v1.9.0)
with providers for Hetzner Cloud.

For server configuration: Ansible (v2.15.12).

Standard tools such as Terraform plan and Ansible
playbook logging were used to monitor performance and
estimate operation times.

Thus, the study employed methods of analysing archi-
tectural features, practical testing, as well as mathematical
methods for estimating the time of application of changes,
which helped to objectively evaluate the performance of
Terraform and Ansible in various conditions.

Results and Discussion

A typical infrastructure deployed in the Hetzner Cloud
consisting of a virtual machine and network resources was
chosen for practical testing. Terraform was used to create
these resources, while Ansible was used to further config-
ure them. Specific tasks were chosen to automate server
deployment, web server configuration, database setup, and
security using both tools. The testing itself was performed
using plan files.

Example 1: Cloud infrastructure deployment with
Terraform. To deploy infrastructure in the Hetzner Cloud,
Terraform offers the ability to describe the required re-
sources in the pipeline as follows:

provider “hcloud” {
token = var.hcloud_token

}

resource “hcloud_firewall” “fw” {
name = “fw “
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rules = [
{
direction = “in”
protocol = “tcp”
port = “22”
source_ips =[“0.0.0.0/0”, “::/0”]

)

{
direction = “in”
protocol = “tcp”
port = “80”
source_ips =[“0.0.0.0/0”, “::/0”]

)

{
direction = “in”
protocol = “tcp”
port = “443”
source_ips =[“0.0.0.0/0”, “::/0”]

)

{

direction = “out”
protocol = “tcp”
port = “all”
destination_ips = [“0.0.0.0/0”, “::/0”]
}
]

resource “hcloud_ssh_key” “solokey” {
name = “ solokey”
public_key = file(var.ssh_public_key)

resource “hcloud_server” “
name = “Nginx_server”
image = “ubuntu-20.04"
server_type = “cx21”
ssh_keys = [hcloud_ssh_key.solokey]
firewall_ids = [hcloud_firewall.fw.id]

1

output “server_ip” {
value = hcloud_server.my_server.ipv4_address

}

my_server” {

This example creates a virtual machine in the cloud
using Hetzner. This process is fully automated and de-
scribed declaratively. Terraform will track changes in the
infrastructure and keep it up-to-date. The pipeline itself is
divided into several files, the most important one is demon-
strated in this study for safety, readability, and ease of use.
The tool will create a server in Hetzner, with a configured
protector for standard web server operation. After calcu-
lating according to the formula for estimating the time of
application of changes in the infrastructure, the following
was obtained:

Resources:

1. Server (R1)
2. Firewall (R2)
3. SSH key (R3)

Time was spent on the performance of these tasks
(t.0re)» Which was taken from the real-time execution of the
plan of the file. The next time (deletions and modifications)
was simulated in case any changes were foreseen in the
Terraform file, e.g., Package cx21 was changed to cx22. Ac-
cordingly, if the server was edited, Terraform checked with
a cloud provider and since it did not have a cx21 server,
the tool deleted the existing server and created a new one

according to the tariff plan, then according to the formula,
Coreate (R) + Lo, (R) Need to be calculated.

1. Server (R1):

£ oure R) = 5 minutes
Epoazy R — 5 minutes
Crestroy R =1 minute
2. Firewall (R2):

£ oure (R) — 30 seconds
tpoayy R — 10 seconds
oy (R) — 15 seconds

3. SSH key (R3):

£ oure R) — 20 seconds
Epoayy (R — 15 seconds
Lgestroy Ry — 10 seconds

The calculation of the total time for performing tasks,
creating, modifying, and deleting servers per file plan is
demonstrated by the formulas (3-6) below.

RIT,,,=5+5+1=11 min. 3)

R2 Tgppiy = 0.5+ ¢+ 3 ~ 09 min ~55sec.  (4)
1 1 1 .

R3 Toppiy = §+ Z+ et 0.7 min ~ 45 sec. (5)

SumT,, , =11+0.9+0.75~12.7 min. (6)

The total time to perform all tasks, while using one file
plan, takes an average of 12.7 minutes, provided that the
file has certain functions for creating, updating, and delet-
ing. On a real project, this time is much shorter. But af-
ter making calculations according to this formula, one can
get the time, and with the maximum load of changes - the
file plan. To calculate the file plan from the example, there
is only one need to calculate t__ (R) since there are no
changes or deletions in the example, and the amount was
calculated according to formula (7) taking only the values
of RI,R2,R3fort_ . (R):

SumT

apply

=5+0.5+0.3~5.5 min. )

Based on the example, the total time for starting the
instance (server) will take 5.5 minutes.

Example 2: Configuring servers with Ansible. After
creating the infrastructure using Terraform, Ansible can be
used to configure the server:

- name: Configure server with Ansible
hosts: all
become: yes
vars_prompt:
- name: python_version
prompt: “Enter the Python version to install (e.g., 3.10.5)”
private: no
default: “3.10.5”
- name: mysql_root_password
prompt: “Enter the MySQL root password”
private: yes
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tasks:
- name: Update and upgrade apt packages
apt:
update_cache: yes
upgrade: dist

- name: Install required packages and dependencies

apt:
name:
- mysql-server
- python3-pip
-mc
- nginx
- git
- curl
-ncdu
- fail2ban
- make
- python3-dev
- default-libmysqlclient-dev
- build-essential
- libssl-dev
- zliblg-dev
- libbz2-dev
- libreadline-dev
- libsqlite3-dev
-1lvm
- libncurses5-dev
- libncursesw5-dev
- xz-utils
- tk-dev
- libffi-dev
- liblzma-dev
state: present

- name: Create socket file for project

copy:

dest: “/etc/systemd/system/{{project_name}}.socket”

content: |
[Unit]
Description=gunicorn socket

[Socket]

ListenStream=/run/{{project_name}}.sock

[Install]
WantedBy=sockets.target

owner: root
group: root
mode: ‘0644’

- name: Create dyrectory project
file:
path: /projects
state: directory
owner: root
group: root
mode: ‘0755’

- name: Reload systemd and enable services

systemd:
daemon_reload: yes
name: site.service
enabled: yes
state: started

- name: Change SSH port
lineinfile:
path: /etc/ssh/sshd_config
regexp: ““#?Port\s+’

Terraform vs Ansible...

line: ‘Port 222’
state: present

- name: Allow only necessary ports in nftables
blockinfile:
path: /etc/nftables.conf
block: |
table inet filter {
chain input {

type filter hook input priority 0; policy drop;
iif lo accept
ip protocol icmp accept
ip6 nexthdr ipv6-icmp accept
ct state established,related accept
tep dport { 222, 80, 443, 8000 } accept

}

- name: Enable and start nftables
service:
name: nftables
enabled: yes
state: started

- name: Restart SSH service to apply port change
service:
name: sshd
state: restarted

- name: Ensure users are present with home directories
ansible.builtin.user:
name: “{{ item.name }}”
state: present
home: “/home/{{ item.name }}”
shell: /bin/bash
create_home: true
groups: root
loop: “{{ users }}”
when: item.name != ‘root’

- name: Set up authorized keys for users
ansible.builtin.authorized_key:
user: “{{ item.0.name }}”
key: “{{ item.1 }}”
state: present
loop: “{{ users | subelements(‘ssh_keys’) }}”

- name: Ensure user is added to sudoers with NO PASSWD
privileges
ansible.builtin.lineinfile:
path: /etc/sudoers.d/{{ item.name }}
create: yes
line: “{{ item.name }} ALL=(ALL) NOPASSWD:ALL’
validate: ‘visudo -cf %s’
loop: “{{ users }}”
when: item.name != ‘root’

- name: Ensure Nginx is enabled and running
systemd:
name: nginx
enabled: yes
state: started

This large example shows how one can automate the
installation of all necessary packages, removal, creation of
files or directories, as well as, if necessary, the configura-
tion of certain components using Ansible. In the example,
it is a change of the SSH port, restart of the Nginx service,
etc. Ansible performs tasks step by step and immediately
applies changes to the system.
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Based on part of the study conducted, 3 main scenarios
for the use of Terraform and Ansible were identified:

Scenario 1: Deploying the basic infrastructure with
Terraform. The first scenario where the user uses only Ter-
raform to quickly create the necessary infrastructure, and
the configuration relies on a manual installation process.

Scenario 2: Configuration of servers with Ansible.
This is a scenario where the user manually sets up the serv-
er but configures it using Ansible.

Scenario 3: Optimised combination of Terraform and
Ansible. A combined scenario where each of the technolo-
gies is used for its tasks, making maximum efforts for flex-
ibility, automation, and reduction of work time and errors.

It is the best combination that allows achieving maxi-
mum automation. For example, to manage cloud resources,
Terraform can show higher efficiency values due to the abil-
ity to deploy the basic infrastructure (virtual machines, net-
works) and monitor its state. Therewith, Ansible willbe more
efficient for dynamically setting configurations on servers.

After carrying out calculations from the examples, the
following data were obtained:

Example 1: Calculation of the effectiveness of cloud
infrastructure deployment with Terraform.

Calculation data:

A,...: 10 automated operations (creating a provider,
firewall, SSH key, server, network, etc.);
T :0.25 hours (15 minutes) for all operations;

total *

P_ :0.02 (2% probability of error).

error

Calculation:
Erac = 55 - (1-0.02)=40-098 = 39.2. 8)

Interpretation: The efficiency factor for Terraform in
this case is 39.2. This shows the high efficiency of auto-
mation, as many operations are performed quickly with a
minimal probability of errors.

Example 2: Calculation of efficiency by configuration
of servers through Ansible.

Calculation data:

¢ A, 15 automated operations (updating packages,
installing programs, configuring system files, creating us-
ers, etc.);

¢ T _:0.5hours (30 minutes) to complete all tasks;

total®

©P_:0.05 (5% error probability).

error®

Calculation:
Erqc =3 (1-0.05)=30-095 = 285. )

Interpretation: The efficiency factor for Ansible in this
example is 28.5. This shows a slightly lower activity rate
than Terraform due to more automation operations and
more potential errors (Internet connection problems, out-
dated modules, etc.)

The obtained efficiency ratios for both tools demon-
strate their high ability to automate various aspects of in-
frastructure and configuration management. The values
E, . show considerable time savings and a reduction in the

risk of errors in automation processes. Terraform showed
a higher efficiency ratio in the infrastructure deployment
example due to fewer operations and a lower probability of
errors in the declarative approach to resource management.
Ansible also showed high efficiency, especially in cases of
complex system configuration and software installation,
which was proved by T. Noviana (2024). Using Ansible to
automate network management increases the flexibility
and consistency of network infrastructure by automating
manual tasks such as backing up configurations across mul-
tiple servers. With Ansible, organisations can reduce repet-
itive tasks and increase efficiency in server management.

The obtained findings are consistent with the conclu-
sions of many researchers who investigated the effective-
ness of using automation tools for infrastructure manage-
ment. S.H.V. Sanne (2023) emphasised the significance of
scalability and reusable configuration patterns when using
Terraform, which aligns with the idea that effective infra-
structure management is critical to digital transformation
and operational efficiency. The researcher also discussed
the value of modularity in Terraform, especially in the con-
text of managing multiple clouds, argued that breaking in-
frastructure-as-code (IaC) into reusable modules not only
improves maintainability, but also facilitates collaboration
between teams. Sanne’s emphasis on the reusability of con-
figurations also resonates with findings of R. Modi (2021).
This researcher underlined the critical need to maintain
flexibility and reduce the number of errors - goals that are
crucial for modern cloud infrastructure management.

Z.Yap (2024) noted that Ansible also provides a prom-
inent level of automation in configuration management,
although the E, . score of 28.5 is slightly lower than Ter-
raform’s, indicating the latter’s advantage in the context
of infrastructure deployment. The findings presented by
S. Kadima (2024) emphasised the need for integrated use
of Terraform and Ansible to achieve maximum efficiency,
indicating that both tools, having their strengths, can be
used in different aspects of automation. This is consistent
with current study, which noted that using Terraform and
Ansible in tandem improves automation results.

Overall, the findings of the present study confirm ear-
lier results by other researchers, demonstrating that the
combination of Terraform and Ansible is the best solution
for automating cloud infrastructure management. These
tools complement each other, providing effective automa-
tion at various stages of the infrastructure lifecycle, which
allows reducing the probability of errors and accelerate
work, and the time estimation calculation model helps to
evaluate the effectiveness of using not only Terraform and
Ansible, but also other IaC tools.

Conclusions

The conducted study confirmed the high efficiency of using
Terraform and Ansible tools for managing infrastructure
and configurations within the Infrastructure as Code (IaC)
approach. The principal advantage is that Terraform offers
powerful capabilities for automated creation and manage-
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ment of infrastructure, including virtual machines, net-
works, and firewalls, while Ansible provides flexible and
granular configuration of server software. The synergy of
these two tools enables a prominent degree of automa-
tion, reducing the probability of human error and accel-
erating project deployment processes. The study showed
that using Ansible enables swift and efficient systems
setup and upgrades, while Terraform reduces the time re-
quired to deploy the underlying infrastructure by 50-70%
Overall, the findings of the present study confirm earlier
results by other researchers, demonstrating that the com-
bination of Terraform and Ansible is the best solution for
automating cloud infrastructure management. These tools
complement each other, providing effective automation at
various stages of the infrastructure lifecycle, which allows
reducing the probability of errors and accelerate work, and
the time estimation calculation model helps to evaluate
the effectiveness of using not only Terraform and Ansible,

resources allows quantifying the performance of these
tools in various scenarios.

The main limitation of this study was its focus on a
specific Hetzner Cloud platform, which may limit the gen-
eralisation of the findings to other cloud services and infra-
structures. In the future, the plan is to expand the research
to broader and more diverse cloud solutions, such as AWS,
Google Cloud, and Azure, to gain a more comprehensive
understanding of the performance and flexibility of Terr-
aform and Ansible in various environments. Prospects for
further research also include exploring the combined use
of other automation tools such as Chef or Puppet to create
even more flexible solutions. Furthermore, it is planned to
develop more complex models for evaluating the effective-
ness of automation, considering other factors, such as scal-
ability, reliability, and security of systems.
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Terraform ta Ansible: Konun i AK BUKOPUCTOBYBOTIU
iIHCTPYMEHTU iIHPPACTPYKTYPU AK KOA,
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AHoOTAUA. V cBiTi ynpasninus [T-iHdpacTpyKTypoio MillHO 3apeKoMeHyBaia ce6e KOHIeMNIlist iHQpacTpyKTypu sk
Komy. [IBa MOMy/IsIpHi iIHCTpyMeHTH [IJig peasisarii nporo migxonay — Terraform ta Ansible — mmpoKo BUKOPUCTOBYIOTbCSI
¢daxiBusimu DevOps s aBTOMaTM3allii Ta YOpaBldiHHS XMapHMMM Ta JIOKAJIbHUMMM pecypcamu. Xoya o6uziBa
iHCTpYMEHTU BMKOHYIOTb aHAJOTiUuHi 3aBOaHHS, BOHM MalThb Pi3Hi MPUMHUUIMN POOOTH, apXiTeKTypy Ta cleHapii
3aCTOCYBaHHS. MeTOI0 IIbOTO AOC/iIKeHHS 6y/I0 HagaTy KiIrouoBi BimmiHHOCTi Mixk Terraform ta Ansible, ixHi cvibHi Ta
C/1abKi CTOPOHU, @ TAKOXK CIleHapii BUKOPMCTAHHS 151 KOSKHOTO 3 I[MX iHCTPYMeHTiB. Bysiu 3anporoHoBaHi pekoMeHa1ii
0,0 BUOOPY iIHCTPYMEHTY B 3aJI€XKHOCTI Bil KOHKpeTHUX 3aBhaHb. Terraform, sik iHCTpyMEHT IeKIapaTUBHOIO CTUIIIO,
I03BOJISIE KOPMCTYBAUYaM OIMMCATH KiHIIEBMII CcTaH iHPPACTPYKTYpH, MiCas YOTO BiH aBTOMATMYHO MPUBOAUTH ii 10
1bOTO cTaHy. Ansible, 3 iHIIOro 60Ky, MiATPUMYE SIK ITeKIapaTUBHMI, Tak i iMIIepaTUBHMI MiIX0AU, [0 POOUTD 10TO
THYYKMM JIJI51 yIIPaBIiHHS KOHGIrypaismm cepBepiB Ta BUKOHAHHS OpKeCTPyBaHHS. Y BOCTiIskKeHHi Oy/u IIpeicTaB/eHi
MPaKTUYHI MPUKIaIM BUKOPUCTAHHS 000X iHCTpyMeHTiB. [lepuinii mpuKiIaz, MpoLeMOHCTPYBaB, sk Terraform MoskHa
BMKOPUCTOBYBATH I aBTOMATUYHOTO PO3TrOopTaHHs xMapHOoi iHbpacTpykTypu B Hetzner Cloud. V upbomy npukiazui
Iii 3 XMapHUM CepBicOM BimbOyBajaucs 3a JOMOMOTOI0 JeKIapaTMBHUX KOHQirypauiiiuux daitis. Jpyruii npukiam,
OTIMCYBaB, SIK MOKHA BUKOpUCTOBYBaTM Ansible st koHdirypanii cepBepiB Ta aBToMaTu3ailii ceppepHUX 3aBIaHb.
IocmigkeHHST BKIIOYAIO HAYKOBI acleKkTH, MoB’s13aHi 3 oliHKoI0 edekTuBHOCTI [aC, a came Gopmynu Ajisi pO3paxyHKy
Yyacy 3aCTOCYBaHHS 3MiH B iHdpacTpyKTypi. BukopucranHs ¢GpopmMys1 OTOMOIIO KiIbKiCHO OIL[iHUTY Yac Ta 3arajbHy
edexTMBHICTH po6IT B iHMpacTpyKTypi IS MiABMUIEHHS 3arajibHOi MPO30POCTi Ta KOHTPOJIIO HAJ IMpolecamu
ynpaBiaiHHs. TakKuM YMHOM, PO3YMiHHS CLIeHapiiB, B IKMUX KOKeH iHCTPYMEHT € Hait6inbil eeKTUBHUM, TOMOMOKE
iHskeHepaM MPaBUJIbHO OPraHi3yBaTy MPOoIeCH yIpaBaiHHS iHGPaCTPyKTYpOIo

KnouoBi crnoBA: asromartusaiis iHdpacTpykTypu; yrpasiiHHsS KoHbirypaiieio; iHctpymedTu DevOps;
Infrastructure as Code; ontumisallisi; po3ropTaHHs cepBepiB
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Abstract. Available methods of wastewater treatment of tanneries require improvement to ensure the desired
efficiency of purification and regeneration of valuable components contained in the waste process solutions.
The purpose of this study was to provide a comprehensive coagulation-flocculation treatment of liquid waste
from tanneries using mathematical modelling methods. The study conducted experimental investigation of the
effectiveness of coagulants - aluminium sulphate and iron (III) chloride — and flocculants: polyhexamethylene
guanidine hydroxychloride and its acetate, as well as reagent P228. The effect of pH on the coagulation process was
examined. The efficiency of the coagulation process was evaluated by an integral indicator - the degree of purification,
which was determined considering the turbidity and optical density of the purified water samples. The study
presented the findings on coagulation and flocculation effects that occur during the purification of samples of tannery
waste process solutions after the filling-fattening and dyeing processes. The studied samples are characterised by
high concentrations of sulphates (over 9,000 mg/dm?) and chlorides (over 1,500 mg/dm?), an increased content of
suspended solids (over 843 mg/dm?®) and metal ions: chromium (III), iron, and aluminium. According to the findings
of the study, the aluminium-based coagulant is more efficient than the iron-based coagulant. Among the flocculants,
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polyhexamethylene guanidine hydroxychloride is the most effective, while the pH value should be 10. The results
of experimental studies were used to obtain a mathematical model that described the coagulation process with a
sufficient degree of accuracy. The results of mathematical modelling can be used to calculate the optimum parameters

of the coagulation process

Keywords: tannery wastewater; chemical precipitation; degree of purification; optimisation of the coagulation process

Introduction

Leather production is characterised by multiple stag-
es, using a considerable number of chemical reagents of
various compositions, their high concentration in spent
solutions, and a high degree of echogenicity. Notably, the
content of pollutants in wastewater significantly depends
on the specific features of technological processes at each
stage of leather production. If, at the stage of preparato-
ry processes, the spent solutions have a high content of
insoluble organic and mineral substances, water-soluble
proteins, and degraded keratin residues, then the follow-
ing stages are characterised by a significant content of
unreacted organic and mineral reagents. In this regard,
the primary task of modern innovative production lies in
minimising the environmental hazards of spent techno-
logical solutions, which is achieved by using a complex
of mechanical, physicochemical, biological, and oth-
er treatment methods. For this, a wide range of chemi-
cal reagents is used - coagulants, flocculants, and other
reagents of various chemical compositions. At the same
time, developing effective methods of complex cleaning
of spent solutions involves the study of the mechanism of
their action, considering the features of the specific pro-
duction technology.

According to F. Chiampo et al. (2023), tannery waste-
water may contain pathogenic microorganisms and toxic
substances that cause disease and pose a health hazard to
humans when ingested. B. Jiang et al. (2020) noted that lig-
uid and solid wastes from the leather industry and tanner-
ies, if not treated before being released into water bodies,
create an increasing burden on the environment. According
to N.M. Sivaram & D. Barik (2019), raw tannery wastewater
can contain high levels of numerous pollutants, namely up
to (mg/dm?): suspended substances — 10,000, sulphides —
300, surfactants — 250, chromium (III) ions — 150, wool - 50,
fats — 600, chemical oxygen demand (COD) — up to 6000,
biological oxygen demand-5 (BOD,) - 1500, the pH of the
total effluent reaches 11.5.

A. Bhardwaj et al. (2023) studied various treatment
methods such as membrane separation processes, ad-
vanced oxidation process (AOP), adsorption, biological
treatment, and hybrid treatment technologies, which were
found to be effective for treating tannery wastewater. It
was noted that although these cleaning methods proved
to be effective, they require further development and im-
provement to meet stricter regulatory standards. L. Sa-
bliy et al. (2019) developed a technology for complex waste-
water treatment from leather production, which involves
biochemical treatment after mechanical cleaning and
flotation in an anaerobic environment and a membrane

bioreactor. At the same time, wastewater enters the mem-
brane bioreactor with reduced indicators of chemical and
biological oxygen consumption by 8.8 and 17.0 times as a
result of biological treatment.

M. Nigam et al. (2023) highlighted several conven-
tional physicochemical (equalisation, coagulation, and
adsorption) technologies, advanced approaches (Fenton
oxidation, ozonation, cavitation), thermocatalytic, and
biological wastewater treatment methods, and their inte-
grative approaches. The researchers considered the con-
ventional and oxidation methods suitable for pollutant
degradation (70-99%). Due to membrane cost and contam-
ination, membrane filtration processes are adequate but
not used on an industrial scale.

S. Mim et al. (2023) proposed a coagulation-adsorp-
tion method for the pre-treatment of tannery effluents
with a high content of sulphides, which provides 90-98%
removal of suspended solids. The researchers provid-
ed a technological scheme of wastewater treatment of
a tannery, which includes non-pressure filtration units,
electrocoagulation-flotation devices, and dehydration of
flotation sludge. S. Mim et al. (2024) offered the sorption
method of cleaning spent solutions of leather and fur pro-
duction. For this, natural aluminosilicate glauconite was
used, containing (%): 44-56 SiO,, 3-22 Al,Q,, 0-27 Fe,0,,
0-8 FeO, 0-10 MgO, up to 10K,0, 4-10 H,0. The efficiency
of treatment of spent solutions from chromium (III) com-
pounds reached 80-95%, depending on the chemical com-
position of glauconite.

M.A. Aboulhassan et al. (2021) conducted Jar-Test ex-
periments to evaluate the effectiveness of tannin-based
polymer (TBP) in treating these tannery wastewaters. The
findings showed that TBP is more effective than the clas-
sical ferric chloride coagulant, enabling it to remove over
60% and 96% of COD and colour from industrial waste-
water, respectively. Compared to ferric chloride, TBP pro-
duces less sludge, has the highest dewatering efficiency,
generates well-settable sludge, and allows for higher water
recovery rates than FeCl,. Coagulation flocculation proved
to be an effective method, while TBF can be used as a re-
placement for conventional coagulants in treating indus-
trial wastewater.

B. Othmani et al. (2020) extensively investigated
plant-based coagulants/flocculants for their effectiveness
in removing various pollutants from water. Apart from
safety and efficacy, the biodegradability of the substances
under study is one of the exciting features that can pro-
mote the application of green products for water treatment
as an alternative to persistent chemicals. To increase the
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widespread use of the biocoagulant, the researchers recom-
mended scaling up the laboratory research on pilot plants.
According to A. Nath et al. (2021), the disadvantage of nat-
ural plant-based coagulants is the price, and therefore their
use on an industrial scale is still ineffective compared to
synthetic coagulants.

Therefore, the industrial effluents of leather produc-
tion contain a wide range of pollutants of different chem-
ical compositions, which depends on the specific features
of the manufacturing technology of a particular type of
leather material and the chemical reagents used at vari-
ous stages. This necessitates the development of complex
technologies for cleaning wastewater from leather produc-
tion, which includes mechanical, physicochemical, and bi-
ological methods. The purpose of this study was to perform
complex coagulation-flocculation cleaning of spent tech-
nological solutions after the filling, greasing, and dyeing
processes of semi-finished chrome tanning for shoe uppers.

To fulfil the purpose, the following tasks were set:

to identify the factors affecting the process of coag-
ulation cleaning of spent solutions of leather production
after the stages of filling, greasing, and dyeing;

to conduct experimental studies to determine the
most effective coagulants and flocculants;

to obtain an adequate mathematical model that de-
scribes the coagulation process and to investigate the co-
agulation-flocculation effects of the cleaning process of
spent leather production solutions.

Materials and Methods

For the study, a leather production solution was used af-
ter the filling-greasing and dyeing of semi-finished chrome
tanning for shoe uppers. The characteristics of the solution
under study are presented in Table 1. Wastewater samples
were investigated in the Central Biochemical Laboratory
“CBL’ (n.d.), Kyiv.

Table 1. The Contribution of agroforestry practice to pesanggem household income

Water Quality Index Value Norm* Regulatory document
pH 3.79 6.5-9.0 DSTU No. 4077-2001 (2003)
Suspended solids, mg/1 843 300 KND No. 211.1.4.039-95 (1995)
TS, mg/l 16,130 1,000 MVV No. 081/12-0109-03 (2004)
Sulphates, mg/1 9,513 380 MVYV No. 081/12-0007-01 (2002)
Chlorides, mg/1 1,587 240 MVV No. 081/12-0004-01 (2002)
Ammonium, mg/1 39 20 DSTU ISO No. 7150-1:2003 (2004)

Fe total, mg/1 10 0.5 DSTU EN ISO No. 11885:2019 (2020)

Mn, mg/1 2.28 0.68 DSTU EN ISO No. 11885:2019 (2020)

Cu, mg/1 0.52 0.3 DSTU EN ISO No. 11885:2019 (2020)

Al, mg/1 10.79 2.72 DSTU EN ISO No. 11885:2019 (2020)

Cr total, mg/1 36.88 2.3 DSTU EN ISO No. 11885:2019 (2020)
COD, mgO/1 12,000 500 DSTU ISO No. 6060:2003 (2004)

Note: *based on the Order of the Executive Body of the Kyiv City Council... (2011)

Source: developed by the authors of this study

As Table 1 shows, all the indicators of the sample of
the used technological solution significantly exceed the
normative values, especially for sulphates and COD, which
are 25.0 and 24.0 times higher, respectively.

The research used:

coagulants - 25% solutions of Al(SO,), concentra-
tion and FeCl,;

flocculants — 5% solutions of crystalline poly hexam-
ethylene guanidine hydrochloride (PGMG-HC), its acetate
(PGMG-A) and reagent F-PET, obtained in the laboratory
of the Department of Organic Chemistry and Technology
of Organic Production, National Technical University of

KOH Coagulant

!
4 |

400 ml

1l
e

pH adjustment

reagent addition

Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” through
sequential waste destruction polyethylene terephthalate
under the action of monoethanolamine and glycerine at
180-200°C as a mixture of terephthalic acid oligomers and
polyols with terminal ammonium groups;
pH regulator — 60% solution of crystalline KOH.

Figure 1 schematically represents the experiment
procedure. To determine the optimum consumption of co-
agulant and flocculant, the test coagulation method was
used using a modified laboratory setup with 6 beakers,
each containing 1,000 ml. Figure 2 schematically repre-
sents the setup.

y @_\ =) |

coagulation analysis

Flocculant

Figure 1. Scheme of experimental research

Source: developed by the authors of this study
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Figure 2. Laboratory setup

Source: developed by the authors of this study

To prepare the studied samples, 400 ml of each spent
technological solution was diluted in a ratio of 1:10, the pH
was adjusted within 9-10, while coagulants and flocculants
were combined with the selected sample. Subsequently, the
resulting solution was stirred for one minute, stirred slowly
for 20 minutes, and settled for 10 minutes. A stationary Cy-
berScan WL Turbidimeter TB1000 (USA) turbidimeter was

e
.....
-

Absorbancy

0% 10% 20%

used to investigate the turbidity of solutions. The optical
density of the samples of the treated solution was analysed
on a spectrophotometer ULAB 101 (China). The treatment
index was the selected indicator of the quality of the coag-
ulation process. It was calculated based on the optical den-
sity measured by a spectrophotometer and is determined
by the graph presented in Figure 3.

30% 40% 50% 60%

TreatmentIndex

Figure 3. Graph of dependence of the optical density of water samples on the treatment index
Source: developed by the authors of this study based on the findings of experimental research

Experimental studies were performed according to
the plan of a full factorial experiment (Volokyta & Seliva-
nov, 2022). Statistical processing of the obtained findings
was performed as follows:

the effectiveness of coagulants and flocculants
was assessed by the closeness of the correlation be-
tween the dose of flocculant/coagulant and the treat-
ment index; the value of the correlation coefficient was
calculated according to known formulas (Bondarenko et
al., 2024);

the adequacy of the mathematical model was eval-
uated using the built-in tools of the STAR system (Math-
ematical and computer..., n.d.) by the following indica-
tors: standard deviation, correlation ratio, F-ratio.

The STAR system was used to model the coagulation
process and assess the adequacy of the obtained models.

Results and Discussion

The study of the effect of coagulants and flocculants was
divided into 4 stages. At each of the stages, the influence
of individual parameters on the treatment index was in-
vestigated.

Stage 1: Study of the effect of coagulant AL, (SO,), and
flocculant PGMG-HC.

Stage 2: Study of the effect of coagulant Al, (SO,)
and PGMG-HC flocculant.

Stage 3: Study of the effect of coagulant Al, (SO,)
and flocculant PGMG-A.

Stage 4: Study of the effect of coagulant Al, (SO,)
and flocculant F-PET.

For each stage, a separate plan of a full factorial ex-
periment was drafted, considering the ranges of varia-
tions presented in Table 2.

3

3

3
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Table 2. Variation ranges of the studied parameters by stages

Stage 1
Parameter, units and notation
. Coagulant AL (SO,) Flocculant PGMG-HC
Range of variation £_453
ml ml
X, X,
o 10 10
Stage 2
Coagulant FeCLt Flocculant PGMG-HC
ml ml
X, X,
min 4
x 10 10
Stage 3
Coagulant AL(SO,), Flocculant PGMG-A
ml ml
X, X,
min 0 2
max 10
Coagulant Al(SO,), Flocculant F-PET
X, X,
ml ml
X, 0 2
x 10 6
X_min
X_max

Note: the pH value (x ) varied within 9-10
Source: developed by the authors of this study

Figure 4 presents a comparative analysis of two coagu-
lants: aluminium sulphate and ferric chloride, in the pres-
ence of the same dose (500 mg/dm?) of the PGMG-HC floc-
culant. The maximum dose of the coagulant corresponds

to 1000 mg/dm?, and the minimum dose corresponds to the
process without adding the coagulant. The results show
that aluminium sulphate is more effective (85%) for the
maximum dose than ferric chloride (55%).

e o oo 5
FeCl3

min dose of coagulant _80 85

0 10 20 30 40

B AI2(SO4)3

50 60 70 80 90

Sedimentation height, mm

Figure 4. Degree of wastewater treatment depending on the type of coagulant
Source: developed by the authors of this study based on the findings of experimental research

Figure 5 shows the effect of the coagulant dose on
the degree of treatment at a constant dose of flocculants
(500 mg/dm>3). In the absence of the coagulant, high puri-
fication degrees were observed: 89% for PGMG-A, 85% for
F-PET, and 80% for PGMG-HC. The following purification
degrees were obtained for an aluminium sulphate dose of
500 mg/dm3: 54% for PGMG-A, 42% for F-PET, and 24%
for PGMG-HC. The following treatment degrees were ob-
tained for an aluminium dose of 1,000 mg/dm3: 84% for

PGMG-A, 84% for F-PET, and 66% for PGMG-HC. It was
found that the highest treatment index is achieved using
PGMG-A flocculant, and a high degree of treatment can be
achieved without adding coagulants. Figure 6 shows the ef-
fect of the flocculant dose on the purification degree at a
constant coagulant dose (1,000 mg/dm?). For a flocculant
dose of 250 mg/dm?, the following treatment degrees were
obtained: for PGMG-A 85%, for F-PET 83%, for PGMG-HC
40%. For a flocculant dose of 500 mg/dm?3, the following

22 Technologies and Engineering, Vol. 25, No. 6, 2024
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treatment degrees were obtained: for PGMG-A 42%, for
F-PET 58%, for PGMG-NS 29%. The following treatment

100
90
80
70
60
50
40
30
20
10

0
0 200 400 600

Treatmentindex, %

degrees were obtained for a dose of 750 mg/dm3: for PG-
MG-A 84%, for F-PET 79%, for PGMG-NS 68%.

=B PHMG-HC
PHMG-A
=t E-PET

800 1000 1200

Coagulant dose, mg/dm3

Figure 5. Degree of wastewater treatment depending on the dose of coagulant and type of flocculant
Source: developed by the authors of this study based on the findings of experimental research

NG

Treatmentindex, %
= N WA U1 N3
o O O O O O O

o

200 300 400 500

=

et PHMG-HC
==t PHMG-A
F-PET
600 700 800

Flocculant dose, mg/dm?

Figure 6. Degree of wastewater treatment depending on the flocculant dose
Source: developed by the authors of this study based on the findings of experimental research

As Figure 6 shows, the flocculant dose variation affects
the treatment index of the samples under study. The math-
ematical model that best describes the coagulation process
is as follows:

{ y, = 91.48— 2.06x, —88.06x, — 1.58x,
y, =1.95—0.16x, — 0.76x, — 5.6- 1072, (1)

where y, is the turbidity of the spent solution sample after
coagulation (NOK), y, is the absorbency of the sample un-
der study (at A=400 nm).
Characteristics of the received model:
standard deviation for each equation, respectively:

0,=%*1.7NOK, 5,=%0.22%;

correlation ratio for each equation, respectively:
r,=0.91;r,=0.89;

F-ratio for each equation, respectively: F = 10.4;
F,=9.7.

Based on the obtained characteristics, the obtained
mathematical model accurately describes the experimen-
tal data. The most effective are the coagulant Al,(SO,), and
the flocculant PGMG-A. Table 3 presents a comparative
analysis of a sample of the spent solution before and after
treatment. The coagulation-flocculation method provides
deep treatment from all pollutants.

Table 3. Comparative analysis of the spent solution sample before and after treatment

Water Quality Index Before Treatment After Treatment Degr eeRglt;lg?’;llt,a;ﬁnant
pH 3.79 9.14 --
Suspended solids, mg/1 843 <5 99
TS, mg/l 16,130 970 94
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Table 3. Continued

Water Quality Index Before Treatment After Treatment Degre;:l{lggglt’a;l inant

Sulphates, mg/1 9,513 438 95
Chlorides, mg/1 1,587 110 93
Ammonium, mg/1 39 21.7 44
Fe total, mg/1 10 0.02 100
Mn, mg/1 2.28 <0.01 100

Cu, mg/1 0.52 <0.01 98

Al, mg/1 10.79 0.11 99
Cr total, mg/1 36.88 <0.01 100
COD, mgO/1 12,000 466 96

Source: developed by the authors of this study based on the findings of experimental research

The study proved that coagulation is the most wide-
ly used physical and chemical purification method to
reduce turbidity and suspended substances. Disadvan-
tages of chemical coagulants include the formation of dif-
ficult-to-decompose sediments, prohibitive cost, and, most
importantly, aluminium residues in treated water. W.L. Ang
& A.W. Mohammad (2020) reviewed studies to assess the
potential of using natural coagulants as alternatives to
synthetic chemicals. However, S. Gautam & G. Saini (2020)
noted that despite being an economical and environmen-
tally friendly alternative, natural coagulants are inferior to
chemical coagulants in wastewater treatment, especially
on a large scale. Lack of sources for mass availability, the
low shelf life of such coagulants, and high operating costs
are some of the obstacles to their large-scale application.

The study findings of the quality indicators of the
spent solution sample showed a significant improvement
in the treated water quality in all indicators, except for the
content of aluminium and sulphates. Aluminium sulphate
may provide better results, as Figure 4 shows, since its co-
agulant properties contribute to denser sedimentation of
organic compounds and suspended particles. This is par-
ticularly important for tanneries, where wastewater con-
tains a large amount of organic matter. Despite its more
comprehensive pH range, ferric chloride may be less ef-
fective in treating specific organic contaminants and may
form smaller flocs, reducing its performance. Furthermore,
tannery wastewater may contain large amounts of dis-
solved salts and metals. Iron ions (Fe®*) from ferric chloride
may compete with other metals for precipitation, reducing
coagulation efficiency.

When using aluminium sulphate, flocs are formed
more slowly but are usually more stable and larger. This
facilitates their subsequent removal from water (e.g., by
settling or filtration). Ferric chloride forms flocs faster but
can be smaller and less stable, which may complicate their
separation from water. W.L. Ang & A.W. Mohammad (2020)
showed that aluminium sulphate works better in a narrow-
er pH range (usually 5-7), often found in wastewater. At the
same time, N. Nomanifar et al. (2024) pointed out that ferric
chloride can work on a broader pH range, including more
acidic environments (pH 4-6). However, its effectiveness
may decrease in slightly acidic and neutral waters. Thus,

aluminium sulphate may be more effective in wastewater
with a pH close to neutral. These findings are consistent
with the results obtained by Z. Bingiil et al. (2021), who
investigated the pH effect of tannery wastewater obtained
from a local tannery on XPC removal and turbidity.

The study of the effect of the coagulant dose on the de-
gree of purification at a constant dose of flocculants (Fig. 5)
showed that PGMG-A coagulant provides a higher degree
of treatment. The large amount of suspended substances in
the examined samples of the spent solution can explain the
obtained findings. The nature of the change in the degree
of treatment is comparable for all the flocculants studied.
The value is lower for a lower coagulant dose than a higher
dose. When an excess amount of coagulant is added, the
particles can begin to recharge. Instead of neutralising the
negative charges of the colloids, excess aluminium ions
can give the particles a positive charge, which again causes
them to repel each other. This leads to destabilisation of
the flocs and deterioration of their adhesion, which reduc-
es the purification efficiency. An excessive amount of small
flocs can also be formed, which are more difficult to remove
from the water than large ones. With a further increase in
the coagulant dose, a transformation of stable flocs can oc-
cur, because the excess coagulant again begins to bind with
the remaining charged particles or small flocs. The floccu-
lant helps in the aggregation and formation of large and
heavy flocs, increasing the purification degree. This effect
may be due to the coagulant beginning to precipitate small-
er and remaining contaminants, and the flocculant stabi-
lizes new flocs, improving the final filtration. The findings
of A.K. Tolkou & A.I. Zouboulis (2020) are consistent with
this conclusion: it was found that the coagulant, both with
and without the addition of flocculant, can provide better
performance for the coagulation/flocculation process than
conventional coagulants.

The nonlinear dependence of the purification degree
with a change in the flocculant dose and a constant dose
of aluminium sulphate, presented in Figure 6, is associated
with the features of the interaction between the flocculant,
coagulant, and colloidal particles in wastewater. The effi-
ciency of the flocculant depends on its concentration, the
chemical properties of the water, the coagulant dose, and
the structure of the formed flocs. At low flocculant doses,

24 Technologies and Engineering, Vol. 25, No. 6, 2024
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the flocs formed by the coagulant are still too small and
unstable to settle effectively. As the flocculant dose in-
creases, its polymer chains bind small flocs, forming larger
aggregates that are easier to settle and remove. This leads
to an improvement in the purification degree since the
flocculant helps stabilise the particle aggregation process.
If the flocculant dose is too high, the system may become
oversaturated with polymer chains. Instead of binding the
particles, the flocculant starts to act oppositely - it coats
the floc surfaces and makes them too “slippery” for further
aggregation. This may cause ruptures of existing flocs or
prevent the formation of large stable aggregates. As a re-
sult, the particles become smaller again and are more diffi-
cult to settle, reducing the cleaning efficiency. With a fur-
ther increase in the flocculant dose, the particles become
coarser again, because the polymer chains of the flocculant
can start to connect the remains of small particles and form
larger and more stable aggregates. In this phase, the floc-
culant starts to bind the remaining small flocs, creating
larger floccules, improving the cleaning efficiency. This ef-
fect may depend on the type of flocculant and its molecular
structure (e.g., linear or branched chains). A constant dose
of aluminium sulphate creates coagulation flocs, but their
size and stability depend on the flocculant. Without the op-
timum amount of flocculant, the flocs may still be too small
or unstable for effective treatment. In the first phase, the
flocculant binds small flocs, improving their sedimentation.
However, if there is too much flocculant, the excess chains
can “shield” the particles, preventing further aggregation.

Thus, the correct dosage of coagulant and flocculant
is a key factor in effective wastewater treatment. The cor-
rect coagulant dosage ensures neutralisation of colloid
charges and the formation of primary flocs. The obtained
findings correlate with those of Junaidi et al. (2023). In
the cited study, a wastewater sample was tested by jar test
with the addition of polyaluminium chloride (PAC) coagu-
lant. The test results gave the optimum coagulant dose of
3,000 mg/1; it can remove 77% of COD, 33% of BOD, 92.68%
of TSS, 33% of total chromium, and 98% of colour. PAC
forms flocs faster than conventional coagulants, such as
AL(SO,),. PAC coagulant is one of the most effective since
it leads to rapid water coagulation with different turbidi-
ties, forms less sludge, and leaves less aluminum residue
in purified water. The dose of the proposed coagulant is
higher than in the present study, while the degree of puri-
fication is lower. S. Haydar & J.A. Aziz (2009) investigated
the purification of tannery wastewater using the coagula-
tion-flocculation-sedimentation method. Alum with cati-
onic and anionic polymers was used as a coagulant. The
findings were compared to a study where only alum was
used for treatment. The study results showed that the com-
bination of alum with the cationic polymer C-492 resulted
in 97% removal of wastewater turbidity, 93.5% removal of
total suspended solids (TSS), 36.2% removal of COD, and
98.4% removal of chromium. The removal rate achieved
after treatment of tannery wastewater using the PA-HE
coagulant-flocculant combination demonstrated high

efficiency, with values reaching approximately 100% for
TSS, 98.71% for BOD,, 99.93% for COD, 98.88% for NH,',
98.21% for NO,, 90.32% for NO,’, 93.13% for SO,*, 95.44%
for PO,*, and 60% for total chromium as shown in the study
by G.E. Moubhri et al. (2024).

Thus, the correct dosage of flocculant promotes the
aggregation of these flocs into larger aggregates that are
easily sedimented and removed. All this requires careful
optimisation of the coagulant and flocculant dosages de-
pending on the system conditions.

Conclusions

The study investigated the composition of spent techno-
logical solutions after filling-greasing and dyeing processes
at leather production enterprises. It was found that waste-
water after the specified processes has high concentrations
of pollutants and increased suspended solids content. The
choice of reagents for the coagulation process was justified,
and the process was modelled. According to the findings
of experimental studies, aluminium-based coagulants and
PGMG-HC flocculants have higher efficiency than other re-
agents studied (iron-based coagulants, PGMG-A, and F-PET
flocculants). The findings showed a considerable improve-
mentintreatedwater quality,accordingtothekeyindicators.

The principal reasons why aluminium sulphate showed
better results included its ability to work effectively in neu-
tral or slightly acidic conditions, to form more stable and
larger flocs, and to provide better removal of organic pollut-
ants. Due to lower sediment stability, ferric chloride may be
less effective in such conditions. The efficiency of coagula-
tion and flocculation with the addition of different doses of
aluminium sulphate is non-linear because the coagulation
process involves complex physicochemical interactions be-
tween the coagulant, pollutants, and colloidal particles. At
the initial stage, the cleaning efficiency increases due to
charge neutralisation, then it can decrease due to particle
recharging, and, finally, it can improve due to floc stabi-
lisation with a further increase in coagulant and interac-
tion with the flocculant. The non-linear dependence of the
degree of cleaning with the addition of a flocculant occurs
due to complex interactions between pollutant particles,
coagulant flocs, and the flocculant’s polymer chains. At the
first stage, the flocculant increases the efficiency of coag-
ulation, but at an excessive dose, it can prevent the forma-
tion of large flocs, which reduces the degree of purification.
With a further increase in the flocculant dose, the process
stabilises again, and large aggregates are formed, which
leads to improved purification.

The balance between the doses of coagulant and floc-
culant is a delicate process that directly affects the effi-
ciency of water purification. Incorrect dosages can insuffi-
ciently purify water and complicate the further processing
or removal of sediments. Modelling and calculating the
doses of coagulants and flocculants using mathematical
models and algorithms enables effective control of the
wastewater treatment process. This approach improves
the quality of purification, reduces the consumption of
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AHOTALUIA. Ichyoui MeTOmM OUMINEHHS CTIYHMX BOJ IAIPMEMCTB IIKIPSIHOI IPOMMCIOBOCTI IOTPE6YIOThH
YIOCKOHAJIEHHS JJ1s1 3a6e3meyeHHs] HEO0OXiMHOT e()eKTMBHOCTI OUMIIEHHS TAa pereHepallii IiHHMX KOMIIOHEHTIB, SIKi
MICTSITCS y BiZjIIpaljbOBaHMX TEXHOJIIOTIUHMX PO3UMHaX. [JaHe NOoCIi/I>KeHHS HallpaBjleHO Ha KOMIIJIEKCHE KOaryJIsiLiliHo-
dnoxkynaiiiiHe ouMIleHHS PigKMX BiAXOHmiB MIKipSIHMX 3aBOAIB i3 3aCTOCYBaHHSIM METO[iB MaTeMaTUUYHOTO
MozentoBaHHs. [IpoBefeHi ekcrepyMMeHTalIbHI AOCTiIKeHHsT e(eKTUMBHOCTI KOAry/asiHTiB — cyiabdaTy aaloMiHilo Ta
xymopuny 3amiza (III) — ta GbIOKYyISIHTIB: MosirekcamMeTUIeHTyaHigMHY TiIPOKCUXIOPUIY Ta JOro ameTrary, a Takox
pearenTy 11228. Nocnigkeno BB pH Ha npoiec koarynsiii. EGexTuBHicTh mpoiecy Koaryssiiii oliHoBazach 3a
iHTerpaJibHMM MOKa3HMKOM — CTyIleHeM OUMILEeHHS, SIKMIi BU3HauaBCsl 3 ypaXyBaHHSIM KajJaMYTHOCTi Ta ONTUYHOIL
TYCTMHM OUMINEHUX 3paskiB Bogu. Y pobOOTi HABOAMIMCH Pe3yabTaTy HOCTiAKEHHS KOaryisiiiiHO-QIOKYISLiTHNX
edexTiB, Ki BUHMKAIOTh Y MPOIeCi OUMILEHHS 3pa3KiB BiMpalbOBAHMUX TEXHOJOTIYHMX PO3UMHIB IIKiPSIHOTO 3aBOLY
MiC/Is IPOILieciB HATIOBHIOBAHHSI-KMPYBaHHS Ta (apOyBaHHs. JOCTiIKyBaHi 3pa3ky XapaKTepu3yBaauCh BUCOKUMMU
KOHIleHTpauissMu cyiabdariB (6inbme 9000 mr/mm3) Ta xmopuais (6impire 1500 mr/mm®), MigBMUIIEHMM BMiCTOM
3aBUCIMX TBepAUX peyoBuH (binbie 843 mMr/nm®) Ta ioHiB MeTaniB: xpomy (III), 3ani3a Ta anoMiHilo. 3a pe3ynbTaTamu
IOCJTiIKeEHb BCTAHOBJIEHO, 110 KOATYJSHT Ha OCHOBi aJIFOMiHil0 MaB BMINY e(eKTUBHICTb, HisK KOAryJSTHT Ha OCHOBI
3aniza. Cepen, GIOKYISIHTIB HaiibinbIn eGeKTUBHUM OYB TOJTirekcaMeTU/IeHIYaHiIUHY TifPOKCUXIOPUT, a 3HAUEHHS
pH mae popiBHioBatu 10. Pe3ynpraTy ekcriepyMeHTaAbHUX NOCIII)KeHb BUKOPUCTaHI [J1s1 OTpMMaHHSI MaTeMaTUYHOI
MoJiesli, SKa OIMCY€E MpolLeC Koaryasiii 3 JOCTaTHIM CTylleHeM TOYHOCTi. Pe3ynbTaT MaTeMaTUUYHOTO MOJeN0BaHHS
MOXXYTb OYTM BUKOPUCTAHI IJII pO3PaxyHKy ONTUMAIbHUX ITapaMeTpiB MPOoIecy KoaryJsiii

Kro4oBi CNOBA: cTiuHi BoAy WIKIipSHMX 3aBOIIB; XiMiuHe OCaIKeHHS; CTYIIiHb OUMILEHHS; ONTUMI3allisl poLecy
Koaryssiii
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Abstract. The study analysed the current state of Ukraine’s energy system, focusing on the shortage of
manoeuvring capacities, large emissions of harmful substances into the atmosphere, and low energy efficiency of the
key technological processes of existing generation facilities. These shortcomings also apply to heat energy producers,
namely combined heat and power stations and industrial and municipal boiler houses. The existing energy system of
Ukraine includes both types of producers, with a predominant type of energy (electricity or heat). The purpose of this
study was to assess the prospects for introducing modern technologies to ensure the sustainability of electricity and
heat production systems. The analytical methods used were those suitable for comparing gas turbine and combined
cycle plants, as well as electricity and heat storage systems. The study reviewed various technologies that increase
the manoeuvrability of systems for the production of these types of energy and reduce the generation of harmful
substances by avoiding endothermic reactions in the combustion of solid, liquid, and gaseous fuels. Changes in the ratio
of capacities of the main generating facilities built in the 1960s, deterioration of technological equipment, which has
exhausted its technological life by 80-90%, indicate a lack of manoeuvring capacities and its aggravation as a result of
destruction and damage caused by military aggression. The need to modernise coal-fired thermal power plants using
modern combustion technologies in an environment enriched with oxygen (up to 30-40%) of atmospheric air was also
emphasised. To improve the manoeuvrability of coal-fired units, it is necessary to bring their capacity to the level of
800-1000 MW, and to significantly reduce emissions of harmful substances, it is necessary to combine steam, gas, and
combined cycle generation. The study explored the prospects for the development of highly manoeuvrable capacities
through the reconstruction of existing combined heat and power plants and the conversion of municipal and industrial
boilers into mini-cogeneration plants for their integration into the European energy market. The results can form
the basis for the development of a state energy policy that will help increase the resilience and efficiency of Ukraine’s
energy system, reduce its dependence on electricity imports, meet environmental standards at both the national and
European levels, and guarantee the country’s energy security
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Introduction

The energy security of the state is determined by the sta-
bility and manoeuvrability of generation facilities capable
of producing the required amount of electricity and heat,
considering their negative property, namely their low ca-
pacity for storage and accumulation. The Integrated Power
System (IPS) of Ukraine is based mainly on the following
generation facilities: thermal power plants (TPPs) using
coal-fired units, nuclear power plants (NPPs), hydroelec-
tric power plants and pumped hydroelectric energy storage
(HPPs and PHESs). Furthermore, a certain niche is occupied
by various units that use renewable energy sources (RES —
solar, wind, etc.). Additionally, electricity is generated at
combined heat and power plants (CHP, mini-CHP, boiler
houses), which also provide heat to industrial enterprises
and the household sector.

The ratio of capacities of these facilities at different
points in time has shown various trends. Overall, the IPS of
Ukraine is characterised by a shortage of manoeuvring ca-
pacities. This deficit has been exacerbated not only by the
excessive enthusiasm for clean (green) energy, but also by
the wider introduction of green tariffs. The phenomenon
known as the ‘green-coal’ tariff paradox has led to the use
of outdated coal-fired units to cover peak loads. This oper-
ating strategy, which involves frequent start-ups and shut-
downs of these worn-out coal units, has led to increased
emissions and increased risks of accidents in the electricity
grid. And with the outbreak of full-scale military opera-
tions on the territory of Ukraine, the destruction caused by
these negative impacts has increased dramatically.

A. Polyvianchuk et al. (2023) emphasised the signifi-
cance of a phased approach to the modernisation of district
heating systems (DHS), especially for countries with limit-
ed financial resources. They proposed a gradual integration
of renewable energy sources, heat pumps, and individual
substations, which proves that it is possible to considera-
bly reduce both energy consumption and investment costs.
This methodology is in line with the broader context of
district heating system improvements, particularly in the
transition to the 4™ and 5™ generations of DHSs.

B. Basok et al. (2022) comprehensively discussed the
current challenges facing the Ukrainian combined heat
and power sector. These challenges relate primarily to the
retention of qualified personnel and the maintenance of
technological heat and power equipment under martial
law. A prominent aspect is the optimisation of equipment
operation modes to minimise fuel consumption for heat
and electricity generation, which ensures maximum effi-
ciency. M.R. Chowdhury et al. (2021) discussed such issues
on the example of the United States.

The study by O. Kyrylenko et al. (2022) provided an in-
depth analysis of the functioning of electricity and heat
supply systems in the context of the military aggression
of the Russian Federation. This military conflict caused
substantial economic losses to Ukraine’s economy due to
the destruction of numerous electricity and heat supply
facilities, which simultaneously produced a significant

share of electricity. Consequently, due to their economic,
humanitarian, and geopolitical significance, energy infra-
structure facilities have often been targeted by Russian
aggression. These critical but vulnerable facilities need to
be distributed across the country to ensure the reliable
functioning of the economy and maintain a safe stand-
ard of living. Considering the state of heat and electricity
generation during the first half of 2024, the findings of
the study by M. Chernyavskyy et al. (2024) stressed the ur-
gent need to transition to distributed generation systems.
This recommendation can be further substantiated by the
widespread use of protective separation methodologies
in power grids, which are implemented as the principal
approach to ensuring the safe and reliable operation of
these engineering systems.

The energy sector of Ukraine includes a great number
of facilities for generating electricity as the main end-use
product (heated water and low-parameter water steam),
as well as facilities for producing heat (CHP, mini-CHP,
and boiler houses), for which the production of a certain
amount of electricity is not the primary goal. These facili-
ties must operate as a single organism, and therefore must
be considered simultaneously, as they are intertwined in
the generation of electricity (both centrally and in a dis-
tributed mode). For heat production, CHP, mini-CHP, and
boiler houses should operate locally in their respective re-
gions. This approach should improve the balancing poten-
tial to cover peak electricity loads while meeting the heat-
ing needs of all consumers.

Reducing CO2 emissions is also among the urgent tasks
for the energy sector. V. Deshko & D. Karpenko (2018) em-
phasised that innovative approaches can be cost-effective
in the context of a carbon tax, even considering the costs
of producing oxygen and compressing CO2. V. Zdanovsky
& M. Kulyk (2021) proposed to burn organic fuels (solid,
liquid, gaseous) in an oxygen-enriched environment. Such
an approach will not only increase the manoeuvrability of
combined-cycle gas turbine plants, but also greatly reduce
emissions of harmful substances such as nitrogen oxides,
subject to the elimination of endothermic reactions during
the combustion of organic fuels.

The purpose of this study was to assess the possibility
of using heat and power plants and boiler houses to balance
the integrated energy system, including the production of
electricity and heat based on the introduction of existing
modern advanced technologies.

Materials and Methods

Considering the complexity of the object of combined heat
and power generation, to fulfil the purpose of this study,
the method of analytical research of literature data, as well
as the method of generalisation of available practical and
calculated data of complex generation facilities were em-
ployed. Considering the fact that some energy facilities are
subordinated to the Ministry of Fuel and Energy of Ukraine,
while some heat and power generation facilities belong to
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the municipal sector, some scientific tasks were solved by
the method of system analysis, as well as by the method of
comparative analysis to compare different types of genera-
tion technologies. Furthermore, modelling and forecasting
methods were used to assess the prospects and efficiency
of introducing modern technologies, which helped to pre-
dict the impact of different scenarios of power system de-
velopment on its stability. Economic analysis was used to
assess the economic evaluation of the proposed technolo-
gies, which helped to estimate the costs of implementation
and their economic feasibility. Environmental analysis was
also a crucial element of the study, as it helped to assess
the impact of innovative technologies on the level of emis-
sions of harmful substances.

In preparing this article, the following steps were tak-
en: studying the global experience of electricity and heat
generation by the Ukrainian power system facilities, as well
as heat and electricity generation by municipal heat and
power enterprises; researching the efficiency of thermal
power plants using gas turbine, combined cycle and cogen-
eration technologies; assessment of the suitability of com-
bined heat and power plants and industrial and municipal
boiler houses to improve the stability and balance of the
power system; examination of the impact of technological,
economic, and environmental constraints on the efficiency
of small-scale energy facilities.

Through the analysis of publications in the field of
sustainability and balancing of the power system based on
the combination of cogeneration technologies and the use
of the latest approaches to the processes of combustion of
organic fuels, the study proposed results that can confirm
the best technical and environmental performance. Con-
sidering the obtained findings on the key technological,
economic indicators, and environmental assessments, the
study provided a possible optimum choice of strategies for
balancing the Ukrainian energy system, considering price
constraints. The key indicators for achieving energy effi-
ciency and system stability were also identified.

Results and Discussion

The analysis of the state of the IPS of Ukraine for the period
up to 2015, the characteristics of the country’s fuel base,
and the prospects for the development of its energy sector
after this period were detailed in the study (Khalatov, 2016).
The conclusions of this fundamental research suggest that
in the short term, it is necessary to focus on the use of in-
novative energy technologies, which should include:

conversion of coal-fired units to circulating fluidised
bed boilers (there are more than 600 of them in the world;
at the same time, in Ukraine, there are a hundred times
fewer);

use of cogeneration technologies at existing CHP
plants and conversion of large boiler houses into cogenera-
tion mini-CHP plants;

widespread use of gas turbine and combined cycle
technologies for all modes of coverage — base, half-peak,
and peak loads on domestically produced natural gas.

Industrial enterprises and critical infrastructure fa-
cilities require a considerable amount of thermal energy
besides electricity to operate normally and to ensure the
efficient functioning of their personnel and the household
sector. The technological process of providing these con-
sumers with thermal energy in the form of water steam
or hot water is called heat generation, when electricity is
also produced - cogeneration, and when the third type of
energy is obtained - trigeneration (Klimenko et al., 2011).
An adjusted scheme of a cogeneration plant is presented
in Figure 1.

Figure 1. Simplified thermal scheme

of a combined heat and power plant
Note: 1 - boiler; 2 — turbine; 3 — electric generator; 4 —
condenser; 5 — condenser pump; 6 - feed tank; 7 - heat
consumers; 8 — network pump; 9 — feed pump; 10 — chemically
clean water pipeline
Source: developed by the authors of this study based on
V. Klimenko et al. (2011)

The water steam produced in boiler 1 is fed into steam
turbine 2 and, in the final version, electric generator 3 pro-
duces a certain amount of electric energy, which is used
both for the own needs of the heating system and for oth-
er consumers without conversion. The exhaust steam in
the condenser 4 gives off a certain amount of heat used
by the consumer and is sent by the condensing pump 5 to
the feed tank 6, from where it is fed to the boiler unit by
the feed pump 9. The heat energy, as the primary product
from the intermediate extraction of the steam turbine 2, is
used by group consumers in the form of steam or hot water
and is fed by the feed pump 8 into the feed tank 6, where
water losses are replenished with chemically treated water
via the pipeline 10 to avoid corrosion of the primary pro-
cess equipment. From the feed tank 6, the heated water is
returned to the boiler unit 1. Depending on the needs of
production consumers and public utility needs, the ratio of
heat flows can vary within the relevant range.

Modern cogeneration units, for which heat produc-
tion is predominant and electricity production is less
significant, can be as follows: steam turbine units with a
backpressure turbine and heat supply to consumers of all
or part of the exhaust steam; steam turbine units with a
condensing turbine with heat recovery; gas turbine units
(GTUs) using the heat of combustion gases in a heat recov-
ery boiler or directly in the technological process; diesel
power units (DPUs) producing high-potential heat using
flue gas heat and low-potential heat in the engine cooling
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circuit; combined cycle gas turbine units (CCGTUs) using
heat from the exhaust gases of a gas turbine to produce
heat, which is fully or partially directed to one or more
steam turbines of the respective type.

There is a wide range of thermal power plants in
Ukraine, the total number of which is much greater than
the data presented in Table 1. Notably, information on in-
dividual plants located in the temporarily occupied territo-
ries (2024) is both limited and ambiguous, due to the com-
plex territorial and political context. Nevertheless, thermal

power plants across the country have historically provided
heat to more than 25 cities in mainland Ukraine. However,
even the largest and most modern of these facilities were
designed and built between the 1960s and 1980s. During
this period, there were substantial changes in both energy
production technologies and demand for heat and electric-
ity in the regions where these facilities are located. Table 1
presents the characteristics of the electric and thermal ca-
pacities of selected CHP plants in Ukraine for the period
from 2014 to 2024.

Table 1. Characteristics of large CHP plants in Ukraine

Installed capacity
CHP plant name Year of commissioning Fuel type
electric, MW heat, Gcal/year
Kyiv CHP-5 700.0 974.0 1971-1976 Natural gas
Kyiv CHP-6 750.0 660.0 1982-1984, 2004 Natural gas
Kramatorsk 150.0 458.0 1936-1977 Natural gas/coal
Kremenchuk 255.0 671.0 1965-1969 Natural gas/fuel oil
Lviv 31.1 155.0 1930-1954 Natural gas
Myroniv 260.0 210.0 1953-1956 Natural gas/fuel oil
Mykolaiv 40.0 110.0 1949-1958 Natural gas/fuel oil
Odesa 68.0 205.0 1954-1984 Natural gas/fuel oil
Sevastopol 54.5 141.2 1937-1957 Natural gas
Siverskodonetsk 270.0 906.0 1956-1977 Coal/fuel oil
Simferopol 278.0 164.2 1958-1961 Natural gas
Kharkiv 62.0 293.0 1944-1970 Natural gas/fuel oil
Kharkiv CHP-5 470.0 700.0 1979-1990 Natural gas/fuel oil
Kherson 80.0 350.0 1956-1967 Natural gas/fuel oil
Kherson CHP-2 74.0 160.0 1952-1957 Natural gas/fuel oil
Cherkasy 200.0 648.0 1961-1969 Natural gas/fuel oil/coal
Chernihiv 210.0 409.0 1961-1974 Coal/fuel oil

Source: I. Volchyn et al. (2013)

In Ukraine, the share of consumers served by district
heating systems has increased substantially and stays
quite high. This phenomenon is explained by the fact that,
unlike in the European Union (EU), a considerable num-
ber of Ukrainian heat consumers are densely concentrated
in multi-storey residential buildings. Furthermore, a large
share of heat energy is consumed by industrial enterprises
that do not have their respective boiler houses. In addition,
long-distance heat transmission is generally less efficient.
With this in mind, B. Basok et al. (2022) and O. Kyrylenko et
al. (2022) concluded that attempts to restore the electricity
and heat supply network to its pre-war state may not be
feasible. They advocate instead for a comprehensive effort
to integrate Ukraine’s energy sector into the EU energy sys-
tem (ENTSO-E), while respecting all relevant environmen-
tal standards.

In industrialised regions such as the United States, Ja-
pan, China, and the European Union, T. Papuha & O. Kly-
menchuk (2021) identified the growth in energy demand
as a pivotal development trend. This trend requires proce-
dural improvements, such as optimisation of energy man-
agement processes and development of innovative views
on energy saving in production processes. European Union
countries, together with other countries, have introduced

various financing mechanisms and taxation schemes to
mitigate the financial burden of introducing these inno-
vative technologies. Energy saving policies emphasise in-
creasing the share of renewable energy sources as a way to
achieve their goals. The Energy Strategy until 2035 (Order
of the Cabinet of Ministers..., 2023) should allow Ukraine
to reach parity with developed countries.

Improving energy efficiency at Ukrainian enterprises is
unattainable without a reliable energy management system
and highly qualified specialists in the relevant fields. Com-
bined heat and power plants, which are used for cogenera-
tion of heat and electricity, play a major role in saving fuel
in the energy system, which positively affects the efficiency
of industrial production. The efficiency of fuel use at TPPs is
assessed by the specific values of fuel consumption for the
separate production of heat and electricity. These indica-
tors are necessary for setting reasonable tariffs by specific
heat and power producers, reflecting not only the efficiency
of technological equipment, but also the broader economic
activity of the energy company (Chepurnyi et al., 2011). A
notable achievement in this area is the comparative analysis
of combined heat and power systems of a steam turbine unit
(STU-CHP) and a gas turbine unit (GTU-CHP), especially in
scenarios involving equivalent electrical and thermal output.
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The T-25-90 steam heat and power turbine serves as
the basis for the STU-CHP system, demonstrating a total
steam consumption of 130 t/h and a heating steam con-
sumption of 90 t/h. In contrast, two configurations were in-
vestigated for the GTU-CHP system: one using a GTD-2500
gas turbine, which corresponds to the electrical capacity of
an STU, and the other using two gas turbine units with a
total thermal capacity equivalent to an STU. Experimental
data from the study by M. Chepurnyi et al. (2011) substanti-
ated the advantages of a combined heat and power scheme
over separate heat and power generation. The use of STU-
CHP systems can provide up to 40% savings in the use of
conventional fuel, while the use of GTU-CHP systems con-
siderably increases fuel economy. Still, when the electrical
capacities of the STU-CHP and GTU-CHP are equivalent,
the fuel savings show little change, with a slight decrease
observed in the case of gas production.

L. Kesova & V. Khodakivskyi (2010) analysed Ukrainian
CHP plants, covering about 250 units, most of which are
small departmental industrial plants. The findings showed
that most of these CHP plants are mainly fuelled by natural
gas (76-80%), followed by fuel oil (15-18%), and hard coal
(5-6%). However, the technical condition and extensive
wear and tear of their process equipment is comparable to
the problems faced in the heat and power sector. Therefore,
to improve the economic and environmental performance
of CHPs and large boiler houses operating in market condi-
tions, it is essential to modernise and re-equip them with
modern cost-effective technologies.

Considering the current stage of martial law (2024) and
the subsequent post-conflict period, it is necessary to re-
sume heat and power generation using mini-CHP systems.
Additionally, STU and GTU boiler houses with a capacity of
25-50 MW should be considered. Therewith, the positive
impact of technical re-equipment of small and mini-CHPs
with advanced technologies may become more apparent
after a long period of operation. Under martial law, the op-
eration of CHPs to maintain heat loads in strict accordance
with the schedules of heat consumers may somewhat lim-
it their ability to balance the IPS of Ukraine (Zamulko &
Dovgal, 2023). However, despite the inherent limitations of
the existing fleet of coal-fired and natural gas-fired ther-
mal power plants, there is still potential for their use in
balancing the system. Analysing the current state of the
IPS of Ukraine, considering the extent of damage caused to
several TPPs, namely Burshtyn TPP, which has been using
the stop-start methodology on its coal-fired unit for a long
time to balance for long periods (up to 6 hours), shows that
certain TPPs can still play a decisive role in ensuring relia-
ble operation of the power system. However, this approach
requires considerable state support, posing challenges
against the backdrop of prevailing price constraints in the
wholesale electricity market (WEM).

In 2019, Ukraine implemented one of its most complex
and successful reforms by activating the WEM in July of
that year. Notably, Ukraine implemented this reform in a
much shorter time than other EU countries. By launching

an energy market, Ukraine has demonstrated to both Europe
and the international community its ability to quickly ac-
complish highly complex tasks (Zamulko & Dovgal, 2023).
The WEM sector in Ukraine, as in other countries, is broad-
ly segmented into generation, transmission, distribution,
and consumption - each regulated by a separate regulatory
and governance framework. The relevant government au-
thorities set electricity tariffs, regulate the conditions of
generation and transmission, and set quality standards for
these segments.

In line with EU standards, trading in the new Ukrain-
ian WEM takes place in several segments: the bilateral
contract market (BCM), the day-ahead market (DAM), the
intraday market (IDM), and the balancing market (BM).
The introduction of price caps in the electricity market is
a major challenge for all stakeholders — both public and
private — due to the balance of economic requirements,
environmental considerations and security of electrici-
ty supply. The factors that influence the introduction of
price caps are multifaceted and context-specific and are
based on concrete national energy policies. These factors
are as follows:

the dominant position of some companies in the
WEM market, which can abuse their position and set low
prices for the product, which can lead to challenges in en-
suring the equilibrium between supply and demand in the
WEM market;

dependence on energy imports, which can lead to de-
pendence on external suppliers and energy transportation
costs, and such dependence leads to an increase in energy
sector costs, which leads to an increase in electricity prices.

One of the mechanisms for introducing price restric-
tions on WEM is the regulation of energy supply tariffs.
Such an approach allows the state to control electricity
prices and maintain stability for consumers. This is usually
achieved through state regulation of prices at the whole-
sale market level or through contractual agreements with
energy companies. Alternative mechanisms include retail
electricity trading, which allows consumers to choose the
tariffs and suppliers that meet their needs and budgets. For
this to be effective, there must be sufficient competition
between electricity or heat suppliers. The state, through an
authorised body, can regulate electricity prices by impos-
ing excises and taxes on the electricity market.

The SWOT analysis considered in the study by A. Zam-
ulko & M. Dovgal (2023) can serve as a fundamental tool
for designing an optimisation model for the future devel-
opment of CHPs. This model, considering the price con-
straints in the heat and electricity markets, will require
CHP plants to find new ways to increase their competitive
advantages, which will ensure optimum functioning of the
process equipment. Competitive advantages may include
the introduction of advanced technologies, the expansion
of the renewable energy market, and the increase in the ca-
pacity of the CHP fleet.

CHPs and TPPs have many common positive and neg-
ative characteristics and are a full-fledged component of
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the IPS of Ukraine, which (the power system) is charac-
terised by a lack of manoeuvring capacities in the produc-
tion of electricity and heat due to the uneven schedule of
their consumption. According to V. Zdanovsky & M. Ku-
lyk (2021), a comprehensive analysis was performed, con-
sidering natural conditions, geographical location, availa-
ble financial and economic opportunities, environmental
constraints, and fiscal prospects. A balanced and sensible
approach to such electricity and heat producers can help to
synergistically integrate their positive attributes, thereby
achieving an overall favourable outcome.

Since independence, Ukraine’s electricity genera-
tion fleet, consisting mainly of thermal and nuclear pow-
er plants, has been designed to operate in the base-load
segment of the electricity schedule. The need for flexible,
manoeuvrable capacities has been exacerbated by the pro-
liferation of renewable energy generation capacity due to
the inherent challenges of storing and accumulating ener-
gy produced in the form of heat and electricity. Coal-fired
TPP units can regulate the load within 30% of their rated
capacity, but the capacities of HPPs and PHESs are insuffi-
cient to adequately address these challenges.

Demand for manoeuvrable power has increased, creat-
ing a potential threat of significant frequency fluctuations
in the power grid, a phenomenon that is unacceptable and
can trigger relay protection mechanisms, leading to system
failures and localised power outages. This problem has be-
come more acute with the onset of martial law and the sub-
sequent destruction and seizure of coal-fired power plants,
alongwith the disconnection of Zaporizhzhia Nuclear Power
Plant (ZNPP), which consists of six power units of 1000 MW
each, from the IPS. Risky but necessary measures have been
taken to manage peak load scenarios under these stress-
ful conditions. These measures include daily shutdowns
of 200 and 300 MW units during the off-peak night period
and operation of TPP and NPP units at capacities below the
technical minimum. Notably, the operation of NPP units
below the technical minimum is particularly dangerous.

At various TPPs, including the Burshtyn TPP, the prob-
lem was solved by shutting down coal-fired units at night
and switching them back on in the morning. The frequen-
cy of these operations can reach up to 15 start-stop cycles
per day on weekdays and Monday mornings. This means
approximately 80 starts per week and around 320 starts
per month. The annual additional starts of coal-fired pow-
er units required to regulate the electricity load schedule
and maintain the standard grid frequency amount to ap-
proximately 3,800 starts per year. Consequently, coal-fired
power units that were originally designed to operate within
the baseload schedule are now often used within the semi-
peak and sometimes even peak load schedule. This change
leads to a 2 to 2.5-fold reduction in the number of operat-
ing hours and a reduction in the load on the power unit to
80% of its rated capacity, barely ensuring minimal profita-
bility of the already heavily worn-out equipment.

According to practical estimates, each start-stop cy-
cle is equivalent to a month of operation in terms of the

level of wear of both the primary and auxiliary equipment
of the power unit. The technological regulations, as well
as the correction factor that accounts for equipment wear,
indicate that each start-up consumes an extra 30 tonnes
of fuel equivalent, which is on average equivalent to 1.3-
1.5 tonnes of natural fuel, considering the calorific value.
Thus, the direct fuel losses associated with the suboptimal
use of coal-fired units as shunting power units amount
to approximately 148.2-171.0 thsd tonnes per year. This
amount of fuel could supply a 200 MW power unit for a lit-
tle over a year. Considering the shortage of coal in Ukraine
and the minimum price of UAH 600 per tonne, these losses
amount to approximately UAH 90 million, or about USD
3 million. This calculation does not include other costs
associated with replacing worn-out equipment and un-
scheduled or emergency repairs. To facilitate these launch-
es, extra resources of critically scarce gas or fuel oil are
required. As a result, the technical and economic perfor-
mance of the equipment deteriorates substantially, leading
to accelerated wear and tear of the power unit’s equipment
and an increase in the frequency of emergency repairs.
For example, while in the late 1980s, the specific fuel con-
sumption for electricity generated by TPPs was around
330-350 kgoe/kWh, as of 2024, it has increased by 30%.

The use of coal-fired TPPs to cover peak loads is typi-
cal for many power systems in countries with proven coal
reserves and climatic conditions comparable to Ukraine’s.
These countries include the UK, Germany, Poland, Spain,
and Kazakhstan. However, in these countries, coal-fired
units have not reached the critical levels of wear and tear
observed in Ukraine, and the capacity of individual units
is much greater, which expands the range of power con-
trol. Notably, a modern 1000 MW coal-fired unit was built
in Germany after the merger of its western and eastern re-
gions, and two similar 800 MW units were built in Poland
(Belchatéw, Silesia).

In their work V. Zdanovsky & M. Kulyk (2021) propose
the construction of one or two modern coal-fired units
or large-capacity CCGTs (1000 MW) simultaneously with
the decommissioning of technologically outdated and
degraded coal-fired units. This strategy is aimed at align-
ing with the national emissions reduction plan. Despite
the problems with gas supply, there is a need to acceler-
ate the increase in domestic natural gas production. This
increase in production will ensure the efficient operation
of several combined-cycle gas turbine plants and gas tur-
bine plants with a capacity of 150-200 MW in different
regions. With simultaneous strict measures to reduce gas
consumption, the additional use of gas for these relatively
few STUs and GTUs would not be an excessive burden for
the state but would provide considerable benefits in the
short term. Furthermore, it is crucial to urgently complete
the construction of a cascade of hydroelectric power plants
(HPPs, PHESs) on the lower reaches of the Dniester, and
to investigate the feasibility of creating a cascade of HPPs
(mini-HPPs) on certain rivers in the Carpathian region.
For this, combined-cycle power plants are particularly
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suitable (Energy Outlook, 2023; DiXi Group..., 2024), which
can operate on solid fuel gasification products, including
Ukrainian hard and low-grade coal. By applying advanced
combustion technologies such as two- and three-stage
combustion, cyclone pre-firing, and circulating fluidised
bed (CFB) systems, compliance with environmental stand-
ards governing emissions of harmful substances into the
atmosphere can be achieved.

As of April 2020, Ukrenergo’s data indicate a constant
mismatch between the maximum daytime load and the
minimum nighttime drop, which stays at 5-6 GW, with an
evening peak of 3-4 GW (Geletukha, 2020), and data indicate
a shortage of manoeuvrable capacity of approximately 2 GW.
The growing need for balancing energy sources places re-
strictions on renewables or nuclear power plants. Although
the specific balancing periods may vary seasonally, their ab-
solute duration (3 hours for the morning peak and 3 hours
for the evening peak) is constant. The nighttime reduction
in energy consumption and the corresponding reduction
in renewable energy generation generally coincide in time.
The challenge, however, lies in daily balancing, thus keep-
ing the characteristic seasonal load profile in the grid con-
stant (Kovetskyi & Kovetskaya, 2007; Klimenko et al., 2011).

To effectively manage the daily balancing of energy
loads, it is imperative to have highly manoeuvrable ca-
pacities that can respond quickly within a typical time-
frame of 15 minutes to 1 hour (Wachs & Engel, 2021; DiXi
Group, 2023). These systems must be able to increase or
decrease the load at the command of the dispatcher. Such
requirements for the speed of response to load changes can
be met by combined cycle or biomass or biogas CHP plants.
As of 2020, approximately 180 MW of biomass and biogas
capacities are operating in the Ukrainian power system.
Forecasts according to the Order of the Cabinet of Minis-
ters of Ukraine No. 605-r (2023) suggest that this capacity
is expected to increase to 1.7-2 GW by 2035. For optimum
performance in the peak load market, existing CHP plants
should include slightly larger boiler units paired with pow-
erful turbines, which contributes to the generation of more
electricity. It is indicated that the tariff for the required
amount of electricity should be approximately 0.273-
0.279 EUR/kWh.

Another viable solution involves the deployment of gas
turbine plants, specifically combined cycle plants. These
steam plants are divided into steam-injected gas turbine
(STIG) units and those that inject water or a steam-water
mixture into the gas path (HAT and CHAT). In the STIG
configuration, the steam produced in the waste heat boiler
is injected into the high-pressure channel after the com-
pressor, which enters the combustion chamber. In the
Vodoley units, this disadvantage is mitigated by the intro-
duction of a contact condenser that condenses the exhaust
water vapour and returns the water back to the process.
The unit includes an advanced gas turbine engine GTD
DS-90 combined with a waste heat steam generator KUP-
3100, a contact condenser KK-90, and a cooling system for
water supplied to the contact condenser. Experimental

tests demonstrated an efficiency range of 40-41%, while
the level of nitrogen oxides NOx and carbon monoxide
emissions did not exceed 50 mg/nm?. In 1995, SE Research
and Production Complex of Gas Turbine Construction Zo-
rya-Mashproekt successfully commissioned a full-scale
25 MW Vodoley-25 contact gas and steam turbine unit
in Ukraine. Further calculations performed by N. Dikyi et
al. (2012) show that future Vodoley plants could potentially
achieve a total efficiency of 55-57%. Furthermore, the gas
turbine capacity can be increased by 30-60%, with fuel sav-
ings ranging within 20-25%. Therefore, there is considera-
ble room for further improvement of this type of unit.

The efficiency of combustion of any organic fuel (sol-
id, liquid, or gaseous) depends on a series of factors, the
most significant of which is the presence of nitrogen in
the air. Its reduction in the combustible fuel-air mixture
not only leads to the production of fewer nitrogen oxides
(second hazard class), but considering that this reaction is
endothermic, the flue gas temperature increases, and fuel
savings are possible. This allows not only increasing the
level of environmental safety, but also reducing charges for
emissions of harmful substances into the atmosphere. As a
result of their analysis of existing technologies for enrich-
ing atmospheric air with oxygen, M. Kulyk et al. (2021) rec-
ommended focusing on membrane technologies that can
easily ensure an oxygen concentration in the combustible
mixture of 30-40%. Y. Chen et al. (2017) proposed a new gas
and steam cycle (GSMC) using LNG/02 (liquid natural gas/
oxygen) as the working medium. This cycle integrates high
efficiency power generation, energy storage, and CO2 se-
questration. With a turbine inlet pressure of 40 MPa/800°C
and a condensing temperature of 30°C, the output power
efficiency reaches 49.2%, making it a promising solution
for reducing emissions in the energy sector.

Notably, according to M. Kulyk et al. (2021), the com-
bustion of 1 m® of natural gas requires 10.2 m? of oxidant at
its normal concentration in the air, and at a concentration
of 30%, the oxygen demand is 7.45 m3; at an oxygen con-
centration of 40%, it is 5.36 m3. The methodology recom-
mended by the Ministry of Ecology and Natural Resources
(Sectoral Guidance Document No. 34.02.305-2002, 2002)
for calculating the total emissions of nitrogen oxides
(NO_ and N,0) using emission rates (k,, =64.311 g/GJ and
k,,,=0.1g/GJ) is based on the following equation:

E=10°-k-B-Q, (1)

where E, is the gross emission of the j* pollutant for a cer-
tain period of time, t; k. is the emission rate of the j™ pol-
lutant during the combustion of the i fuel, g/GJ; B, is the
fuel consumption for the reporting period, t; Q! is the lower
heating value of the i fuel, MJ/kg.

According to Equation (1), when using atmospheric air
in the combustion process without enriching it with oxy-
gen, and rounding the estimated calorific value of natural
gas at the level of Q' =27.97 MJ/kg (GJ/t) to the value of
28 of the same dimension, the following nitrogen oxide
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emissions can be obtained: E,j =94.21 tand E,,=0.1465 t.
And when natural gas is combusted in atmospheric air en-
riched with oxygen up to 40%, which is ensured by a certain
set of membrane modules, the partial pressure of atmos-
pheric nitrogen in the reaction mixture drops substantial-
ly. This greatly reduces the amount of raw materials re-
quired to produce nitrogen oxides, the most harmful toxic
substances. The annual volume of natural gas was taken
in the calculations to ensure the operation of the 25 MW
Vodoley plant for 8,000 hours per year. Assuming that the
emission rates in such a process will change by an insig-
nificant amount, the share of harmful formations will de-
crease in proportion to the reduction of the oxidant, i.e.,
by 5.36 m3/10.21 m3=0.525 times. In this case, the gross
emissions will be E ; =49.5 t and E_,,=0.077 t. For envi-
ronmental practitioners, such a considerable reduction in
total emissions looks very reassuring.

According to studies and reports (Kulyk et al., 2021;
The National Commission..., 2021), it was found that to en-
sure the stable functioning of Ukraine’s energy system, it is
necessary to build highly manoeuvrable capacities and im-
plement energy storage systems. Specifically, at least IGW
of highly manoeuvrable facilities with a quick start, capa-
ble of being fully activated within 15 minutes, and starting
and stopping at least four times a day with a control range
of at least 80% of the installed capacity, must be built. To
maximise RES, it is necessary to increase the volume of
highly manoeuvrable capacities to 2 GW. In addition, to
stabilise the power system, it is necessary to introduce at
least 0.5 GW of energy storage systems that will allow RES
to be involved in balancing the power system and providing
reserves. In the absence of RES involvement in balancing
or NPP capacity constraints, the need for energy storage
systems may increase to 2 GW.

By 2030, to implement the target scenario for the devel-
opment of generating capacities, it is necessary to ensure
a constant available operating capacity of at least 12 GW
of TPPs. This can be achieved through the reconstruction
of coal-fired TPPs and the implementation of emission
reduction measures, or through the construction of new

1.2-1.5 GW of half-peak capacity. Based on the analysis,
several key recommendations can be made to optimise the
operation of combined heat and power plants and thermal
power plants in the face of a shortage of manoeuvring ca-
pacities, considering environmental and economic aspects.
The use of combined-cycle gas turbine plants can increase
the efficiency of a power plant to 55-57% and reduce fuel
consumption by utilising the heat of exhaust gases to pro-
duce steam. The introduction of gas turbines with steam
injection (STIG) or water injection (HAT, CHAT) increases
the manoeuvrability of the system and reduces emissions
of harmful substances.

Enrichment of atmospheric air with oxygen up to 30-
40% using membrane technologies reduces the volume of
flue gases by almost half, which leads to a substantial re-
duction in emissions of nitrogen oxides (NOx) and nitrogen
oxide (N20). The use of natural gas in oxygen-enriched air
can reduce annual gross NOx and N20 emissions by 47.5%
and 47.3%, respectively. Considering the severe shortage of
coal in Ukraine, it is necessary to increase domestic natural
gas production and expand the use of biomass and biogas.
This will help reduce dependence on imported energy re-
sources and ensure stable operation of the energy system.
The construction of new modern combined-cycle thermal
power plants, reconstruction of boiler houses with their
conversion into mini-CHPs, and completion of the con-
struction of a cascade of pumped storage power plants on
the Dniester River will help compensate for capacity losses
and improve the manoeuvrability of the power system.

Thus, the key recommendations include the introduc-
tion of an energy management system, accelerating the
development and deployment of combined cycle gas tur-
bines (STUs) and gas turbine units (GTUs), and convert-
ing boiler houses into mini-CHPs to cover peak loads and
balance the power system. The use of modern methods
of oxygen enrichment for combustion, such as membrane
technologies, will also help to improve fuel combustion
efficiency and reduce harmful emissions. Table 2 summa-
rises the systematic measures aimed at improving energy
efficiency and grid stability.

Table 2. Summary of prospective measures to balance the IPS of Ukraine

Estimated
Implementation | timeframe for Startu
Measures Means required to implement the measure cost (high, implementation tup
. duration, h
medium, low) | of the measure,
years
. Improvement of legislation, financial
Implementation of an . - - o
incentives for businesses and communities,
energy management impl - £ f o d Low 3 -
system implementation ota system for monitoring an
managing energy resources
Development of . .
renewable energy Installation of energy storage systems (batteries, High 5-10 0.1-0.5
tanks). At least 0.5 GW of energy storage systems
storage
Equipment to improve efficiency and reduce
Modernisation of emissions. Urgent reconstruction of TPP units hot - 80 min-
existing CHP and TPP or new construction of 1.2-1.5 GW of half- High 3-7 2.5 h; cold -
plants peak capacity. Ensuring a constantly available 3-6h
operating capacity of at least 12 GW of TPPs
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Table 2. Continued

Estimated
Implementation | timeframe for
. . . . . Startup
Measures Means required to implement the measure cost (high, implementation .
. duration, h
medium, low) | of the measure,
years
At least 1 GW of highly manoeuvrable capacities
(gas turbine units, gas engine-based units) with
a quick start (full activation from a stopped
Implementation of state — no more than 15 minutes, the ability to
highly manoeuvrable start and stop at least four times a day with a Medium 3-5 0.1-0.5
capacities control range of at least 80% of the installed
capacity).
Integration of rapid response systems, process
automation.
. Efficiency increase up to 55-57% and reduction
Use of combined cycle . e .
of fuel consumption due to utilisation of exhaust High 3-7 0.25-2.5
power plants . .
gas heat with steam production
Introduction of gas Installation of gas turbine units with steam or
turbines with steam water injection to improve efficiency and fuel .
. . . High 4-8 0.15-1
(STIG) or water injection | use. Automation of turbine control processes,
(HAT, CHAT) modernisation of existing gas turbines.
Construction or modernisation of CHP plants for
biomass combustion, introduction of biomass
Expand the use of . . . .
biomass gasification technologies, development of Medium 3-6 1-2
biomass supply infrastructure, adaptation of
existing boilers for biomass.
Construction of new Design and construction of new CHP plants with .
. R .. High 5-10 0.15-1
modern CHP plants high efficiency and low emissions
. Modernisation of existing boiler houses with the
Reconstruction and . . > . .
modernisation of boiler installation of cogeneration units, construction
. . of mini-CHPs, ORC CHPs, introduction of Medium 3-5 0.15-1
houses with conversion . .
. .. combined heat and power technologies, and
into mini-CHPs .
process automation.
Installation of small generation units (solar
-, - anels, wind turbines, micro-CHP), integration
Transition to distributed P . .. S . ) & )
. with existing grids, introduction of smart Medium 3-5 0.15-1
generation . Lo . . .
grids, financial incentives for investments in
distributed generation
Improvement of legislation and financial
Involvement of . . . .. .
. . incentives for businesses to participate in
industrial consumers . . .
. . balancing the energy system, installation of Low 2-4 -
in balancing the power .
svstem energy management systems, and creation of
¥ demand response programmes.
Source: developed by the authors
Conclusions

The analysis of the data presented in Table 2 reveals
substantial differences in the effectiveness, costs, and
duration of various measures. For instance, measures in-
volving the modernisation of existing CHP and TPPs, al-
though costly, ensure considerable emission reductions
and increase the efficiency of energy companies. On the
other hand, the introduction of an energy management
system is relatively inexpensive and quick to implement,
making it an attractive measure for rapid energy efficien-
cy improvements. The study findings also showed that
measures with long implementation periods, such as the
development of renewable energy storage, may require
extra resources and planning, but their implementation is
critical for the long-term stability and environmental sus-
tainability of the energy system.

Technologies and Engineering, Vol. 25, No. 6, 2024

Having analysed the current state of Ukraine’s unified en-
ergy system, it can be argued that the country is at a cru-
cial stage in the development of its energy infrastructure.
In the face of constant challenges, including military ag-
gression and stringent environmental standards, Ukraine
must adapt to new conditions and find effective solutions
to ensure the stability of the energy system. The review of
studies suggests that in the future, only STUs and GTUs
will be able to compete with coal-fired power units in terms
of regulatory capabilities and the minimum reasonable
price of electricity supply when operating in a manoeuvra-
ble mode. Reforming the electricity and heat supply sys-
tem forms an integral part of this process. The transition
to distributed generation, the introduction of innovative
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technologies such as cogeneration systems, gas turbine
and steam turbine technologies are necessary steps to
ensure the reliability and efficiency of the energy system.
Modern combined heat and power plants and mini-CHPs
can become vital elements for balancing the system, but
their effectiveness depends on further modernisation and
integration into the European energy network. A list of
promising measures and areas that will help balance the
IPS of Ukraine was identified as follows: implementation
of an energy management system (this measure is charac-
terised by low cost and short implementation time, which
makes it a key step for promptly improving the efficiency
of energy use); modernisation of existing CHPs, TPPs, and
conversion of boiler houses into mini-CHPs (this measure
contributes to a significant improvement in efficiency and
reduction of emissions, which is important for ensuring

energy load, which is critical for maintaining the stability
of energy supply); development of renewable energy stor-
age (the introduction of energy storage systems is stra-
tegically important for the balanced development of the
power system, especially considering the growing share of
renewable sources).

The authors of this study will continue to work in this
area in their future research, specifically by exploring in-
novative technologies and solutions to improve Ukraine’s
energy system and industry. This will include assessing
their impact on the environmental situation, economic
aspects, as well as improving the reliability of the energy
system, reducing the frequency of outages, and increasing
its flexibility.
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AHoTAUqA. T[IpoBegeHnit aHaji3 CyyacHOro CTaHy eHepreTMYHoi cuctemu YKpaiHu, Ha OCHOBI YOro 3BepHeHa yBara
Ha gediuUT MaHeBPOBMX MOTYKHOCTEI, BeIMKMI 06CAT BUKMU/IIB IIKiIIMBUX PEUOBMH y aTMOchepHe MOBITPsI, a TAKOXK
HU3bKY eHeproeeKTUBHICTh OCHOBHMX TEXHOJOTiYHMX MpOIeciB icHylounx 06’e¢KTiB reHeparii. BkazaHi Hemomiku
XapaKTepHi TaKOX i 10 BUPOOHMKIB TEIJIOBOI €HePTii, a caMe TeIJIoeIeKTPOLIeHTPasIeii Ta TPOMMUCIOBMX i KOMYHATbHUX
KOTeJieHb. IcHyloua eHeprocucreMa YKpaiHM BK/IIOUAE OOUABA TUIM BUPOOHMKIB, B SIKMX Ie€peBaska€ SIKUICh BUL
eHeprii (eeKTpMYHa yu TeryioBa). MeToro cTaTTi Oysa OlLiHKA MepCIeKTUB BIPOBAIsKEeHHSI CyuaCHUX TE€XHOJIOTIi s
3abe3meueHHsI CTIIKOCTi cucTeM 3 BUPOOHUIITBA e/IeKTPUYHOI Ta TEIIOBOI eHeprii. 3acTocoBaHi aHaMITUUHI METOIH, SIKi
MiIXOASITh IJ1s1 TOPiBHSHHS ra30TypOiHHMX Ta IapOra30BUX yCTAHOBOK, CMCTEM aKyMY/TIOBAHHSI €JIeKTPUYHOI Ta TeTIOBO1
eHeprii. ABTopamMu MpOBeIeHUit OMISIA Pi3HMX TEXHOJOTriH, SIKi MigBUINYIOTh MaHEBPOBIiCTb CUCTEM 3 BMPOOHMIITBA
BKa3aHMX BUJIIB eHeprii, a TAKOXK 3HMKYIOTb YTBOPEHHSI LIKIJIMBMX PEYOBMH 32 PaXyHOK YHUKHEHHS €HJ0TepMiuHMX
peaxiiiii B mporieci criaJloBaHHS TBEPOro, PiKOro Ta ra3onoai6HOro naauBa. 3MiHM y CITiBBiAHOIIEHH] TTOTYXKHOCTEH
OCHOBHMX IreHepyounx 00’ €KTiB, Mo6ymoBaHuX y 60-Ti poku 20-T0 CTONITTS, 3HOIEHOCTi TEXHOJIOTIUHOTO 00/1aJHAHHS,
sike Ha 80-90 % Buuepmnao CBiii TEXHOJIOTiYHMII pecypc, BKa3ye Ha HecTauy MaHeBPOBMX ITOTYKHOCTe Ta 1i MoCuIeHHS
B pe3y/bTaTi pyiiHYBaHb Ta 3HUIIEHHS yepe3 BilichKOBY arpecito. OKpeMo IifgKpecieHa HeOOXigHiCTh MoaepHisallii
BYTIIbHUX TEIJIOeNeKTPOCTAHIIi 3 BUKOPUCTAHHSIM CydyaCHMX TEXHOJIOTill CMaaoBaHHS B cepeloBMIli, 36araueHoro
KucHeM (o 30-40 %), aTmocdepHOro MoBiTps. [Iis moKpaiieHHs] MaHEBPOBOCTI BYTIIbHMX GJIOKiB HEOOXiJHO TOBECTHU
ix moryskHicTb 10 piBHS 800-1000 MBT, a i1 CYTTEBOTO 3HMKEHHST BUKUIIB IIKiJJIMBUX PEUOBUH HEOOXiTHO MTOEAHAHHS
11apoBoi, ra30BoOi Ta MaporasoBoi reHepaiii. PO3KpuUTO nepcreKkTMBY PO3BUTKY BUCOKOMaHEBPOBMX IOTY>KHOCTEN
HIJISIXOM PEKOHCTPYKIIii iCHYI0OUMX TeIioeeKTPOLIeHTpaJlel Ta lepeBeeHHsI KOMYHa/IbHUX Ta IPOMUCIOBUX KOTeeHb
Yy MiHi-Telnoe/neKTpOLeHTpasi OJg iX iHTerpauii B €BpONENCbKMII eHepreTUYHMUIi PUHOK. Pe3ynbTaT MOXYTb
CTaTU OCHOBOIO Jjisi GOPMYBaHHS JepskaBHOI eHepreTMUYHOl MOMITUKH, SKa CIPUSTUME MiZBUIIEHHIO CTifKOCTi Ta
edexTMBHOCTI eHeprocucremMu YKpaiHy, 3MeHIIeHHIO i 3a/JIesKHOCTI Bif, iMIIOPTY eJIeKTPUYHOI eHeprii, JOTpUMaHHIO
€KOJIOTiUHMX CTaH[IaPTiB, SIK AePsKaBHOTO Ta €BPOIEIICHKOTO PiBHSI Ta TapaHTyBaTUMe eHepreTUUHy 6e31neKy JepskaBu

KrouoBi cyioBO: 0o6'ekTy reHepaiiii; maporypOiHHa Ta [aporasoBa YCTAHOBKA; 30araueHHsl KMCHEM IOBIiTpS;
eHJ0TepMiuHi peakilii; eKosoriuHa Ta eHepreTuyHa 6e3meka
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Abstract. This study aimed to identify optimal approaches for enhancing the efficiency of network management
and virtualisation processes. Four key methods were examined: resource allocation optimisation using intelligent
algorithms, load forecasting through Machine Learning models, dynamic load balancing enabled by software-defined
networking technologies, and automated resource management guided by policy-based frameworks. The research
provided a detailed analysis of each method, including their operating principles and implementation stages. Diagrams
illustrating the architecture and operational mechanisms of these methods were presented, alongside practical examples
of their application in various infrastructures, such as cloud environments, software-defined networks, and corporate
data centres. Additionally, software implementations in Python were developed, demonstrating the functionality of the
proposed approaches. The findings highlighted several key benefits: resource allocation optimisation effectively improved
the utilisation of computing power in cloud environments; load forecasting enabled proactive infrastructure adaptation
to peak activity periods; SDN-based load balancing facilitated centralised traffic management and reduced latency, which
is critical for modern corporate networks; and automated resource management through policies reduced costs and
supported system stability by dynamically responding to load variations. A comparative analysis of the methods revealed
distinct advantages and limitations for each approach, emphasising the importance of selecting the appropriate method
based on the specific requirements of the infrastructure. Overall, the results confirmed the viability of these approaches
for enhancing the performance and stability of virtualised environments and network systems

Keywords: computing resource allocation; load forecasting; dynamic balancing; process automation; traffic
optimisation

Introduction

Virtualisation is a basic cloud computing technology that
involves creating virtual environments for the efficient
use of physical resources, such as servers, networks and
storage, using full virtualisation, paravirtualisation and
containerisation techniques. Despite its advancements,
virtualisation development has faced several challenges,
including resource optimisation, maintaining system sta-
bility under varying loads, minimising latency, and adapt-
ing infrastructures to dynamic conditions. Traditional
management approaches have not consistently addressed
these demands, highlighting the need for innovative solu-
tions in areas such as load forecasting, centralised manage-
ment, and enhancing the efficiency and stability of virtual-
ised environments.

For example, M. Vasylkivskyi et al. (2023) explored
the use of Artificial Intelligence and Machine Learn-
ing to automate resource management in 5G networks,
with a focus on network orchestration and Radio Access
Network (RAN) resource allocation using reinforcement
learning methods. Their study also examined technolo-
gies for traffic isolation and network monitoring, which
play a crucial role in the effective management of vir-
tualised resources. Similarly, O. Romanov et al. (2023)
analysed the application of Software-Defined Network-
ing (SDN) for managing Light Fidelity (Li-Fi) networks.
They proposed a centralised management system aimed
at optimising network resources, increasing throughput,
and reducing cell interference, thereby enhancing overall

Suggested Citation:

Berestovenko, O. (2024). Virtualisation and network management: Best practices for improving efficiency. Technologies and Engineering,

25(6),41-52. doi: 10.30857/2786-5371.2024.6.4.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0003-4887-4674

Virtualisation and network management...

network efficiency. Additionally, I. Kramarenko & O. Kur-
batov (2024) investigated virtualisation technologies,
particularly virtual networks and hypervisors, as tools
to improve resource management efficiency. They high-
lighted that implementing these solutions not only opti-
mises network processes but also enhances the transpar-
ency of financial and economic activities.

Conversely, U.S. Khan & T. Mahboob (2024) reviewed
the evolution of Quality of Service (QoS) management
methods in wireless and mobile networks, with a particular
focus on the implementation of Network Functions Virtu-
alisation (NFV) and Software-Defined Networking (SDN).
They provided a detailed analysis of how these technol-
ogies enhance resource utilisation, facilitate QoS man-
agement, and optimise network performance through the
separation of control and data planes in SDN and resource
virtualisation in NFV. K. Yang & Y. Xu (2024) addressed
the challenges of virtualising wireless resources using De-
vice-to-Device (D2D) communication. They formalised the
problem of channel allocation and power management to
improve system energy efficiency and proposed a solution
using a Convolutional Neural Network (CNN). This ap-
proach reduced computational complexity and achieved
faster results with minimal losses. Furthermore, A. Javad-
pour (2020) proposed an SDN-based approach to network
virtualisation for the dynamic management of infrastruc-
ture resources. The proposed controller module optimised
the mapping of virtual networks onto the physical infra-
structure, resulting in efficiency gains across multiple crite-
ria, including latency and cost. Finally, A. Manasyan (2022)
explored the automation of network management through
the analysis of virtualised network counterparts. The
study demonstrated the effectiveness of network virtual-
isation using an experimental network as a case study and
proposed solutions to address the identified challenges.

M.K. Hassan et al. (2023) investigated virtualised SDNs,
which enable the dynamic allocation of physical network
resources among multiple shares for different service pro-
viders. Their study addressed the challenges of efficient
resource management and maintaining service level agree-
ments in virtualised SDNs, while also highlighting a re-
search gap in the dynamic management of such resource
shares. Similarly, B.S. Neyigapula (2023) proposed a new
approach to resource management in NFV environments
using deep reinforcement learning. The methodology de-
veloped in the study enhanced NFV efficiency by solving
the problem of dynamic resource allocation, reducing
operational costs, and optimising resource utilisation.
Meanwhile, M. Moradi et al. (2024) focused on the issue
of resource allocation in NFV environments using math-
ematical programming techniques. The authors proposed
a multi-criteria mixed linear programming model to op-
timise resource allocation for VNFs, taking into account
resource constraints and latency requirements. It was vali-
dated through experimental results.

The reviewed works revealed a gap in addressing the
integration of optimal approaches for comprehensively

improving the efficiency of network management and vir-
tualisation, particularly in the areas of dynamic resource
management and adaptive load forecasting which are the
key aspects emphasised in the current study. The primary
objective of this study was to identify the most effective
strategies for enhancing network management and virtu-
alisation processes, with a focus on optimising resource
utilisation and maintaining high system performance. To
achieve this, the study set out the following tasks: devel-
oping algorithms for analysing and adaptively allocating
resources in virtualised networks, conducting modelling to
evaluate the proposed methods, and designing scenarios to
validate their practical application.

Materials and Methods

The study examined four main methods of increasing the
efficiency of virtualisation and network management. The
methodology included a general analysis of each method,
their implementation and operation. The research was
conducted using the Python programming language, on
the basis of which a specialised programme was developed
for each method.

Optimising resource allocation using intelligent algo-
rithms. To analyse this method, we identified the key stag-
es of its operation and presented the architecture of the
optimisation system. A Python program was created that
implements an algorithm for the dynamic distribution of
tasks between servers, taking into account the current load.
The program used metrics such as central processing unit
(CPU) and RAM usage and included functions for assign-
ing tasks, selecting the least loaded node, and updating
resource status.

Load forecasting using machine learning models. This
method analyses the key stages of building predictive mod-
els and presents a forecasting scheme. To implement it, a
Python program was developed that used a model based
on linear regression. The program processed test data on
resource usage, made load forecasts, trained the model,
and evaluated its accuracy. The practical application of the
method allowed automating resource scaling in cloud en-
vironments, preventing overloads and ensuring stable sys-
tem operation.

Dynamic load balancing using SDN technologies. We
used an architecture with a centralised SDN controller that
monitored the network status, analysed traffic, and made
routing decisions. For this method, a Python program was
developed that simulated the network using several virtu-
al nodes. The program interacted with the SDN controller,
received server load data, and redirected traffic to optimise
network capacity.

Automated resource management based on policies. This
method creates rules that regulate the activation or deac-
tivation of servers depending on the level of load. To im-
plement this method, a Python program was created that
assessed the status of servers according to the set policies
and dynamically changed their status between active and
passive modes.
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At the final stage, all methods were compared by de-
veloping criteria for evaluating the advantages and limi-
tations of each approach to determine their effectiveness
in different scenarios of virtualised environments and net-
work infrastructure.

Results

Optimisation of resource allocation

through intelligent algorithms

By partitioning resources, virtualisation allows multiple
virtual machines to operate on a single physical server,
ensuring isolation and scalability. This technology serves
as the foundation of modern cloud computing, offering
enhanced flexibility and significant cost savings on infra-
structure. Key advantages of virtualisation include reduced
hardware costs, improved performance through optimal re-
source allocation, and simplified data backup and recovery
processes.

Network management is an essential component of
modern information systems, encompassing the mon-
itoring, configuration, diagnostics, and optimisation of
network resources. Effective network management em-
ploys both traditional methods and software-oriented

approaches, such as SDN enabling centralised manage-
ment of network functions via software interfaces.

The first method for enhancing the efficiency of virtu-
alisation and network management is resource allocation
optimisation using intelligent algorithms (Fig. 1). Optimis-
ing resource allocation in virtualised environments is crit-
ical to ensuring high computing efficiency and preventing
server overloads. This method leverages Machine Learning
algorithms, including clustering, time series forecasting,
and adaptive optimisation. These algorithms analyse his-
torical data, current loads, and interdependencies among
system components to determine optimal parameters for
each virtual environment. The implementation of this
method is often carried out in three stages: data collec-
tion (this involves monitoring server performance, CPU
utilisation, memory usage, network resources, and task ex-
ecution times — the collected data is stored in a centralised
database), data analysis and modelling (clustering algo-
rithms are used to identify groups of similar loads, while
time series forecasting estimates future peak values), and
resource allocation (adaptive resource management is per-
formed via the Application Programming Interface of vir-
tualised platforms, such as OpenStack or VMware).

‘ Monitoring H Data collection ‘
v v

‘ Anomaly detection H Data processing H Resource clustering ‘
v v

‘ Historical data analysis

.

Forecasting

>

Distribution optimisation ‘

v
\—% Resource management H

Feedback ‘

Figure 1. Resource allocation optimisation design

Source: created by the author

The method of optimising resource allocation through
intelligent algorithms can be applied in cloud environments
to dynamically manage computing power. For instance, in
big data processing systems such as Apache Hadoop or
Spark, this approach automatically identifies the servers
best suited to perform specific tasks, based on their load
and resource availability. In telecommunications networks,
algorithms predict peak loads on base stations and optimise
their configurations to ensure stable communication. In
corporate data centres, this method can reduce energy con-
sumption by switching lightly loaded servers to sleep mode,
while maintaining high availability of critical services.

Below is a code fragment demonstrating the dynamic
distribution of tasks among servers based on their current
load. The implementation incorporates basic algorithms
to address the optimisation problem, considering metrics
such as CPU usage and RAM availability:

# Servers with resources (CPU and RAM in percentage)
servers = [

{“id”: 1, “cpu”: 30, “ram”: 40},

{“id”: 2, “cpu”: 60, “ram”: 70},

{“id”: 3, “cpu”: 90, “ram”: 80},

]

# Tasks with resource requirements

tasks =
{“id”: “A”, “cpu_req”: 20, “ram_req”: 30},
{“id”: “B”, “cpu_req”: 50, “ram_req”: 20},
{“id”: “C”, “cpu_req”: 10, “ram_req”: 40},
{“id”: “D”, “cpu_req”: 30, “ram_req”: 30},

]

# Algorithm for assigning tasks to servers
def assign_tasks_to_servers(servers, tasks):
assignments =[]
for task in tasks:
best_server = None
min_load_increase = float(“inf”)
for server in servers:
# Available resources calculation
remaining_cpu = server[“cpu”]
remaining ram = server[“ram”]
# Checking if the server can handle the tasks
if task[“cpu_req”] <= remaining_cpu and task[“ram_req”]
<=remaining ram:
# Estimating server load increase
load_increase = task[“cpu_req”] + task[“ram_req”]
if load_increase < min_load_increase:
best_server = server
min_load_increase = load_increase
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# Assigning a task to the best server
if best_server:
best_server[“cpu”] -= task[“cpu_req”]
best_server[“ram”] -= task[“ram_req”]
assignments.append({“task”: task[“id”], “server”: best_
server[“id”]})
else:
print(f”Task {task[‘id’]} could not be assigned due to limited
resources!”)
return assignments

# Algorithm execution
assignments = assign_tasks_to_servers(servers, tasks)

# Results

print(“Distribution of tasks between servers:”)

for assignment in assignments:
print(f”Task{assignment[‘task’]}->Server {assignment|[‘server’]}”)

print(“\nState of servers after distribution:”)

for server in servers:

print(f”Server
RAM={server[‘ram’]}%”)

{server[‘id’]}:  CPU={server[‘cpu’]}%,

The code simulated the distribution of tasks across
servers, where each server had a limited amount of re-
sources, including CPU and RAM. Tasks required specific
amounts of these resources to execute. The algorithm se-
lected servers that best met the task requirements while
minimising overload. The results demonstrated how the
algorithm optimised task distribution by efficiently al-
locating tasks based on the available resources of each
server (Fig. 2).

Distribution of tasks between servers:
Task A -> Server 1
Task B -> Server 2
Task C -> Server 2
Task D -> Server 3

State of servers after distribution:
Server 1: CPU=10%, RAM=10%
Server 2: CPU=0%, RAM=10%
Server 3: CPU=60%, RAM=50%

=== Code Execution Successful ===

Figure 2. Result of the task distribution
program between servers
Source: created by the author based on Online Python
Compiler (Interpreter)

The results showed that the algorithm successfully
distributed tasks across servers, considering their availa-
ble resources and minimising additional load. Tasks were

assigned to servers in a manner that avoided exceeding
their resource limits: Server 1 processed the task with the
lowest resource requirement (Task A), Server 2 handled two
tasks (Tasks B and C), utilising maximum CPU but leaving
some RAM available, and Server 3 processed the task with
the highest total resource requirements (Task D), leaving
enough resources for potential additional tasks. This dis-
tribution demonstrated the efficiency of the algorithm in
utilising server capacity. However, in certain scenarios,
improvements could be made to account for more com-
plex metrics, such as better load balancing among servers.

Thus, the method of optimising resource allocation
through intelligent algorithms is a versatile approach
that ensures a high level of adaptability in managing
computing and network resources. Its key feature is the
ability to automatically adjust to changes in system load,
minimising the risks of downtime or overload. Intelligent
algorithms, including those based on Machine Learning,
consider not only the current state of resources but also
predict future usage. This predictive capability is critical
for maintaining stability in cloud environments, corpo-
rate data centres, and telecommunications networks. Due
to its flexibility, this method effectively scales to support
both small local infrastructures and large distributed sys-
tems. It also contributes to energy savings and the opti-
misation of operating costs.

Load forecasting using machine learning models

The second method is the load forecasting using Machine
Learning models (Fig. 3). This approach enables the predic-
tion of peak resource loads, the identification of potential
performance issues, and the proactive adaptation of in-
frastructure to efficiently handle tasks. Machine Learning
models, such as gradient boosting and neural networks,
are utilised to analyse historical resource usage data and
generate highly accurate forecasts. The load forecasting
process comprises the following stages: data collection
(recording information about resource utilisation (e.g.,
processors, memory, network usage) over a selected time
period), prior data processing (preparing the collected data
through normalisation, noise removal, and the selection
of significant parameters), model training (employing Ma-
chine Learning algorithms to develop a predictive model
based on the previously processed data), forecasting (using
the trained model to predict resource loads based on cur-
rent conditions and observed trends), resource adaptation
(optimising computing and network resources in response
to the forecasted loads).

Resource monitoring |

Data processing (filtering) —» Forecasting (Machine Learning model)

v

v

Resource management (adaptation)

Administrator’s message

Figure 3. Load forecasting scheme

Source: created by the author
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This approach is widely applied in cloud computing
and enterprise networks. For instance, it can be utilised to
predict and automate the scaling of computing resources
based on peak load values. Additionally, forecasting helps
maintain stable connectivity during periods of increased
network traffic. Furthermore, the analysis and prediction
capabilities enable the avoidance of server overload and
contribute to reducing energy consumption. Below, there is
an example of a basic linear regression algorithm for pre-
dicting resource usage:

import numpy as np

# Resource usage data (CPU percentage)

timestamps = np.arange(1, 11) # Timestamps

cpu_usage = np.array([20, 30, 40, 50, 60, 70, 80, 90, 100, 110]) #
CPU usage

# Linear regression for forecasting
def linear_regression(x, y):

# Calculating linear regression coefficients

n = len(x)

mean_x, mean_y = np.mean(x), np.mean(y)

bl = np.sum((x - mean_x) * (y - mean_y)) / np.sum((X - mean_x)
)

b0 = mean_y - bl * mean_x

return b0, bl

# Value forecasting
def predict(x, b0, b1):
return b0 + bl *x

# Model training
b0, bl = linear_regression(timestamps, cpu_usage)

# CPU forecast for the next period
next_timestamp =11
predicted_cpu = predict(next_timestamp, b0, b1)

# Output of results

print(“Coefficients of the model:”)

print(f”b0 (landslide): {b0:.2f}, b1 (incline): {b1:.2f}”)
print(f”Forecast CPU usage for the period {next_timestamp}:
{predicted_cpu:.2f}%”)

The code demonstrated the implementation of a
method for predicting CPU usage in virtualised environ-
ments using linear regression. The algorithm calculated
the coefficients of a regression model based on histori-
cal data on server loads from previous time periods and
generated a prediction for future CPU usage. The program
then output the model coefficients and provided a fore-
cast of CPU usage for a specific period (Fig. 4). This ap-
proach enabled operators to proactively manage resourc-
es, preventing server overload.

Coefficients of the model:
b0 (landslide): 10.00, b1 (incline): 10.00
Forecast CPU usage for the period 11: 120.00%

=== Code Execution Successful ===

Figure 4. Forecasting program result of the resource usage
Source: created by the author based on Online Python Compiler (Interpreter)

The results demonstrated that the linear regression
model successfully identified the relationship between
time (timestamps) and CPU usage. The calculated coef-
ficients of the regression equation indicated a linear in-
crease in CPU usage, with a step of 10% for each time pe-
riod starting from the initial value. Based on this model,
it was predicted that CPU usage in the next period would
reach 120%, signalling a potential system overload if re-
sources are not scaled accordingly. Thus, the load forecast-
ing method using Machine Learning models proved effec-
tive in predicting peak loads, enabling resource adaptation
and maintaining stable system operation. Algorithms such
as linear regression facilitated the analysis of historical
data and accurate prediction of future resource usage. The
implementation of this method involved several stages:
data collection and preprocessing, model training, fore-
casting, and infrastructure adaptation. The example above
illustrated that the model successfully predicts the rela-
tionship between time and CPU utilisation. This capability
allows operators to proactively manage resources, pre-
venting system overloads and improving energy efficiency.

Dynamic load balancing via software-defined networks
The third method for enhancing the efficiency of

virtualisation and network management is dynamic load
balancing through SDN technologies (Fig. 5). This ap-
proach enables centralised network management by au-
tomatically redirecting traffic flows between nodes to pre-
vent overload. SDN employs specialised controllers that
analyse the network status in real-time and make optimal
routing decisions. The main stages of implementing this
method include: network monitoring (real-time analy-
sis of network traffic, including metrics such as latency,
throughput, and node load), data analysis (evaluation
of the effectiveness of current routes and identification
of bottlenecks or problem areas), decision-making (SDN
controller generates optimal routing rules based on the
analysis), policy application (automatic updates of rout-
ing tables on network devices to implement the new rules).
The method is widely utilised in cloud environments, cor-
porate data centres, and carrier networks. For instance,
SDN technology enhances throughput and ensures low
latency when processing customer requests. In corporate
networks, it optimises the utilisation of existing infra-
structure by dynamically adapting to real-time changes.
Below, there is an example application that demonstrates
how an SDN controller distributes traffic between servers
based on their current load:
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# Server data and their current load (in percent)
servers = |
{“id”: 1, “load”: 30}, # Server 1 with 30% load
{“id”: 2, “load”: 50}, # Server 2 with 50% load
{“id”: 3, “load”: 70}, # Server 3 with 70% load

]

# New requests for traffic processing (as a percentage of resources)
traffic_requests = [10, 20, 30, 15, 25] # Traffic to process

# Function for dynamic traffic distribution
def distribute_traffic(servers, traffic_requests):
assignments =[]
for traffic in traffic_requests:
# Find a server with minimal load
best_server = min(servers, key=lambda x: x[“load”])
# Check if the server is able to handle the request
if best_server[“load”] + traffic <= 100:
# Assign request to server
best_server|[“load”] += traffic

assignments.append({“traffic”: traffic, “server”: best_
server[“id”]})
else:
# If any server can process the request
assignments.append({“traffic”: traffic, “server”: “No servers
available™})
return assignments

# Performing traffic distribution
assignments = distribute_traffic(servers, traffic_requests)

# Output of results
print(“Distribution of traffic between servers:”)
for assignment in assignments:
print(f”’Traffic  {assignment[‘traffic’]}% ->

{assignment][‘server’]}”)
print(“\nState of servers after distribution:”)
for server in servers:

print(f”Server {server[‘id’]}: Loading={server|‘load’]}%”)

Server

‘ Network nodes ‘

SDN controller

—

\

Traffic monitoring

‘ ‘ Network status analysis ‘ ‘

Route optimisation

‘ Switch 1 ‘ ‘ Switch 2 ‘
«—
‘ Server 1 ‘ ‘ Server 2 ‘

Figure 5. Dynamic load balancing design

Source: created by the author

This code demonstrated the fundamental logic of load
balancing, dynamically distributing traffic requests across
servers based on their current load. If servers reached 100%
capacity, additional requests remained unprocessed, ena-
bling operators to identify the need for scaling or provi-
sioning additional resources (Fig. 6).

Distribution of traffic between servers:
Traffic 10% -> Server 1

Traffic 20% -> Server
Traffic 30% -> Server
Traffic 15% -> Server
Traffic 25% -> Server

W = N =

State of servers after distribution:
Server 1: Loading=75%
Server 2: Loading=80%
Server 3: Loading=95%

=== Code Execution Successful :::|
Figure 6. Result of the SDN application

Source: created by the author based on Online Python
Compiler (Interpreter)

The results indicated that the system successfully dis-
tributed traffic among servers: Server 1 processed 45% of
requests, Server 2 handled 30%, and Server 3 managed 25%.
Consequently, the server load levels after executing the re-
quests were 75%, 80%, and 95%, respectively. Requests that
could not be processed due to resource limitations were
marked as not distributed. The evaluated method demon-
strated high efficiency in dynamic load management, par-
ticularly in large-scale, scalable systems. The application
of SDN technologies provided not only effective traffic bal-
ancing but also a flexible response to real-time changes in
network conditions. This contributed to increased network
stability, reduced latency, and more efficient resource uti-
lisation. In conclusion, the SDN architecture represents a
promising solution for automating network management
processes in modern corporate and cloud environments.

Automated policy-based resource management

The fourth method analysed was automated policy-based
resource management (Fig. 7). This approach enables au-
tomatic control over resource states by implementing
predefined policies. These policies are designed based
on specified metrics such as latency, resource utilisation,
and power consumption and are applied automatically,
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without the need for administrator intervention. The im-
plementation of automated resource management involves
the following key stages: policy definition (establishing
conditions under which resources should be reallocated,
scaled, or optimised), infrastructure monitoring (collecting
data on the current state of virtualised resources, includ-
ing CPU usage, memory, and network performance), policy

compliance analysis (identifying deviations from prede-
fined conditions and making decisions for optimisation),
automatic execution (performing actions such as increas-
ing or decreasing computing power, migrating virtual ma-
chines, or balancing loads), reporting and policy adapta-
tion (implementing changes to policies to better align with
business requirements and real-world network conditions).

Resource monitoring (CPU, memory, network)

v

Policy compliance (checking downloads, or status)

4/ ;

Resource optimisation:

|

Stable status:

«— v

Computing capacity
reducing/increasing

Virtual machines

No changes
transfer

Sa

Resource status update

Figure 7. Automated policy-based resource management scheme

Source: created by the author

This method is particularly effective in cloud com-
puting, where policies can be designed to minimise costs
or ensure high service availability. For instance, if a de-
crease in load occurs during nighttime hours, the poli-
cy would automatically reduce the number of allocated
resources, thereby lowering infrastructure costs. Below,
there is an example of an application for automated re-
source management:

# Data on the current status of servers
servers = |
{“id”: 1, “load”: 80, “status”: “active”},
{“id”: 2, “load”: 20, “status”: “active”},
{“id”: 3, “load”: 0, “status”: “inactive”},

]

# Management policy

POLICY = {
“max_load”: 90, # Maximum load for active servers (%)
“min_load”: 10, # Minimum load to maintain active state (%)

1

# Server status management function
def manage_servers(servers, policy):
for server in servers:
if server[“status”] == “active” and server[“load”] < policy[“min_
load”]:
server[“status”] = “inactive” # Server shutdown
elif server[“status”] == “inactive” and server[“load”] > 0:
server[“status”] = “active” # Server enabling
elif server[“load”] > policy[“max_load”]:
print(f”Warning: Server {server[‘id’]} is overloaded!”)
return servers

# Management execution
updated_servers = manage_servers(servers, POLICY)

# Output of results
print(“Updated server states:”)

for server in updated_servers:
print(f”Server {server[‘id’]} - Load: {server|[‘load’]}%, Status:
{server[‘status’]}”)

The program implemented the fundamental logic
of automated policy-based server health management.
It monitored the load of each server against predefined
thresholds. If a server was active but had a load below the
defined minimum, it was switched to an inactive state.
Conversely, if an inactive server received a load, it was acti-
vated. In cases where the load exceeded the maximum lim-
it, a warning was displayed. The program’s output provided
data on the updated states of the servers (Fig. 8). This ap-
proach demonstrates the potential of dynamic infrastruc-
ture management to enhance operational efficiency.

Updated server states:

Server 1 - Load: 80%, Status: active
Server 2 - Load: 20%, Status: active
Server 3 - Load: 0%, Status: inactive

=== Code Execution Successful :::|

Figure 8. Result of automated server status management
Source: created by the author based on Online Python
Compiler (Interpreter)

The program’s results demonstrated how automated
management adjusted server states based on predefined
policies. Servers with low load levels (below 10%) were
transitioned to an inactive state to conserve resources,
while servers with acceptable load levels remained ac-
tive. Overloaded servers were monitored, with appropri-
ate alerts generated to notify operators. The method of
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automated policy-based resource management enabled the
infrastructure to dynamically adapt to fluctuating load lev-
els, minimising costs while ensuring stable performance.
By encompassing monitoring, analysis, action execution,
and policy adaptation, this method offers an effective solu-
tion for resource optimisation in cloud environments and

Comparison of methods for improving virtualisation
and network management efficiency

In general, the methods examined are effective for vari-
ous scenarios involving virtualised environments and net-
works. Each method offers distinct advantages and limita-
tions, which must be carefully considered when selecting a

data centres.

strategy for specific infrastructures (Table 1).

Table 1. Comparison of methods for improving virtualisation and network management efficiency

Method

Advantages

Limitations

Optimisation of resource allocation
through intelligent algorithms

Improving resource usage efficiency

Possible difficulties in adapting to new
types of a workload

Reducing server overloads

Adaptation to changing conditions

High computing capacity requirements in
the framework of algorithm training

Load forecasting using Machine Learning
models

High forecasting accuracy

Preparing for peak loads

Need for large amounts of historical data

Reducing possible resource overload

Need for regular model updates

Dynamic load balancing through SDN
technologies

Centralised network management

Bandwidth optimisation and latency
reduction

High infrastructure requirements
(especially for large networks)

Traffic routing flexibility

Potentially complicated setup process

Automated policy-based resource
management

Management automation

Limitations on flexibility due to rigid
policies

Cost reduction through resource
optimisation

Increasing resource availability

Possible difficulty in adapting policies to
new requirements

Source: created by the author

Each method has unique advantages and limitations.
Resource allocation optimisation using intelligent algo-
rithms and load forecasting with Machine Learning models
are particularly effective for enhancing performance and
anticipating future loads, making them ideal for cloud en-
vironments and virtualised infrastructures. Dynamic load
balancing through SDN offers high flexibility, making it
especially suitable for corporate networks and telecommu-
nications operators, where reducing latency and ensuring
real-time traffic stability are critical. Meanwhile, automat-
ed policy-based resource management excels in optimis-
ing costs and maintaining system stability, particularly in
cloud environments with highly dynamic loads. The choice
of the most appropriate method depends on the specific
task and the characteristics of the infrastructure. In some
cases, combining multiple methods may be the best ap-
proach to achieving optimal results.

Discussion

The results of this study demonstrated that resource al-
location optimisation and dynamic load balancing via
SDN are effective methods for enhancing the perfor-
mance of virtualised environments. In contrast, M. Korze-
nowski (2024) explored the application of virtualisation in
embedded systems, with a focus on software legacy support
and real-time requirements. While M. Korzenowski’s work
addressed the unique challenges of embedded systems
and security, the current study focused on more general
methods applicable to network environments. This broad-
er approach makes the methods particularly relevant for

telecommunications, enterprise networks, and cloud in-
frastructure industries. Similarly, S. Cherrared et al. (2019)
investigated the virtualisation of network functions in the
context of 5G, emphasising fault management in virtual-
ised environments. Their work provided a comprehensive
classification of recent advancements in fault management
research for virtualised networks. The current study com-
plements these findings by concentrating on dynamic load
balancing methods via SDN, addressing challenges related
to adaptability and optimisation under varying loads. This
makes the approach suitable for a wide range of network
environments.

The study demonstrated that optimising resource al-
location, dynamic load balancing through SDN, and au-
tomated resource management significantly enhance
network efficiency by reducing latency and increasing
stability. Similarly, Z. Ni & F. Zhao (2021) examined vir-
tualisation methods aimed at improving network efficien-
cy, particularly through resource utilisation optimisation
and energy consumption reduction. However, the current
study builds upon these results by emphasising load bal-
ancing and adaptation to changing conditions, thereby
further improving network performance. Additionally, the
work of D.Z. Admassu (2024) explored virtualisation within
the context of the Infrastructure as a Service (IaaS) model,
focusing on performance optimisation using hypervisors
and various virtualisation techniques. In comparison, the
methods presented in the current study prioritise load bal-
ancing and resource management, which enable greater
efficiency in dynamic network environments.
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This paper analysed methods for optimising networks
using SDN and automated resource management to en-
hance the efficiency of virtualised environments. Converse-
ly, G. Saadon et al. (2019) proposed an architecture with an
additional layer of virtualisation to improve the manage-
ment of 5G and IoT networks, enabling real-time changes
to network services without interruption. Compared to this
approach, the current study emphasises the integration
of intelligent algorithms and load balancing for more ef-
ficient resource management and adaptation to dynamic
network conditions. In contrast, the study by A. Sananta-
graha & E. Mahadewi (2024) focused on reducing operating
costs and server consolidation for small and medium-sized
enterprises. The current research, however, explores more
generalised methods for optimising virtualised networks,
such as resource allocation through intelligent algorithms
and dynamic load balancing via SDN. Thus, the conduct-
ed research complements prior work by focusing on larg-
er-scale approaches to efficient resource management, ap-
plicable across various network infrastructures.

Overall, this study demonstrated that the developed
approaches can significantly reduce delays and enhance
resource efficiency in virtualised environments. Similarly,
S. Dubba & B.R.Killi (2024) focused on minimising delays
by optimising the scheduling of service function chains.
The findings of the current study align with their con-
clusions on the importance of integrating delay manage-
ment into network processes. However, this study further
emphasises the effectiveness of centralised traffic man-
agement via SDN in modern networks. In contrast, P.A.
Wijesekara (2024) examined the use of blockchain tech-
nologies to ensure security and reliability in virtualised
networks. While the results of P.A. Wijesekara’s work ex-
pand the understanding of security by introducing block-
chain as a management mechanism for protecting and
enhancing the efficiency of virtual networks, the current
study centres on practical approaches for optimising net-
work performance. These include dynamic load balancing,
adaptive resource allocation, and infrastructure manage-
ment automation, collectively aimed at improving overall
network efficiency.

In contrast to the generalised thematic findings of
R.M. Sarala et al. (2024), which emphasised the role of dig-
italisation and virtualisation in technology transfers and
strategic partnerships, the current study proposed software
implementations to directly enhance infrastructure effi-
ciency. While R.M. Sarala et al. focused on strategic and or-
ganisational contexts, this study addresses technical chal-
lenges in real-world scenarios. The findings of the current
study demonstrate the practical application of methods for
optimising the performance of virtualised environments,
with a focus on improving resource allocation efficien-
cy and automating management processes. Similarly, the
work of H. Ni & L. Yan (2024) proposed an enhanced al-
gorithm for task allocation optimisation using mathemat-
ical modelling and CloudSim for simulation. However, the
current study prioritises the implementation of software

solutions for management in real-world scenarios. Thus,
the current research not only corroborates the conclusions
of the aforementioned authors regarding the effectiveness
of optimising virtualised environments but also introduc-
es practical approaches for integrating these methods into
complex network infrastructures.

While this study demonstrates the effectiveness of re-
source optimisation and load balancing in enhancing the
performance of virtualised networks, the work of A. Cortés
Castillo (2024) analysed the integration of Network Func-
tions Virtualisation (NFV) in Information-Centric Net-
works (ICNs), highlighting cost reductions through data
reuse in the Content Router. Both studies underscore the
importance of scalable and adaptive solutions for modern
networks; however, the current research focuses on the
practical implementation of performance optimisation
techniques. This study specifically emphasises improving
the efficiency of NFV through resource optimisation and
load balancing, which reduce latency and enhance per-
formance in cloud environments. Similarly, the work of
J. Yan et al. (2021) also examined NFV but approached it
from a security perspective, proposing decentralised certif-
icate management using blockchain technology to address
certificate revocation challenges in 5G networks. While
both studies tackle critical challenges of NFV with emerg-
ing technologies, the current research offers a broader
range of applications aimed at improving performance and
operational efficiency.

This study presented methods for optimising the per-
formance of virtualised networks using intelligent algo-
rithms and technologies, while the study by S. Lekkala &
P. Gurijala (2024) focused on ensuring security in cloud and
virtualised environments. The current work supports the
conclusions of these authors regarding the importance of
optimising the operation of such environments but places
greater emphasis on improving performance rather than
security. Additionally, G. Manogaran et al. (2021) proposed
a Service Virtualisation and Flow Management Framework
for efficient resource utilisation in a 6G cloud environment,
particularly targeting load balancing and request distribu-
tion. The findings of this study align with their conclusions
on resource optimisation but concentrate on alternative
methods for enhancing network performance.

The results of this study corroborate the findings of
J.-I. Kani et al. (2024) regarding the application of disag-
gregation and virtualisation technologies in optical access
networks to enhance flexibility and drive network advance-
ments. While the current work also focuses on virtualis-
ation to improve network efficiency, its primary emphasis
is on increasing performance through dynamic load bal-
ancing and resource optimisation, rather than solely on
access flexibility. Similarly, W. Wysocki et al. (2024) high-
lighted the use of virtualisation technologies to enhance
cyber resilience in both new and legacy defense systems.
Although the current study confirms the importance of
virtualisation for optimising network resources, its focus
lies in improving performance through load management
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and resource balancing, rather than addressing specific as-
pects of cybersecurity or cyber resilience as explored in the
aforementioned study.

The findings of the present study emphasise optimis-
ing resource allocation and load balancing in cloud and
virtualised networks, whereas Z. Xu et al. (2021) focused on
using Network Functions Virtualisation (NFV) and dynam-
ic spectrum management to enhance communication be-
tween unmanned aerial vehicles (UAVs). Thus, the current
work complements the aforementioned study by extend-
ing the approach to general network performance optimi-
sation, beyond spectrum management. Similarly, X. Li et
al. (2024) proposed a method for virtualising the payload
of UAVs to improve system interoperability and scalability.
The results of the present study, which focus on optimising
network resource allocation and load balancing in cloud
and virtualised environments, complement this work by
addressing broader aspects of resource optimisation and
load balancing in networks. These findings are also ap-
plicable to UAV systems, demonstrating their versatility
across different technological domains.

Finally, the current results emphasise improving the
efficiency of virtualisation in networks, particularly in
cloud environments. This complements the work of E. Tor-
res et al. (2024), who explored the use of virtualisation in
electrical substations to create more flexible and resilient
networks. While both studies underscore the importance of
virtualisation, the current study focuses more on network
functions and performance, while the researcher concen-
trated on critical energy infrastructures. In contrast, the
study by A. Bhatia et al. (2024) examined the virtualisation
of Electronic Control Units (ECUs) within the context of
automotive software development. The current study di-
verges by addressing the performance optimisation of
network functions in cloud and virtualised environments.
By improving resource allocation and load management
through intelligent algorithms, this research enables bet-
ter scalability and greater network stability.

Therefore, this study complements previous work by
offering practical solutions for integrating resource opti-
misation methods, adaptive load balancing, and infrastruc-
ture management automation, significantly enhancing the
efficiency of virtualised networks.

management, namely: optimising resource allocation
through intelligent algorithms, load forecasting using Ma-
chine Learning models, dynamic load balancing through
SDN technologies, and automated resource management
based on policies. It was found that resource allocation op-
timisation is a powerful tool for increasing the efficiency of
computing power use, particularly in cloud environments.
Conversely, load forecasting enables the infrastructure to
adapt to changing loads, ensuring readiness for peak peri-
ods. Additionally, dynamic load balancing optimises traffic
routing, reducing delays and improving network stability,
which is crucial for large corporate environments. Auto-
mated resource management, in turn, effectively reduc-
es costs and maintains system stability under changing
load conditions. A comparative analysis of these methods
demonstrates that their effective combination can pro-
vide optimal infrastructure management: load forecasting
prepares resources in advance, optimisation ensures their
efficient use, balancing maintains network stability, and
automation reduces costs while increasing the speed of re-
sponse to changes.

However, the study has certain limitations. First, the
methods considered require significant computing resourc-
es for their implementation, which may be a constraint for
small and medium-sized enterprises. Second, some ap-
proaches depend on large volumes of historical data for
accurate forecasting, which may not always be available
in real-world scenarios. Furthermore, implementing soft-
ware-defined networking and containerisation technolo-
gies requires specialised expertise, potentially complicat-
ing adoption.

In the future, the results could be improved by devel-
oping more flexible and adaptive models that consider a
broader range of variable factors. Additionally, further re-
search should explore the integration of the proposed ap-
proaches with emerging technologies, such as 5G and the
Internet of Things (IoT), which present new opportunities
for optimising virtualised environments and network sys-
tems. Efforts should also continue to minimise the compu-
tational requirements of these methods to facilitate their
application in real-world conditions.
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AHoTAUifA. Merow po6oTy GyI0 BU3HAUEHHS ONTUMATIbHMX MIIAXOMiB OO MiABMINEHHS e(heKTUBHOCTI MpOIeciB
MepeXkeBOro MeHeIXKMeHTy Ta Bipryanizamii. Ilig yac mociimskeHHsT Oy/l0 PO3MISIHYTO YOTUPM KITIOUOBI MeTomM:
ONTMMi3allig PO3IOAiINTYy pecypciB 3a JOMOMOIOI0 iHTeNeKTyaJlbHUX aJITOPUTMIB, NMPOTHO3YBaHHS HaBaHTa)KEHHS 3
BUKOpPUCTAHHSIM Mogeneii Machine Learning, ayHamMiuyHe 6aslaHCYBaHHSI HAaBaHTAKEHHSI 32 JOTIOMOTOIO TEXHOJOTii
MIPOTrpaMHO-BM3HAUYEHMX MepeX,a TaKOXK aBTOMaTH30BaHe yIIpaBliHHS pecypcaMy Ha OCHOBI TOMITUK. OCHOBHI pe3ysibTaTu
BKJIIOUA/IM [IeTaabHUI aHa/li3 KOKHOTO i3 3aMpoIOHOBAHMX METO/iB, a caMe OMMC iXHiX MPUHIMIIIB POOOTM Ta eTalliB
BIIPOBAKEHHSL. Y JOCTiIKeHHi 6y/M ITpe/icTaBIeHi cxeMu, SIKi JeMOHCTPYIOTb apXiTeKTypy Ta MeXaHi3Mu QyHKITIOHYBaHHS
LMX METOZAIB, & TAKOK HaBeIeHO MPUKIAAN iX TPAKTUIHOTO 3aCTOCYBAHHS B Pi3HUX iHGPACTPYKTypax, TAKMUX SIK XMAapHi
cepeloBMILA, IPOrPaMHO-BM3HAYEeHi MepeXi Ta KOPIIOPaTUBHI JaTa-1eHTpu. KpiMm Toro, nokasaHo nmporpaMHi peamizanii
Ha MoBi Python, siKi 103BOMWIM HAOUHO MPOSEMOHCTPYBATH POOOTY 3alPONIOHOBAHMX ITiIXOiB. 3arajoM, pe3ylabTaTu
BKasaju, 10 OITUMIi3allisl po3Mofily pecypciB 3abe3mneunia eeKTMBHE BUKOPUCTAHHST 00UMCIIOBATIbHUX ITOTYKHOCTE
Yy XMapHUX CepeloBMINAX, & TTPOrHO3YBAHHS HaBaHTaskeHHS AOMOMAI/IO 3a3JaJlerifb aJanTyBaTu iHGPacTPyKTypy IO
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Abstract. Increasing the compression ratio of images to reduce their transmission time in sensor networks based
on microcontrollers helps to increase the overall energy efficiency of the system. The purpose of the study was to
investigate the effectiveness of using Haar, Daubechies, and Coiflet wavelet transformations for image compression
on 32-bit microcontrollers. An experimental comparison of the efficiency of three types of wavelet transformations
for processing images obtained from the built-in camera was performed by the metrics of root-mean-square error,
peak signal-to-noise ratio, structural similarity index, and Euclidean distance. Haar, Daubechies, and Coiflet wavelet
transform algorithms were implemented on the ESP32 microcontroller. The results showed that at the second level of
decomposition, the Haar wavelet provided high image quality (MSE 25.153, PSNR 34.124 DB), but at the fourth level,
the quality significantly deteriorated (MSE 73.449, PSNR 29.470 DB). The Daubechies wavelet showed similar results,
but at the fourth level, its efficiency also decreased (MSE 78.241, PSNR 28.974 dB). Coiflet wavelet showed the worst
results at the fourth level (MSE 89.630), but at the second level its quality was competitive. For the first time, three types
of wavelet transformations were compared using an additional metric — Euclidean distance, which made it possible
to better estimate artifacts and image distortions. The proposed approach allowed improving the efficiency of image
compression and transmission in the Internet of Things systems on microcontrollers, which provides less data transfer
time and, accordingly, reduces power consumption, which is critical for autonomous sensor networks

Keywords: Haar; Daubechies; Coiflet; Peak Signal-to-Noise Ratio; structural similarity index measure; ESP32
microcontroller

Introduction

Modern microcontrollers allow providing efficient image
processing in the Internet of Things systems and signif-
icantly expand their capabilities. One of the tools for re-
ducing the size of images while maintaining their quality
is wavelet transform. Among the most common wavelets
for image processing on microcontrollers, it is worth high-
lighting the Daubechies, Haar, and Coiflet wavelets, each
of which has specific properties that determine their effec-
tiveness in certain areas of application, which determines

their feasibility for processing various types of images and
solving a wide range of computational problems.

The study by R. Krishnaswamy and S. NirmalaDe-
vi (2020) demonstrated how an upgraded wavelet trans-
form-based image compression algorithm implemented
for a 256x256 pixel medical image reduces the size of the
original file. When using the proposed compression meth-
od, the parameters of the peak signal-to-noise ratio (PSNR)
have values above 42 dB, which is an indicator of good
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image quality. However, the researchers examined imag-
es of sizes smaller than the quarterly video graphics array
(QVGA) standard.

The study by Rohima & M.B. Akbar (2020) investigated
the use of the Coiflet wavelet to compress images with a size
of 256x256 pixels. The researchers compared the efficiency
of using the Coiflet wavelet and compressed the image to
75% of the original with PSNR values close to 56 dB, which is
anindicator of good quality. These indicators were obtained
without using a microcontroller, which did not impose any
restrictions when using the wavelet transform algorithm.

The efficiency of wavelet transform-based compression
algorithms for use on the Raspberry PI 3 Model B microcom-
puter (Raspberry Pi Foundation, UK) was investigated by
M. Patlayenko et al. (2021). A method for optimising calcu-
lations for image reduction was proposed, and image com-
pression was achieved by 18 times compared to the original.
However, Raspberry PI microcomputers have higher perfor-
mance and belong to a different class of embedded systems.

0. Bychkov et al. (2019) created an algorithm that uses
a transform wavelet for image processing and performed an
analysis of human recognition after the transformation. The
researchers performed the conversion using the Python pro-
gramming language without using a microcontroller, which
significantly expanded the resources for image processing.

The author of another study, A. Izmailov (2019), pro-
posed a new approach to the wavelet transform algorithm.
The efficiency of applying the transformation was evaluat-
ed, and a comparison with existing methods based on the
standard root-mean-square error criterion was made. In
turn, the use of a single method of mean square error (MSE)
for evaluation has a number of limitations. For greater ac-
curacy, several metrics should be used.

R. Odarchenko et al. (2021) used a transform wave-
let to process audio signals for subsequent filtering and
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compression. The conclusion of this paper is that this ap-
proach is adaptive and increases the efficiency of compres-
sion and filtering of speech signals. However, the research-
ers considered only speech signals, which are less complex
structures than images.

V. Barannik et al. (2023) proposed a method for seg-
mental video processing using a wavelet transform. It is
noted that as a result, groups of values are represented by
codes that occupy a smaller volume in bits, which indicates
effective compression. The disadvantage should be consid-
ered demanding on computing resources, which is essen-
tial for use on microcontrollers.

The purpose of this study was to compare wavelet
transformations such as Daubechies, Haar, and Coiflet
when used as an additional image processing to the JPEG
method in microcontroller systems.

Materials and Methods

Description of hardware and software for studying
the efficiency of wavelet transformations in image
compression. The ESP32-CAM camera development
board (2020) (manufacturer Ai-Thinker, China) was used
for image and video processing, due to the presence of a
camera and additional RAM. This module was equipped
with a dual-core Tensilica Xtensa LX6 processor (man-
ufacturer Espressif Systems, China), operating at a fre-
quency of up to 240 MHz, and had built-in Wi-Fi, which
allows transfering data over the Internet without the need
for additional devices. The microcontroller also had 4 MB
of pseudostatic RAM (PSRAM), which was used for image
processing, and 4 MB of flash memory for storing software.
The 2-megapixel camera provided high-quality images for
many tasks, such as object recognition or monitoring. The
appearance of the ESP-CAM module with the camera con-
nected is shown in Figure 1.
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Figure 1. Appearance of the ESP32-CAM module with USB interface card

Source: ESP32-CAM camera development board (2020)

The experiment used wavelet transformations of
Haar, Daubechies, and Coiflet to process images from the
camera. The conversion was performed to reduce the im-
age size after it was compressed to JPG format. To simplify
the configuration and testing process, a web page was de-
veloped that was stored in the microcontroller’s memory,
which allowed quickly changing the number of iterations
of the wavelet transform and adjusting the quality level of
the compressed JPG file. For JPG image processing on the

ESP32 platform, the corresponding library by A. Daoui et
al. (2024) was used.

The experiment process consisted of the following
steps:

1. Image preparation: for the experiment, an image from
a 320x240 pixel camera was used, which was processed using
three wavelet transformations: Daubechies, Haar, and Coiflet.

2. Wavelet transform process: each image was decom-
posed into several levels using each of the wavelets. The
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process used the high and low frequency coefficients for
each type of wavelet transform, which are shown in Table 1.

3. Assessment of image quality: for each type of wave-
let transform, quality metrics such as MSE, PSNR, structur-
al similarity index measure (SSIM), and Euclidean distance
were calculated. This helped to assess changes in the image
structure and its perception by the human eye after image
compression and restoration.

4. Estimation of the processing time of each image,
considering the number of mathematical operations per-
formed by the microcontroller.

5. Assessment of the compression level: for each wave-
let transform method, the compression level was calcu-
lated, which was represented as the ratio of the volume of
the original value to the one processed using the wavelet
transform and compressed using JPEG.

6. Estimation of the difference between pixels for three
wavelets: Haar, Daubechies, and Coiflet at the 2 and 4 lev-
els of decomposition on a scale from 0 to 1, where 0 - total
pixel similarity for both images, and 1 - total pixel difference
for both images. When running the algorithm, the colour
value ranged from 0 to 255, where 0 - black and 255 — white.

7. Calculation of the number of arithmetic operations.
The following equation was used for finding it:

NoAO=(h-w)-l-c, 1)

where h — image height (240 pixels), w — image width (320
pixels), I - decomposition level, ¢ - number of coefficients
used for the wavelet transform. During the experiment, the
number of coefficients for Haar transform wavelets was 2,
for Daubechies — 4, and for Coiflet — 6.

Results and Discussion

As a result of the experiment, images corresponding to
different types of wavelet transformations at the 2" and
4% Jevels of decomposition were obtained, which can
be analysed and visible artefacts can be detected. Fig-
ure 2 shows the original 320x240 image obtained using
the built-in camera of the ESP32-CAM module. Further,
the image from the camera was processed using Haar,
Daubechies, and Coiflet wavelet transformations of the
21 Jevel of decomposition. The conversion result is saved
in JPEG format and shown in Figure 3. The original im-
age was also processed by wavelet transformation of the
4% Jevel of decomposition and saved in JPEG format. The
saved images are shown in Figure 4.

Figure 2. Original image obtained
from the ESP32-CAM module camera
Source: obtained by the authors using the ESP32-CAM
module

Figure 3. Image after 2"-degree wavelet transform

Note: (a) — Haar, (b) - Daubechies, (c) — Coiflet

Source: obtained by the authors by processing the image algorithm with the ESP32-CAM module

Figure 4. Image after 4"-degree wavelet transform
Note: (a) — Haar, (b) - Daubechies, (c) — Coiflet
Source: obtained by the authors by processing the image algorithm with a ESP32-CAM module
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Analysis of experimental results. Table 1 shows the
results of experiments for each of the wavelet transforma-
tions used, the level of decomposition, the value of image
quality in the form of MSE, PSNR, SSIM coefficients, the time
for which the transformation algorithm was performed, the
level of image compression compared to the original, and the

number of arithmetic operations performed by the micro-
controller during the execution of the wavelet transforma-
tion algorithm. The decomposition level is presented - this
is the number of iterations or steps during which a signal
(such as an image) is broken down into low-frequency and
high-frequency components during a wavelet transform.

Table 1. Comparison of JPEG conversion results and JPEG + wavelet conversion results

DWT
(Discrete Decomposition Conversion | Compression | Number of arithmetic
Wavelet level MSE PSNR, dB SSIM time, ms level, times | operations, (h *w) *[* ¢
Transform)
- 2 25.153 34.124 0.965 40 5.03 166,400
aar
4 73.449 29.470 0.921 84 11.11 332,800
. 2 25.274 34.103 0.965 96 5.31 665,600
Daubeshies4
4 78.241 28.974 0.894 178 11.27 1,331,200
. 2 25.144 34.126 0.965 105 5.21 998,400
Coiflets1
4 89.630 29.103 0.901 212 10.52 1,996,800

Source: developed by the authors based on the study by M. Mazin & Yu.O. Onykiienko (2023)

Using the Haar wavelet transform for the image demon-
strated high image quality at 2" level with satisfactory MSE
values (25.153) and high PSNR values (34.124) and SSIM
values (0.965). However, at the 4™ level, the quality signifi-
cantly decreased (MSE - 73.840, PSNR - 29.470 dB), which
indicates image deterioration with increasing decomposi-
tion levels. This may be due to the fact that the Haar wave-
let has the simplest structure, which cannot preserve im-
age details at high levels of decomposition. The processing
time at the 27 level (40 ms) is the lowest among all wave-
lets, which makes this wavelet efficient for fast processing,
but at the 4t level the time increases to 84 ms. The com-
pression ratio (11.22) at the 4™ level shows a good com-
pression ratio.

The Daubechies wavelet transform provided slightly
worse MSE and PSNR values compared to the Haar trans-
form at the 2" level, but showed almost the same quality
with a high SSIM (0.965). At the 4% level of decomposi-
tion, the quality significantly deteriorated (MSE — 78.241,
PSNR - 28.974 dB), although the image still remains at an
acceptable quality. The processing time was longer (96 MS
at the 2" level and 178 ms at the 4" level) due to the more
complex wavelet structure expressed by more arithmetic
operations. In particular, the number of operations for this
wavelet is approximately 4 times the number of operations
required to calculate the Haar wavelet. The Daubechies
wavelet transform provided a better compression ratio
(11.27) at the 4™ level, which shows its ability to effectively
reduce image size.

The Coiflet conversion provided better MSE and PSNR
results for the 2" level of decomposition, but at the 4™ lev-
el, the quality of the restored image becomes less than that
of Haar, but better than that of Daubechies. At the 4™ lev-
el, the MSE is 89.630, indicating a significant loss of image
quality, and the PSNR is better than Daubechies, but worse
than Haar. However, at the 2" level, the SSIM remained
high (0.901), which indicates the preservation of structural

image information. The processing time was the long-
est (212 ms at the 4™ level), which is conditioned by the
large number of coiflet wavelet coefficients (the number of
arithmetic operations is 1.5 times greater than Daubechies,
which was the largest value among all the studied wave-
lets). Although the compression ratio at the 4™ level was
also high (10.52), it should be noted that compression us-
ing the Coiflet wavelet had the lowest rate among all the
wavelets under study.

H. Ding et al. (2021) demonstrated that a two-level
real-time image transformation wavelet is compressed by
4 times compared to the original, which correlates with
the results of an experiment where 5-fold compression is
demonstrated. It is confirmed that the method is suitable
for compressing large amounts of waveform data that are
continuously recorded by the dynamic monitoring device
of the power system in real time. However, the disadvan-
tage of this operation is that the algorithm is not adaptable
to the limited resources of the microcontroller.

The obtained PSNR values for the 2" level of decompo-
sition are almost identical (34.1 dB).In the study by A. Genta
& D.K.Lobiyal (2018), PSNR values vary between (29-32 dB)
depending on the image type. In the study of P. Mohind-
ru et al. (2022), PSNR values differ and add up for the Haar
(38 dB) and Daubechies (39.2 dB) transformations, respec-
tively, due to differences in the sizes and types of images
used. At the 27 ]evel of decomposition, artefacts are almost
invisible for all wavelet transformations. There was a cer-
tain blocking of artefacts, the same for all transformations.

At the 4™ level of decomposition, artefacts became
more visible and manifested differently for each of the
wavelet transformations. Regular dark dots were clearly
visible for Haar transform. M. Mazin & Yu.O. Onykiien-
ko (2023) suggested that the appearance of artefacts is
associated with the accumulation of errors during the cal-
culation of the Haar transform. Such artefacts are caused
by a small number of coefficients and their simple values.
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This transformation is effective for fast processing, but
processing loses a certain amount of information at each
level of decomposition, which leads to the accumulation
of errors. At the 4™ level of the Daubechies wavelet trans-
form, artefacts also appear, but they have a different ap-
pearance and are not as noticeable. This indicates the abil-
ity of the Daubechies wavelet transform to preserve both
high-frequency and low-frequency image components. As
confirmation, S. Gunanandhini et al. (2022) as a result of
research, found that the Daubechies transformation pro-
vides higher video quality than the Haar transformation.
The study by I. Yamnenko & V. Levchenko (2019), which
used the Daubechies, Haar, and orthogonal basis wavelet
transform, concluded that the use of the wavelet transform
significantly improves the compression efficiency of video
data, while maintaining high image quality and reducing
the number of artefacts. Notably, the researchers per-
formed video processing without using microcontrollers.

Artefacts at the 4™ level of decomposition in the Coi-
flet wavelet transform are significantly more noticeable
than when using the Daubechies wavelet transform. The
reproduced image had the same quality as the image re-
produced by Haar, although the artefacts were somewhat
less pronounced. Despite the fact that the Coiflet wavelet
had the largest number of coefficients used, which led to a
large number of arithmetic operations (998,400 for 2 levels
of decomposition, 1,996,800 for 4 levels of decomposition).

In the study by A. Thakker et al. (2022), PSNR values
for the 2™ level decomposition of Haar transform varied
from 32.8 to 35.4 dB, depending on the selected image.
H.M. Al-Dabbas & F.M. Ghazi (2018) showed the PSNR
values for the 4™ level of decomposition of the Haar and
Daubechies transformations, which vary depending on
the image from 22.2 to 35.9 dB. Thus, the type of imag-
es used significantly affects the PSNR level for the 4™ lev-
el of decomposition than for the 2" level of the Haar and
Daubechies wavelet transformations.

Based on the experimental results, it should be noted
that the MSE, PSNR, and SSIM coefficients do not always
adequately reflect the quality of images obtained after
wavelet transformation by the three methods under study.
In particular, high MSE values may indicate a significant

difference from the original image, while high PSNR and
SSIM values indicate preservation of relatively high quali-
ty. This discrepancy was observed, for example, when using
the Coiflet wavelet transform, where MSE indicates a loss
of accuracy, but PSNR and SSIM showed acceptable visual
image quality. These coefficients also showed the differ-
ence between the converted image and the original, but
they do consider the influence of artefacts on the processed
images that affect the final perception of the image by the
user. N.M. Varma & A. Choudhary (2019) compared several
metrics for evaluating images for similarity and identifying
image artefacts. As a result of the comparison, the Euclide-
an distance method was the best method.

A. Schlamm & D. Messinger (2011) demonstrated that
presenting images as Euclidean distances for further anal-
ysis can detect differences between distant points, localise
this region, and detect anomalies. Based on this data, as
well as the study by A. Sarkar & K.K. Halder (2021), several
important conclusions were drawn. In this paper, the re-
searchers showed that Euclidean distance shows a greater
correlation with actual visual artefacts in the images. This
is because it takes into consideration differences in each
colour channel and highlights changes between pixels.
This approach is especially important for processed imag-
es, which often contain complex artefacts. In this regard,
it is proposed to use the maximum Euclidean distance be-
tween the pixel colours of two images of the same dimen-
sion. This method provides accurate distance calculation
and efficient estimation of image artefacts.

dmax(\/(R;j —Rip)?+ (G, — Gi))*+ (B}, — Bij)z)max’ 2)
where i and j - pixel position in width and length, R, G,
B, - red, green, and blue colour values for the original im-
age, R‘i/., G‘i/., B‘i}. - red, green, and blue colour values for the
restored image.

Table 2 shows the relative difference between pixels
for three wavelets: Haar, Daubechies, and Coiflet at the
2 and 4™ levels of decomposition. The relative difference
is estimated from O to 1, where 0 indicates the total sim-
ilarity of pixels, and 1 indicates the maximum difference
between them.

Table 2. Comparison of Euclidean distance results for different wavelet transformations

Method Decomposition level Relative difference
2 0.041
Haar
4 0.537
2 0.029
Daubechies
4 0.147
2 .034
Coiflet 0.05
4 0.355

Source: developed by the authors based on the study by M. Mazin & Yu.O. Onykiienko (2023)

As can be seen from Table 2 for the Haar wavelet trans-
form, the relative difference increases from 0.041 at the 2"
level to 0.537 at the 4™ level. For the Daubechies conversion,

Technologies and Engineering, Vol. 25, No. 6, 2024

this indicator is lower: 0.029 at the 2" level and 0.147 at
the 4™ level. The Coiflet transform shows a relative differ-
ence of 0.034 at the 2" level and 0.355 at the 4™ level.
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Thus, as the level of decomposition increases, the dif-
ferences between pixels increase: the Haar wavelet trans-
form shows the greatest differences, while the Daubechies
wavelet transform shows the smallest. Moreover, as indi-
cated by S. Zoican et al. (2019), the combination of a two-
way filter and Wavelet transform implemented on Black-
fin dual-core microcontrollers (Analog Devices, USA) can
be effectively applied to remove real-time noise in medi-
um-sized video clips.

Conclusions

The results of using the Haar wavelet transform demon-
strated the fastest processing at the 2™ level of decomposi-
tion (40 ms), which makes it suitable for fast image trans-
formations on devices with limited computing resources,
such as microcontrollers. However, at the 4™ level, image
quality significantly decreased, which was reflected in the
high MSE value (73.449) and the deterioration of SSIM
(0.921). The maximum Euclidean distance between pixels,
which was 0.537 for the 4™ level of decomposition, indi-
cates the presence of significant image artifacts, reflecting
significant differences between the original and restored
image at this level of transformation.

As aresult of the experiment, the use of the Daubechies
wavelet transform at 2" level showed high image quali-
ty with PSNR (34.103 dB) and SSIM (0.965) values, which
practically does not differ from the Haar results. However,
it took longer to process due to the more complex structure

decomposition, which was 0.147, indicates the least pro-
nounced image artefacts compared to other transformations.

Using the Coiflet wavelet transform provided high
quality at 2 level (MSE 25.144, PSNR 34.126 dB), but at
the 4™ level, the MSE value (89.630) indicates a significant
loss of image quality, although it is still better than that
of Daubechies. The Coiflet wavelet transform required
the most processing time (212 ms at the 4™ level), since it
has the most complex structure and the largest number of
arithmetic operations. The maximum Euclidean distance
for the 4™ level (0.355) indicated moderate artefacts, but
less pronounced than that of Haar.

Thus, considering the visual evaluation, it can be ar-
gued that the Daubechies wavelet transform provided the
most acceptable image quality without additional process-
ing. Haar wavelet is suitable for fast image processing, but
its use at high levels of decomposition can lead to a signif-
icant loss of quality in the form of dark dots and requires
additional post-processing. It follows that a promising area
for continuing this research is to eliminate image noise us-
ing the ESP32 microcontroller, which is a more powerful
version of the microcontroller used. In the future, it is nec-
essary to focus on investigating the occurrence of artefacts
during an increase in the number of iterations of the wave-
let transform and developing effective methods for their
elimination.
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AHOTOALA. 36ibIlIeHHs CTYMEHsT CTUCHEHHST 306paskeHb /i1 CKOPOUYEHHS Yacy ix mepefaui B CEHCOPHMUX Mepeskax
Ha 6a3i MiKpOKOHTPOJIEPiB CIIpUsIE MiIBUILIEHHIO 3araabHOI eHeproedekTUBHOCTI cucTeMu. MeTOI0 AOCTIIKeHHS 6Y/10
BUBUEHHSI e()eKTMBHOCTI 3aCTOCYBaHHSI BeiiBieT nepeTBopeHb Xaapa, Hobemri Ta Koiduera ojisi cTucHeHHST 3006paskeHb
Ha 32-6iTHMX MiKpPOKOHTpOIepax. BUKOHAHO eKcIepuMeHTa/lbHe MOPiBHSIHHSI e(eKTUBHOCTI TPhOX TUIIIB BeiiBieT-
nepeTBOpeHb s 06po6KM 306paxkeHb, OTPMMAaHMX 3 BOYIOBaHOI KaMepu, 3a MeTPUKAMU CepeSHbOKBAAPAaTUUHOI
MOXMOKM, MiKOBOTO BiJHOIIEHHSI CUTHAJ/IIYM, iHIEKCY CTPYKTYPHOI CXOXOCTi Ta eBK/IimoBoi BimcraHi. PeanizoBaHo
aJTOPUTMU BeiiBeT-niepeTBopeHb Xaapa, Jobemri Ta Koidiera Ha mikpokoHTposnepi ESP32. OtpumaHni pesyabraTt
TOoKa3asu, o Ha Ipyromy piBHI JekoMmo3ulii BeiiiaeT Xaapa 3a6e3meunB BUCOKY SIKiCTh 306paskeHHs (MSE 25.153,
PSNR 34.124 nB), ane Ha 4yeTBepTOMY piBHi SIKicTb 3HauHO moripuryetbes (MSE 73.449, PSNR 29.470 nb). BeiiBner
Iob6e1ri mpomeMOHCTPYBaB MOAiIOHI pe3ynbTaT, ajie Ha YeTBepTOMY PiBHi 710ro e)eKTUBHICTb TaKOK 3HMKYEThCSI (MSE
78.241, PSNR 28.974 nB). BeiiBner KoiduieT rmokasas Haiiripiri pesyiabTaTi Ha yeTBepTomy piBHi (MSE 89.630), mpore Ha
I Pyromy piBHi 710T0 SIKiCTh € KOHKYPEHTHOIO. Briepiiie 6y/10 BUKOHAHO MOPiBHSHHS TPhOX TUIIiB BeiiBIeT-TIepeTBOPeHb i3
3aCTOCYBaHHSIM JOJATKOBOI METPUKM — €BKJIiIOBOI BiicTaHi, 1[0 1O3BOIMIIO Kpallle OLiHUTK apTedaKkTy Ta CIIOTBOPEHHS
300paskeHb. 3alpOTOHOBAHMI MiAXiJ MO3BOMMB TMOKPaUMTM e(eKTUBHICTb CTUCHEHHs Ta Iepefadvi 300pakeHb
y cucreMax IHTepHeTy peueii Ha MiKpOKOHTpoJsiepax, 10 3abe3redyye MeHIIMII Yac repemadvi JaHMX i, BiAMOBiZHO
3MEHIIIEeHHS] eHeproCroXUBaHHS, 1[0 € KPUTUYHO BaXKIMBUM [JI CEHCOPDHUX MePEX 3 aBTOHOMHMM >XMBJIEHHSIM

KrouoBi cnoBa: Xaap; [o6ewi; Koiguer; Peak Signal-to-Noise Ratio; structural similarity index measure;
MikpokoHTposep ESP32

60 Technologies and Engineering, Vol. 25, No. 6, 2024


https://orcid.org/0000-0001-9566-6662
https://orcid.org/0000-0001-7508-8391

TECHNOLOGIES AND ENGINEERING

- > Journal homepage: https://technologies-engineering.com.ua/en i:‘c:slzzflz ;;2?;8;2
f “Vol. 25, No. 6, 2024 Accepted: 18.12.2024

UDC 667.6 DOI: 10.30857/2786-5371.2024.6.6

Enhanced impact strength of glyptal resin composites
with red mud: A comparative study
of incorporation methods

Liubov Melnyk’

PhD in Technical Sciences, Associate Professor

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
03056, 37 Beresteiskyi Ave., Kyiv, Ukraine

https://orcid.org/0000-0001-5139-3105

Abstract. The purpose of this study was to investigate the use of red mud, as a sustainable filler for glyptic resin
composites and injection methods on their impact strength, as well as to optimise the properties of the composites and
promote environmentally friendly use of materials. Glyptal resin was synthesised from glycerol and phthalic anhydride.
Two methods of red mud introduction were employed: mechanical mixing and in situ synthesis. The concentration of red
mud ranged within 7-56 wt%. The impact strength of the resulting composites was evaluated using standard tests. The
study showed that red mud significantly increases the impact strength of composites based on glyptal resins. The in situ
synthesis method provided the best results, with a maximum impact strength of 22.05 N-m at a red mud content of 36 wt%,
which is 12.5% greater than that of mechanically mixed composites. The optimum filler concentration was determined at
36 wt%, with a sharp decrease in strength at greater concentrations due to particle agglomeration. In addition, the impact
strength increased with increasing synthesis time, reaching its peak at 480 min for composites with 7 wt% red mud. This
study provided new insights into the integration of red mud as a reinforcing filler in glyptic resins and highlighted the
advantages of in situ synthesis in achieving better dispersion and matrix interaction, which contributes to the development
of stable polymer composites. The findings demonstrated the possibility of using red mud, a complex industrial waste, in
the production of high-performance polymer composites. The study offered practical recommendations for optimising the
concentration of fillers and synthesis methods, which would contribute to the development of environmentally friendly
and cost-effective materials for industrial applications

Keywords: polymer composites; mechanical properties; eco-friendly materials; in situ method; fillers

Introduction

The growing demand for high-performance composite ma-
terials in various industries necessitates the development
of innovative solutions that ensure superior mechanical
properties, economic feasibility, and environmental sus-
tainability. Polymer composite materials (PCMs) with fill-
ers derived from industrial waste products have emerged
as a promising area in materials science. Among these, red
mud (RM), a byproduct of the alumina production process,
presents strong potential as a cost-effective and sustaina-
ble filler for polymer matrices, including glyptal resins.
RM, with its high alkalinity, poses major challenges
in terms of disposal and environmental impact due to its
large-scale production and limited recycling options. Ac-
cording to B. Swain et al. (2020), over 150 million tonnes

of RM are generated annually worldwide, with the major-
ity being still untreated, leading to risks of soil and water
contamination. Its rich chemical composition, including
oxides of iron, aluminium, and silicon, opens promising
opportunities for reuse in value-added products such as
fillers for polymer composites (Prasad et al., 2022).

The use of RM as a filler has not only solved envi-
ronmental problems, but also greatly improved the me-
chanical and thermal properties of composite materials.
According to P. Wu et al. (2023), the incorporation of RMs
into polymer composites improved tribological properties
such as wear resistance and friction coefficient, while re-
ducing production costs and increasing the thermal stabil-
ity of materials.
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]J. Chen et al. (2024) investigated the durability of
high-performance composite materials based on RM, fo-
cusing on their resistance to chemical and physical fac-
tors. Their study demonstrated that modified RM consid-
erably enhances the chemical resistance and mechanical
wear resistance of composites, particularly in aggressive
environments. However, the study did not address the ef-
fects of prolonged thermal cycling and humidity, which
are critical for many practical applications. Future re-
search should explore these aspects and improve RM
modification methods to achieve more stable composite
properties.

The modification of the RM played a crucial role in
increasing its functionality. C. Ding et al. (2022) demon-
strated that the use of chlorinated polyethylene as a cou-
pling agent for RM surface treatment significantly im-
proves the adhesion between the filler and the polymer
matrix, thereby improving the mechanical properties of
composites. The researchers attributed these findings to a
reduction in interfacial defects caused by better adhesion
and interaction between the composite components. Fur-
thermore, the modification of RM with a titanate coupling
agent and its subsequent incorporation into PVC to ob-
tain composites showed a significant improvement in the
thermal stability of the materials. The RM effectively neu-
tralises HCl released during the thermal decomposition of
PVC, delaying the onset of pyrolysis, and improving the
overall properties of the composite. In addition, the high
thermal resistance of RM helps to decelerate heat trans-
fer, which further improves thermal stability.

P.K. Jena et al. (2022) synergistically modified epoxy
resin with RM and vetiver fibres. Their findings suggest-
ed that increasing RM content in composites reduced the
friction coefficient, specific wear rate, and wear loss, con-
firming that RM effectively enhances the wear resistance
of epoxy resin-based composites.

Glyptal resins, known for their excellent adhesion,
durability, and chemical resistance, are widely used in
coatings, electrical insulation, and construction. Incorpo-
rating RM as a filler into glyptal resins improves their me-
chanical properties, particularly impact strength, while
contributing to the recycling of industrial waste (Mel-
nyk et al., 2020).

Existing research on RM-based composites has pre-
dominantly focused on thermoplastics and thermoset-
ting plastics, leaving glyptal resins understudied. J. Li et
al. (2020) emphasised that the properties of such compos-
iteslargelydependonthefiller concentrationand the meth-
od of its introduction. Chemical synthesis methods often
provide better dispersion and interaction between the RM
and the polymer matrix compared to mechanical mixing.
Optimising these parameters is crucial to achieve abalance
between mechanical properties and economic viability.

The purpose of this study was to investigate the ef-
fect of red mud concentration and incorporation methods
on the impact strength of glyptic resin composites. Spe-
cifically, the study focused on determining the optimum

filler concentration and understanding how incorporation
methods affect mechanical performance. To fulfil the pur-
pose, the tasks were formulated as follows:

1. To evaluate the effects of the concentration of red
mud (7-56 wt%) on the impact strength of composites
based on glyptal resins.

2. To compare the effects of two incorporation meth-
ods — mechanical mixing and in situ synthesis — on the
mechanical properties of composites.

3. To determine the optimum combination of filler
concentration and synthesis method to maximise the im-
pact strength of glyptal resin composites while ensuring
economic and environmental feasibility.

Materials and Methods

The study used glyptal resin synthesised from glycerol
and phthalic anhydride, following a standard procedure
(Feng et al., 2011). The initial weight ratio of glycerol to
phthalic anhydride was maintained at 1:1.65, and the re-
action was conducted at a constant temperature of 180°C
in a reactor equipped with a mechanical stirrer and a ther-
mometer to ensure uniform mixing and temperature con-
trol. The filler employed in the composites was red mud,
sourced from the Zaporizhzhia Aluminium Plant (Ukraine),
its characteristics were presented in the previous study
(Melnyk et al., 2020). To enhance its dispersion within the
polymer matrix, the red mud was pretreated through ultra-
sonic grinding (Melnyk, 2023), reducing particle size, and
improving its compatibility with the resin.

The composites were prepared using two different
methods. The first method involved mechanical mixing, in
which red mud at concentrations of 7, 15, 36, and 56 wt%
was added to the pre-synthesised glyptal resin using a lab-
oratory roll mill. This ensured uniform distribution of the
filler in the resin matrix. The second method employed in
situ synthesis, where red mud was pre-mixed with glycerol
before adding phthalic anhydride. The polymerisation pro-
ceeded under the same conditions as described above. The
in situ method was employed for red mud concentrations of
7,15, 36, and 56 wt%. The synthesis process lasted 8 hours,
during which aliquots were periodically taken for nuclear
magnetic resonance spectroscopy (NMR) analysis to moni-
tor the progression of the esterification reaction.

The NMR spectra obtained during the synthesis of
glyptal resin, both in the absence and presence of red mud
(7 wt%), provide valuable insights into the polymerisation
reaction progress and the influence of the filler on the
chemical transformation. The spectra were recorded at var-
ious time intervals: 30, 180, 305, and 480 min.

The prepared composites were applied as coatings on
pre-cleaned glass, metal, or ceramic substrates using a
brush. The coatings were left to cure at room temperature
for 24 hours and subsequently subjected to thermal treat-
ment at 60°C for 1-2 hours to ensure complete polymerisa-
tion and adhesion to the substrate.

The impact strength of the composite films was
evaluated using the U-1A apparatus, manufactured by
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NOVOTEST, Ukraine. The testing was conducted following
the ASTM D2794-93 (2019) standard (Kholiavko & Vlad-
ymyrskyi, 2023). This method involved the instantaneous
deformation of a coated metal plate under the free fall of
a weighted striker. The apparatus included a base, stand,
guide tube, pointer, stopper screw, release button, weight
holding fixture, weight, striker with a ball, traverse, and
anvil. During the test, the weight was raised to a prede-
termined height and secured with a stopper screw. The
coated metal plate was placed on the anvil, ensuring that
the impact area was at least 20 mm away from the edges
or previously affected zones. By pressing the release but-
ton, the weight was allowed to fall freely, transferring the
impact through the striker to the plate. The sample was
inspected for cracks after each impact. If no cracks were
observed, the height of the weight drop was increased in-
crementally by 5-10 ¢cm, and the test was repeated until
cracks appeared. The impact strength (W) was calculat-
ed as the product of the weight force (F) and the critical
height (h), providing a quantitative measure of the mate-
rial’s resistance to impact deformation:

W=F-h. (1)

This methodology enabled a systematic evaluation of
the impact resistance of glyptal resin composites, enabling
a detailed comparison between the mechanical mixing and
in situ synthesis methods.

Results

NMR Spectroscopic Analysis

of the Research Objects’ Synthesis

The study of the impact strength of composites based on
glyptoplastics modified with red mud revealed major dif-
ferences depending on the filler concentration and the

1
AN o hpead_e L3
0, e 3 ST S M o

{.\ lr‘\ \]
e ]J\”U Lot

Figure 1. NMR spectra of aliquots taken
during the synthesis of glyptal resin
(without red mud) at various time intervals

Note: 1 - 30 min, 2 — 180 min, 3 — 305 min, 4 -
480 min. Signals indicate the progressive conversion
of carboxylic acid groups (5 12.75-14) into ester groups (5 4-5
and § 5-5.7)

Source: developed by the author of this study

method of its introduction into the matrix. The study find-
ings, visualised in Figures 1 and 2, provide a comprehensive
view of the influence of these parameters on the mechan-
ical characteristics of the composites, and their analysis
helped to trace the esterification process and the role of
red mud during synthesis.

For the synthesis without red mud (Fig. 1), the NMR
spectra at 30 min revealed signals in the & 12.75-14 region,
corresponding to carboxylic acid protons. Signals at & 5-5.7
(CHOOC) and § 4-5 (CH,00C, CHOH) indicated the initial
formation of ester bonds, reflecting the commencement of
the acylation reaction between glycerol and phthalic anhy-
dride. However, the persistence of carboxylic acid signals
confirmed the incomplete nature of the esterification at
this stage (Claridge, 2009). By 180 min, the intensity of the
carboxylic acid signals decreased significantly, while the
signals corresponding to ester groups (CH,00C, CHOH)
became more prominent, suggesting that the esterification
reaction was progressing. At 305 min, the carboxylic acid
signals diminished further, and by 480 min, they were no
longer detectable, indicating complete conversion of the
starting materials into glyptal resin.

For the synthesis with 7 wt% red mud (Fig. 2), the spec-
tra at 30 min showed comparable carboxylic acid signals;
however, their intensity was slightly lower compared to the
synthesis without red mud. This suggests that red mud, due
to its basic properties, partially neutralised the carboxylic
acid groups formed during the initial stages of the reaction.
As the reaction progressed, the intensity of the carboxylic
acid signals further declined, while the ester group signals
became increasingly prominent. By 480 min, the spectra
confirmed the complete disappearance of carboxylic acid
protons and the dominance of ester signals, suggesting
that the reaction had reached completion.

Figure 2. NMR spectra of aliquots taken during
the synthesis of glyptal resin
with 7 wt% red mud at various time intervals

Note: 1 — 30 min, 2 - 180 min, 3 — 305 min, 4 - 480 min.
The reduced intensity of carboxylic acid signals (5 12.75-14)
at early stages reflects the interaction of red mud with the
acidic intermediates
Source: developed by the author of this study

Technologies and Engineering, Vol. 25, No. 6, 2024 63



Enhanced impact strength of glyptal resin composites...

The presence of red mud was found to have a notable
influence on the reaction kinetics. Specifically, the neu-
tralising effect of red mud slightly reduced the intensity
of carboxylic acid signals at earlier stages, suggesting an
interaction between the filler and the acidic intermediates.
Despite this, the overall progression and completion of the
reaction were not hindered, as evidenced by the spectral
similarity of the final products in both systems.

In conclusion, the analysis of NMR spectra demon-
strated that the synthesis of glyptal resin proceeded
effectively in the presence of red mud. While the filler
interacted with the acidic intermediates, potentially al-
tering the reaction pathway to a minor extent, it did not
impede the overall reaction. These findings suggest that
red mud not only serves as a filler but also may act as
a mild catalyst or stabiliser during the polymerisation
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process, contributing to the unique properties of the fi-
nal composite materials.

Influence of synthesis time and incorporation method
Figure 3 presents the relationship between synthesis time
and impact strength for glyptal resin composites with
7 wt% red mud. The composites prepared via in situ syn-
thesis consistently demonstrated greater impact strength
compared to those obtained through mechanical mixing.
At 30 min, the impact strength of the in situ synthesised
composite was 3.85% greater than that of the mechanically
mixed composite, and this advantage increased to 9.13% by
305 min. This trend is attributed to the superior dispersion
of the filler and stronger interfacial bonding achieved dur-
ing chemical synthesis, which promotes the uniform distri-
bution of red mud particles within the matrix.
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Figure 3. Impact strength of composites with 7 wt% red mud as a function of synthesis time
Note: 1 - pure glyptal resin, 2 - in situ synthesis (7 wt%), 3 — mechanical mixing (7 wt%)

Source: developed by the author of this study

Compared to pure glyptal resin, the composites synthe-
sised in situ exhibited 6.67-10.78% higher impact strength
across all synthesis times. This improvement highlighted
the reinforcing effect of red mud as a filler, which enhanced
theload distribution and impact resistance of the composite.

Influence of filler concentration

Figure 4 presents the impact strength of composites with
varying concentrations of red mud, prepared by both
methods.

For composites produced via in situ synthesis, the im-
pact strength increased with filler concentration, reaching
a maximum value of 22.05 N-m at 36 wt%. Beyond this con-
centration, a sharp decline in strength was observed, with
the value dropping to 11.27 N-m at 56 wt%. An analogous
trend was observed for mechanically mixed composites,
with maximum impact strength of 19.6 N-m at 36 wt% and
a decrease to 10.78 N-m at 56 wt%.

The decrease in impact strength at high filler concen-
trations can be attributed to agglomeration of red mud
particles, which creates stress concentration points and
weakens the material. This issue was more pronounced in

mechanically mixed composites, where the filler-matrix in-
teraction was less effective, resulting in lower overall impact
strength compared to the in situ synthesised composites.
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Figure 4. Impact strength of composites
as a function of red mud concentration
for in situ synthesis and mechanical mixing
Note: 1 - in situ synthesis, 2 — mechanical mixing
Source: developed by the author of this study
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The in situ synthesis method consistently outper-
formed mechanical mixing in terms of impact strength,
regardless of filler concentration. At the optimum concen-
tration of 36 wt%, the impact strength of the in situ syn-
thesised composite was 12.5% greater than that of the me-
chanically mixed composite. This superior performance is
explained by the chemical incorporation of red mud into
the polymer matrix during synthesis, which enhances filler
dispersion and bonding at the molecular level.

These findings suggest that the inclusion of red mud
as a filler not only improved the mechanical properties of
the glyptic resin but also provided a sustainable solution
for the disposal of industrial waste. The optimum filler
concentration of 36 wt% ensured maximum reinforcement
without compromising the integrity of the composite.

Discussion

The integration of red mud as a filler in glyptal resin
composites was systematically studied, and its impact on
mechanical properties, particularly impact strength, was
analysed. The findings demonstrated a considerable en-
hancement in impact strength when red mud was incor-
porated, with a maximum value observed at 36 wt% filler
concentration using the in situ synthesis method. This dis-
cussion contextualises these findings within the existing
body of research and examines their implications for in-
dustrial applications.

A.C. Marsolea (Cristea) et al. (2023) studied the de-
velopment of polyurethane composites using industrial
plastic waste, pyrite, and RM, finding that these fillers can
increase the mechanical strength and thermal stability
of composites by up to 25%, especially with preliminary
chemical treatment. At the same time, the researchers
noted that the long-term stability of such composites in
aggressive environments is still unexplored, and the tests
were limited to static loads without analysing dynamic
properties, suggesting the need for further research to im-
prove technologies. The greater impact strength values ob-
tained by the in situ synthesis method (12.5% greater than
mechanical mixing) confirmed the significance of chemical
incorporation for effective filler dispersion and matrix in-
teraction, consistent with previous studies.

The chemical bonds formed during the in situ synthesis
improved the compatibility between filler and resin matrix,
which was confirmed by both J. Chen et al. (2024) and the
findings of the present study on the potential of red mud.
Red mud can act not only as a filler but also as a reinforcing
agent, improving mechanical properties through integra-
tion at the molecular level. J. Chen et al. (2024) addition-
ally proposed combining RM with paper residues to create
composites, which increased the crystallinity of polymers
and their mechanical properties due to the effects of RM as
a heterogeneous nucleator.

Additionally, the trend of declining impact strength
beyond 36 wt% filler concentration caused by particle ag-
glomeration mirrors observations by R. Prasad et al. (2022),
who highlighted analogous challenges in achieving

optimum dispersion in red mud-based composites. This
phenomenon underscores the critical role of processing
techniques and the necessity of fine-tuning filler con-
centrations to maximise composite performance. The ul-
trasonic pretreatment of red mud employed in this study
proved effective in mitigating, albeit not entirely eliminat-
ing, the agglomeration effects.

J. Liu et al. (2018) developed ethylene-vinyl ace-
tate-based composites (ELDH-SDS-KH) using HCl-modified
RM as a flame-retardant filler. Their findings revealed that
these modified composites not only emitted fewer harm-
ful substances during combustion but also exhibited im-
proved thermal stability compared to unmodified samples.

L. Qiu et al. (2020) proposed another innovative ap-
proach, working with RM/phenolic foam composites. The
researchers investigated the effects of silane coupling
agents and RM on the thermal properties of these mate-
rials. Their findings revealed that adding an optimised
amount of modified RM increases the limiting oxygen in-
dex and greatly enhances the thermal stability of the com-
posites. Y. Wang et al. (2021) highlighted the synergistic
effects arising from combining RM with other industrial
wastes, such as fly ash. Their study confirmed that such
combinations improve the interfacial properties of com-
posites, enhancing their overall mechanical strength.

Another group of researchers focused on devel-
oping hybrid polymer materials using RM and fibres.
AK. Sinha et al. (2021) synthesised an epoxy composite
with RM and abaca fibres. By employing the response
surface methodology, the researchers demonstrated that
optimising RM particle size and fibre concentration con-
siderably improves the wear resistance and mechanical
properties of the composite.

S.Nayak & A. Satapathy (2020) examined the effects of
RM on bamboo fibres modified for use in polymer compos-
ites. Their findings showed that these materials exhibited
enhanced tensile strength, flexural strength, and impact
resistance, demonstrating their potential for applications
in construction and industry. S. Vigneshwaran et al. (2020)
also explored the potential of RM combined with coconut
sheath fibres. The researchers found that silane-treated
fibres combined with 20% RM greatly improved the me-
chanical properties of composites, such as tensile strength,
flexural strength, and impact resistance. However, increas-
ing RM content to 30% led to particle agglomeration, neg-
atively affecting material properties.

0. Cimen & H.I. Giinaydin (2024) focused their ef-
forts on developing geosynthetic barrier materials using
RM and polysulfone (PSU). Through the phase inversion
method, the researchers successfully integrated RM into
the polysulfone matrix, greatly improving the material’s
tensile strength. Using SEM, AFM, XRD, and TGA tech-
niques, the researchers confirmed the effective dispersion
of RM within the matrix and enhancements in its me-
chanical and thermal properties. However, the research-
ers also noted that the long-term stability of these ma-
terials under variable environmental conditions was still
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unexplored, paving the way for further research. This un-
derscored the significance of RM in creating sustainable
construction materials.

J. Liu et al. (2020) synthesised a composite material
based on RM and polyacrylic acid (RM/PAA) using a graft
polymerisation method in a reverse-phase suspension
system. This material demonstrated excellent adsorption
properties, achieving a maximum adsorption capacity for
Cd(II) ions at 96.15 mg/g.

The increase in impact strength with synthesis time,
peaking at 480 min for composites with 7 wt% red mud,
further supports the hypothesis that extended reaction
times enhance the uniformity of filler dispersion and pro-
mote stronger matrix-filler interactions. This observation
is consistent with findings of L. Qiu et al. (2020), who re-
ported improved mechanical properties in composites sub-
jected to prolonged synthesis durations. Notably, the basic
properties of red mud appeared to neutralise acidic inter-
mediates during polymerisation, possibly acting as a mild
catalyst, as suggested by the NMR spectral analysis.

Comparing these findings with studies on other poly-
mer matrices, such as the research by S. Vigneshwaran et
al. (2020) on coconut fibre-reinforced composites, revealed
both similarities and distinctions. While both studies em-
phasised the reinforcing effects of fillers, the chemical
composition and surface characteristics of red mud unique-
ly influence its interaction with glyptal resin, resulting in
distinct mechanical property enhancements.

From a practical perspective, the optimum filler con-
centration of 36 wt% identified in the present study pro-
vides a valuable guideline for industrial applications, bal-
ancing mechanical performance with material integrity.
Being a challenging industrial waste, the use of red mud in
glyptal resin composites not only addresses environmental
concerns but also offers an economically viable alternative
to conventional fillers.

However, some limitations persist. The long-term sta-
bility of these composites under environmental stressors,
such as temperature fluctuations and moisture exposure,
warrants further investigation. Additionally, upscaling the
in situ synthesis method for industrial production poses
challenges that must be addressed.

In conclusion, the present study contributed to the
growing body of knowledge on sustainable composite ma-
terials by demonstrating the feasibility and advantages of

Conclusions

The study demonstrated a significant influence of red mud
concentration and methods of its incorporation on the
impact strength of glyptal resin composites. The obtained
findings confirmed that the set objectives were successfully
achieved, and the purpose of this study was fulfilled. Eval-
uating the effects of filler concentration on the mechanical
properties of the developed composites revealed that the
addition of red mud greatly improves impact strength. Its
maximum values were achieved at a filler concentration
of 36 wt% and amounted to 22.05 N-m. Increasing the red
mud concentration beyond this value led to a decrease in
strength due to particle agglomeration, which created lo-
calised stresses in the matrix.

Comparing the methods of red mud incorporation into
glyptal resin revealed that resins filled during in situ syn-
thesis demonstrated superior mechanical properties com-
pared to those obtained through mechanical mixing, pro-
viding a 12.5% increase in impact strength. This suggests a
more uniform distribution of filler particles in the matrix
and better interaction at the molecular level.

The duration of synthesis also significantly affected
the completion of the process and, consequently, the im-
provement of the mechanical properties of the resulting
coatings. It was established that maximum impact strength
values were achieved at a synthesis duration of 480 min,
particularly for composites with a low filler concentration
(7 wt%). The obtained findings confirmed the prospects
of using red mud as a reinforcing filler for polymer com-
posites. The optimum combination of filler concentration
(36 wt%) and the method of incorporation ensure the cre-
ation of materials with enhanced impact strength, opening
new opportunities for their application in construction,
electrical engineering, and other industrial sectors.

The practical significance of this study lies in address-
ing the environmental problem of red mud disposal, allow-
ing for a reduction in industrial waste volumes and the cre-
ation of cost-effective materials with improved mechanical
properties. Further research may focus on expanding the
use of other industrial wastes as fillers, optimising the syn-
thesis process to improve energy efficiency, and exploring
the application possibilities of the developed materials in
various industrial fields.
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AipBULLLEeHO YOOPHA MiLHICTb KOMIMO3UTIB
i3 rnidoTaneBoi cMoJsIn 3 YePBOHMM LLUJICIMOM:
nopiBHSAJNIbHEe OocrigNKeHHSA MeToaiB BBeOeHHSA

JI1060B Me/IbHUK

Kanaupat TexHiuHMX HayK, TOLIEeHT

HartioHanpHMIT TEXHIUHMI YHIBEpPCUTET YKpaiHU

«KuiBchkuit monmiTexHiuHmii iHCTUTYT iMeHi Iropst CikopcbKOTo»
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AHOTALAA. MeTo10 1[bOro JOCTIIKEHHS Oy/I0 BUBYMTY BUKOPUCTAHHS YEPBOHOIO LIJIAMY SIK €KOJIOTIYHO 6e3I1euHOro
HaroBHIOBAaYa [JIT KOMIIO3MTIB Ha OCHOBi mIidTaseBoi CMOAM Ta METOMAIB JOro BBEOEHHS, a TAKOX OITUMIi3yBaTu
BJIACTMBOCTI KOMITO3UTIB i CIIPUSITM €KOJIOTiYHO pallioHaJIbHOMY BUKOPMCTaHHIO MartepiasiB. [midTaneBa cmomna 6yna
CMHTe30BaHa 3 IillepuHy Ta (TajeBoOro aHriapumay. Bylo 3acTOCOBaHO [Ba METOAM BBEHNEHHS YEPBOHOIO ILUIAMY:
MexaHiuHe 3MillyBaHHS Ta CMHTe3 in situ. KOHIIeHTpallisi YepBOHOTO IUIaMy BapiloBasacs Bix 7 mo 56 mac. %. VoapHy
MILIHICTh OTPMMaHMUX KOMIIO3UTIB OIiHIOBAJIM 3a OOIMOMOTOI0 CTaHAAPTM30BaHMUX TeCTiB. JOCTigkeHHS O0Ka3asio, 0
YepBOHMII IIIaM 3HAYHO MiJBUIIYE yIApHY MilIHICTh KOMITO3UTIB Ha OCHOBI ridTaneBoi cmonn. MeTon, cuHTe3y in Situ
3abe3MeunB HAIKpaIllli pe3yabTaTi, JOCATauM MakKCMMaIbHOI yaapHoi MillHOCTi 22,05 H-M 3a KOHIIeHTpallii 4epBOHOTO
ntamy 36 mac. %, mo Ha 12,5 % rnepeBuIyBaso 3HAYEHHS I KOMIIO3UTiB, OTPMMAaHMX MEXaHiUHUM 3MilllyBaHHSIM.
OnTMMasibHa KOHIIEHTpAllisi HAIllOBHIOBaua Oy/ia BM3HAUeHa SK 36 Mac. %, TOHi SIK IPU BUIIMX KOHIEHTPAIisX
criocTepiranocst pike 3HMKEHHSI MIITHOCTI uepe3 amioMepaliilo yacTuHok. Kpim Toro, ymapHa MilHicTh 36i/blryBanacs
3i 3pOCTaHHSIM TPUBAJIOCTI CMHTE3Y, NOCSATalouM CBOr0 MakcMMymy Ha 480 XB [IJisT KOMIIO3UTIB i3 7 Mac. % UepBOHOTO
nuiamy. Lle moctigkeHHS Hagaao HOBY iH(pOpMallilo Mpo iHTerpaliro YepBOHOrO NUIAMY SIK apMYIOYOro HallOBHIOBAva B
rridTaneBi cMoIM Ta MiAKPewIWIO TIepeBaru CUHTe3Y in situ 'y JOCSITHeHHi Kpalloi aucriepcii Ta B3aeMopii 3 MaTpuiielo,
IO CIpusie po3pobii CTabibHMX IMONTIMEPHUX KOMIIO3UTIB. Pe3ynbTaTi JeMOHCTPYIOTh MOK/IMBICTD BUKOPUCTAHHS
YepBOHOTO IIJIAMY, CKJIaJHOTO MTPOMMCIOBOTO BiIX0ay, y BUPOOHUIITBI BMCOKOMPOAYKTUBHMX TTOJIiIMEPHUX KOMITO3UTIB.
HocmimkeHHS MPOMOHYE MPaKTUYHI peKOMeHallil o0 ONTKUMi3allii KOHIleHTpallii HallOBHIOBAYiB i METOMiB CUHTE3Y,
IO CIIPUSITMME PO3PO6IIi eKOJIOTiUHO YMCTUX i EKOHOMIUHO BUTIAHMX MaTepialiB sl TPOMMCIOBOTO BUKOPUCTAHHS

Krto4oBi CNOBA: rojiMepHi KOMIIO3UTH ; MEXaHiuHi BIACTMBOCTI ; €KOJIOTIUHI MaTepiajn; MeTO[, in Situ; HallOBHIOBaYi
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Abstract. In the context of energy scarcity caused by the destruction of energy infrastructure, instability of electricity
supply and growing demand for autonomous energy sources, there is a need to develop independent and efficient energy
supply systems. Of particular importance are wind power plants that are able to function independently, ensuring the
stability of power supply even in crisis conditions. In this regard, it is important to investigate promising solutions
that meet modern quality standards and can integrate into autonomous energy systems. The purpose of the study
was to confirm the efficiency of calculating inverter filters in static and dynamic modes, and under unbalanced load
conditions. This was achieved on the basis of simulation modelling of an autonomous wind power plant with aerodynamic
multiplication operating on the basis of an asynchronous generator with a phase rotor and excitation from a voltage
inverter. A simulation model of an autonomous wind power plant and inverter parameters calculated according to the
author’s methods in the PSIM environment were described. A Fourier analysis of the harmonic composition of the output
voltage of the inverter was performed programmatically, and its harmonic coefficient, which did not exceed 5%, was
calculated in accordance with the current standard. It was proved that the excitation from the voltage inverter improves its
operation under unbalanced load and release and surge. The results of modelling the output voltage of the inverter were
compared with the requirements of standards for continuous power sources. Based on the results of simulation modelling
of an autonomous wind power plant with aerodynamic multiplication, the efficiency of calculating voltage inverter filters
for an asynchronous generator with a phase rotor was confirmed. The methods have shown their effectiveness both in
static and dynamic modes, and under conditions of unbalanced load

Keywords: stand-alone voltage inverter; load release and surge; unbalanced load; harmonic ratio; simulation

Introduction

The modern energy sector is in a state of rapid change and
faces a number of challenges, including military operations,
rising energy prices, and difficulties of their transportation.
In these circumstances, the development of renewable en-
ergy sources is not only important, but also critically neces-
sary. Wind power, as one of the most promising industries,
offers efficient solutions for autonomous energy supply. In
particular, autonomous wind power plants (WPPs) are be-
coming increasingly relevant, given their ability to operate
independently of centralised systems.

The Ukrainian energy sector is facing new challenges
related to military operations, the cost of energy carriers
and the complexity of their delivery. As reported by the
Prime Minister of Ukraine D. Shmyhal (2024), “The num-
ber one issue is energy.” In his speech, he stressed that the
greatest attention should be paid to the development of
alternative and renewable energy. In remote farms, accord-
ing to A. Konechenkov et al. (2022) the use of wind energy
through autonomous wind power plants (WPPs) may be
promising.
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O.V. Nemykina (2020) focused on the development
of multiplier-free circuits for wind power plants. The au-
thor noted that the use of such circuits can reduce energy
losses during the transmission of mechanical power, while
reducing the level of wear of components. However, the re-
searcher pointed out the need for a more detailed study of
the durability of materials used in such systems, especially
in autonomous operation. C. Anderson (2020) analysed the
efficiency of direct-drive WPPs compared to conventional
models. He noted that this design reduces technical losses
and increases the stability of installations under variable
weather conditions. However, the researcher noted the
problem of insufficient consideration of the specifics of au-
tonomous conditions, in particular, the impact of wind flow
instability on energy generation.

Ukrainian researcher V.V. Klymenko et al. (2023) in-
vestigated the possibilities of integrating aeromechan-
ical equipment into the design of autonomous WPPs. He
stressed that the use of such solutions can significantly in-
crease the capacity of installations. However, the study did
not cover modelling the operation of wind turbines under
non-standard conditions, which creates a gap in the de-
velopment of autonomous systems. R. Ranjan et al. (2023)
investigated the environmental aspects of wind turbine
use. They noted that the introduction of new technologies
to reduce oil leaks can significantly reduce the negative
impact on the environment. Moreover, the researchers
acknowledged that further research should focus on inte-
grating environmentally friendly solutions into the design
of autonomous WPPs.

Ukrainian researchers P. Olczak & T. Surma (2023)
considered modern approaches to improving the element
base of wind power plants. They noted that the develop-
ment of new materials and technologies allowed reaching
the capacity of autonomous WPPs up to 1,000 MW, but
stressed the need for a detailed study of the reliability of
these systems during long-term operation.

J. Paul et al. (2018) analysed the problems of reducing
the noise impact of wind turbines. The authors noted that
noise reduction is an important aspect for the use of stand-
alone wind turbines in residential areas. However, the
researchers emphasised the lack of a comprehensive ap-
proach to assessing acoustic characteristics in relation to
the efficiency of electricity generation. M.S. Golubenko et
al. (2008) considered the prospects of using aerodynamic
multiplication (AM) in wind power systems of WPPs. The
author pointed out the significant potential of this tech-
nology to increase the capacity of installations, but noted
that its application in autonomous systems requires addi-
tional research.

In the UK, teams led by P. Jamieson (2020) and L. Mor-
gan et al. (2022; 2024) conducted a study of wind turbines
with a vertical axis of rotation, emphasising their advan-
tages in urban environments. However, according to the
researchers, these installations have limited potential for
autonomous systems due to their low stability in variable
wind conditions.

The purpose of this study was to perform calculations
and modelling of autonomous wind power plants with aer-
odynamic multiplication to confirm their compliance with
the requirements of standards for uninterruptible power
supplies, which apply to such systems at the design stage.

Materials and Methods

To achieve this purpose, the paper used simulation model-
ling methods in the PSIM (2021) environment, which was
designed for modelling power electronics devices, electro-
mechanical systems, alternative energy facilities, power
sources, etc. The parameters for the simulation model were
calculated using the methodology developed by the author
under the guidance of A.V. Pereverzev et al. (2006; 2007)
for selecting the elements of input and output filters and
setting up the automatic control system. Due to the fact
that the simulation results were obtained in the form of dy-
namic characteristics of controlled parameters, statistical
processing of the obtained data was not provided. Fourier
analysis of the PSIM software suite was used to investigate
the harmonic composition of the output voltage. The study
was carried out at the Pluton IC LLC (Zaporizhzhia), where
the developed methods for calculating inverter filters and
the built mathematical model were used. These methods
were implemented when creating a guaranteed power sup-
ply system for SGE-50-380-2-1-30-UHL4, which was con-
firmed by the relevant implementation report.

A special feature of WPPs with ADM was the installa-
tion of small high-speed secondary wind turbines on the
blades of a large primary wind turbine (Fig. 1), which, ro-
tating under the action of the primary wind flow, created
a secondary wind flow of significant speed for secondary
wind turbines. This allowed the secondary wind turbine to
drive the generators without using a multiplier.

Figure 1. Diagram of a wind turbine with ADM
Note: 1 - blades of the primary wind turbine; 2 — nacelle
with generator and electrical equipment; 3 — secondary wind
turbines; 4 — support; Rz — radius of fixing the secondary wind
turbine; H — height of the axis of the primary wind turbine
Source: developed by the author based on M.S. Golubenko et
al. (2008)
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One of the possible approaches to controlling the pow-
er of such a wind turbine was to install a frequency convert-
er (FC) in the generator circuit. With the use of asynchro-
nous phase rotor generators (APRG), the installed power
of such an FCF can be reduced as indicated by G. Abadi et
al. (2011). Figure 2 shows a block diagram of an autono-
mous WPP with ADM based on APRG.

Grid
SWA1 ] [T]
UR1[:]PDVC1] AVI
X APRG1 ' =
SW2 -
A@UR2 PDVC2 iCDD[:] AB ‘
APRG2 I
SW3
UR3| |pDvca[ |
APRG3

Figure 2. Diagram of an autonomous WPP
with ADM based on APRG

Note: PW - primary wind turbine, SW1...SW3 — secondary wind
turbines,APRG1...APRG3-asynchronousphaserotorgenerators,
URI...UR3 - uncontrolled rectifiers, PDVCI...PDVC3 -
pulsed DC voltage converters, AB — battery, CDD - charging
and discharging device, AVI — autonomous voltage inverter
Source: developed by the author

In the presence of wind, the primary wind turbine cre-
ated a wind flow for secondary wind turbines SW1...SW3,
which were located on the PW blades, which, in turn, ro-
tated asynchronous generators with a phase rotor APRG1...
APRG3. Energy was removed both from the stator side of
each generator and from the rotor side (sliding energy)
through an individual uncontrolled rectifier URL...UR3.
When the wind speed exceeded the rated speed, or there
was a local speed imbalance, it was possible to reduce the
moment by adjusting the counter-EMF of the pulsed DC
voltage converter PDVCI1...PDVC3, which was the load of
uncontrolled rectifiers. Sliding energy was also used to
recharge the AB battery. The AB charging current was
formed by the CDD charging and discharging device. The
autonomous voltage inverter AVI formed a network and
compensated for the reactive power of the generators. In
the event of wind start-up or absence, the necessary energy
was provided by the AB.

The parameters for the simulation model were calcu-
lated for the power of an autonomous WPP with ADM of
750 kW at a rated primary wind flow rate of 11 m/s, which
was similar to the existing TG-750 wind turbine built by
M.S. Golubenko et al. (2008). The parameters of the input,
output filters, and control system of the inverter are cal-
culated according to the author’s method (Pereverzev et
al., 2006; 2007) to check the adequacy of the operation
of an electromechanical system of an autonomous WPP
with ADM based on an asynchronous generator with a

phase rotor excited by a voltage inverter. According to
Figure 2, the simulation model was divided into its com-
ponent parts: a model of a wind turbine with an ADM, 3
asynchronous generators with a phase rotor, 3 unman-
aged rectifiers, 3 pulsed DC voltage converters, a charg-
ing and discharging device, an autonomous voltage and
load inverter. Due to the use of the MTH-713-10 crane
engine manufactured by Sealocean (China) as a genera-
tor, the phase voltage of the network was reduced within
the standard (minus 15% of the rated value) to 192V to
reduce the magnetisation current.

Results and Discussion

The simulation model, as described earlier, is divided into
its component parts. The construction and parameters of
these components are described in more detail below.

1. Stand-alone voltage inverter.

The transistors of the inverter are assembled in a
three-phase bridge circuit with a zero wire, which is con-
nected to the midpoint of the input capacitance. Bridge
(Fig. 3) was modelled using 6 bipolar transistors with an
insulated-gate bipolar transistor (IGBT), the parameters of
which include the values of saturation voltage — 1.5 V and
dynamic resistance - 1 mOhm, and, respectively, 0.7 V and
1 mOhm - for the reverse diode.

The input filter is constructed using a capacitive divid-
er with a total capacity of 40 mF. Each divider capacitor is
shunted by a 10 kOhm discharge resistor. Each phase of the
inverter had an L-shaped LC filter with an inductance of
0.14 mH and a capacitor of 460 uF. The output filter capac-
itor is also shunted by a 10 kOhm discharge resistor. The
AVT had a current sensor with a factor of 1/1,500 and a volt-
age sensor with a factor of 1/310 in each phase. At the out-
put of each sensor, a low-pass filter with a cutoff frequency
of 100 Hz is turned on to filter interference.

The inverter control system is built in the form of a
sub-circuit (Fig. 4) and was a dual-circuit subordinate au-
tomatic control system. Internal circuit — current with PI
regulator (proportional part-10, integral part — 0.33 ms).
External circuit — by voltage with a PI regulator (propor-
tional part - 2, integral part — 5 ms). The problem is a si-
nusoid with a corresponding angle for each phase (0, 120,
and 240 degrees).

From the output of the current regulator, the signal
was sent to the PWM pulse-width modulation unit, which
is implemented on comparators. PWM was obtained by
comparing the signal from the regulator with a sawtooth
signal with a frequency of 3 kHz. The control signal for the
lower transistor of the rack is obtained by inverting the
control signal for the upper transistor.

2. Description of the model of an asynchronous gener-
ator with a phase rotor.

A standard model of an asynchronous machine with a
phase rotor from the PSIM model library was used for mod-
elling. In the window for entering APRG parameters, the
parameters of the MTH-713-10 crane engine replacement
scheme are entered.
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3. Description of the model of WPP with ADM Figure 5 shows a model of a primary wind turbine and a
The WPP with ADM model proposed by D.G. Al-  single channel of aerodynamic multiplication of a sec-
ekseevskiy (2020) was used for simulation modelling. ondary wind turbine.
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Figure 3. Stand-alone voltage inverter model
Source: developed by the author

Figure 4. AVI management system model
Note: Ia, Ib, Ic — input terminals of current feedback signals; Ua, Ub, Uc - input terminals of voltage feedback signals; Pi -
proportional-integral regulator; 1...6 — output terminals of IGBT control signals
Source: developed by the author
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Figure 5. Model of WPP with ADM
Note: V1 - input terminal and communication of the primary wind flow velocity signal; Mt1...Mt3 — communication by moments
of secondary wind turbines; wt1 — output terminal of the signal of the angular velocity of rotation of the secondary wind turbine
Source: developed by the author based on D.G. Alekseevskiy (2020)

Standard wind wheel models from the PSIM library are
used to model primary and secondary wind turbines. The
parameters of the models were calculated using a similar
wind turbine — TG-750 developed by M.S. Golubenko et
al. (2008). The primary turbine had a rated power of 750 kW
with a primary wind flow rate of 11 m/s and a rated rotation
speed of 16 rpm. The secondary wind turbine had a rated
power of 250 kW at a secondary wind flow rate of 21 m/s
and a rated rotation speed of 1,200 rpm, which correspond-
ed to the sliding of the APRG s=-1.

The speed of the primary wind flow was set to the input
pin V1. Torque and angular velocity sensors are installed on
the wind turbine shaft, after multiplying the signals from
which power is obtained. Further, the path from the inte-
grator to the arctangens input implemented a block for cal-
culating the dependence of the wind flow rate on the posi-
tion of the primary wind turbine blade. The resulting value,
considering the angle of installation of the secondary wind
turbine axis, is used as the secondary wind flow. The out-
put contact from the secondary wind turbine is WT1, which
is connected to the generator axis. The calculated power
value of the secondary wind turbine allows estimating the
braking moment of the secondary wind turbine. The value
of the braking moment of all secondary wind turbines MT1,
MT2, MT3 is algebraically summed with the moment of the
primary wind turbine.

4. Model description of unmanaged rectifier and pulsed
DC voltage converter.

Figure 6 shows the APRG and its rotary circuit con-
sisting of an uncontrolled rectifier and a pulsed DC voltage
converter of the step-up type. The unmanaged rectifier rep-
resents a three-phase diode bridge rectifier. The PDVC is
constructed using an IGBT model similar to that used in the
AVI. The cumulative inductance was 0.4 mH. The PDVC out-
put is connected to the AVI input. To set the angular velocity
on the APRG shaft, a single-circuit automatic control system
with a PI regulator is constructed (proportional part — 1, in-
tegral part — 10 ms). The angular velocity control task was
applied after calculating the optimal value (Kumar & Chat-
terjee, 2016). The output of the angular velocity controller is
connected to a PWM unit with a switching frequency of 1 kHz.

A three-phase wattmeter is installed in the rotary and
stator circuits to measure active power.

5. Description of the charger and battery model.

Considering that the task of the CDD, in addition to en-
suring the appropriate operation of the battery, to stabilise
the voltage in the DC link (on the input filter of the AVI),
it is modelled as an EMF source of 610 V with an internal
resistance of 1 mOhm, corresponding to the external char-
acteristic of a pulsed DC voltage converter. This approach
was considered appropriate, considering that the PDVC as
part of the CDD is covered by feedback on the voltage of
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the DC link. To monitor the energy that the CDD gave or The operation of the AVI in steady-state mode is mod-
consumed, a wattmeter is installed to measure the active  elled, when the primary wind flow speed was 11 m/s, and
power. The AB charge corresponded to a positive power the load power was 750 kW. The shape of the output volt-
value, and the discharge - to a negative one. age is observed, which is shown in (Fig. 7).

L e 2

B

Figure 6. Model of APRG and its rotary chain
Note: wt1 - output terminal of the secondary wind turbine angular velocity signal; Udm, Udp - terminals “+” and “-” of the DC
circuit; Al, B1, C1 - mains voltage connections
Source: developed by the author
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Figure 7. Results of modelling the shape of the output voltage of the AVI in steady-state mode
Source: developed by the author
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Thus, the output voltage is characterised by a relative-
ly high degree of symmetry between the phases. To esti-
mate the high-frequency component, a harmonic analysis

A

was performed, the results of which are shown in Figure 8
and the harmonic coefficient of the inverter voltage was
calculated.

200

u as.

1k 10k 100

Frequency (Hz)

Figure 8. Results of modelling the output voltage spectrum of the AVI in steady-state mode

Source: developed by the author

Figure 8 clearly shows the amplitude of the main har-
monic of 50 Hz and the high frequency with a switching
frequency of 3 kHz and combinational harmonics consist-
ing of sums and differences between 3 kHz and 50 Hz. The
harmonic coefficient according to the simulation results
was 4.9%, that is, it corresponded to the value laid down in
the calculations and the given standard (DSTU IEC 62040-
3:1999/COR1:2003) — 5%.

The operation of a voltage inverter under an unbal-
anced load as part of an electromechanical system of an
autonomous WPP with ADM based on APRG is modelled.
Modern standards (DSTU IEC 62040-3:1999/COR1:2003)
give this requirement to a specific technical task between
the developer and the customer, but according to the al-
ready invalid standard (GOST 27699-88), an autonomous

c

wind turbine had to meet the requirements: “Effective val-
ue of the output voltage of single-phase and three-phase
inverters, symmetrically loaded, should not change by
more than +10% - for three-phase inverters with a phase
load asymmetry of less than 15% in the load range from 50
to 100% of the rated value.” These requirements are used
as a guideline. According to this requirement, the rated
primary wind flow rate of 11 m/s and the rated load corre-
sponding to 750 kW are set, and the single-phase load is in-
creased by 15% in accordance with the standard. The graph
with the simulation results is shown in Figure 9, where the
amplitude value of the most loaded phase decreased from
297 V to 267 V, that is, by 10.01%, which corresponded to
the value laid down in the calculation and the require-
ments of the standard.
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Figure 9. Results of modelling the shape of the output voltage of the AVI in a steady-state asymmetric mode

Source: developed by the author
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The operation of a voltage inverter during load release
and surge as part of an electromechanical system of an au-
tonomous WPP with ADM based on APRG is modelled. Ac-
cording to the standard (GOST 27699-88), an autonomous
wind turbine had to meet the requirements: “Maximum
initial deviation of the output voltage for single-phase
and three-phase inverters when the load current changes
by a jump from zero to the nominal value and vice versa,

A Iin/18

at the rated supply voltage of inverters, should not exceed
£30% of the amplitude value of the linear or phase voltage
set. The maximum deviation duration should not exceed
40 ms”. That is, according to this requirement, if the rated
speed of the primary wind flow is set to 11 m/s and the rat-
ed load corresponding to 750 kW, the load is reset to zero
at a time of 0.31 s. The graph with the simulation results is
shown in Figure 10.
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Figure 10. Load reset simulation results
Note: Ua, Ia - voltage and phase current of the inverter; Raprg, Rcdd, ZI — power, respectively, of the asynchronous generator,

charging and discharging device, and load
Source: developed by the author

As shown in Figure 10, when the load was reset, the
inverter current changed its phase, that is, the stator en-
ergy began to flow through the reverse diodes of the AVI
to the DC link instead of the load. The ripple amplitude of
the output voltage reached 400 V, which was 30% of the
rated value. The lower graph shows how the power of the
Raprg generator, the PI load, and the Rcdd charging and

discharging device were redistributed. The transition pro-
cess lasted about 38 ms, and the aprg overload was almost
doubled. If the nominal primary wind speed is set to 11 m/s
and the load is zero, and the load is applied to the rated
value of 750 kW at time 0.31 s, the reverse process can be
observed. The graph with the results of modelling the load
surge is shown in Figure 11.
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Figure 11. Results of load surge simulation
Note: Ua, Ia - voltage and phase current of the inverter; Raprg, Rcdd, ZI — power, respectively, of the asynchronous generator,
charging and discharging device, and load
Source: developed by the author
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It was possible to see that the process of the surge was
more favourable for the generator, almost without over-
loads. Additionally, full idling in an autonomous wind tur-
bine cannot be conditioned by the fact that the circuits of
the own needs of the installation itself (power supplies of
the control system, fans, alarm) are powered from the out-
put voltage of the installation, and this gives a minimum
consumption of 1 kW or more.

A significant number of studies are devoted to mod-
elling the operation of autonomous wind turbines.
P.K. Goel et al. (2010) started considering autonomous wind
power plants based on APRG, which also uses an inverter
with a zero wire, but with a vector algorithm for generat-
ing the output voltage. Their research was subsequently
continued by a group of researchers led by J. Monroy-Mo-
rales et al. (2024), who combined the wind power plant in
question with a diesel generator to increase battery life.
The paper also analysed the battery life in an autonomous
wind power plant. The study by M.S. Chabani et al. (2017)
proposed a new system for direct torque control of the gen-
erator, which developed the well-known vector algorithms
for controlling APRG.

The team of researchers led by S.K. Tiwari et al. (2018)
built a model of a hybrid solar-wind power plant, which in
the forecast allowed abandoning the use of a diesel gener-
ator for long periods of time without the presence of wind.

A.R. Kumhar (2018) also performed modelling of vec-
tor algorithms for regulating the generator power, but us-
ing the so-called “Transparent converter” in the APRG ro-
tor circuit, which, on the one hand, expanded the control
range, and, on the other hand, complicated the converter
and reduced its efficiency.

A group of researchers led by T. Jangid et al. (2018)
modelled a system for finding the maximum power of a
wind turbine based on scanning logic, which excluded the
presence of a wind flow speed sensor. A similar problem was
solved by S. Puchalapalli & B. Singh (2020), who considered
the use of generator power control systems based on fuzzy
logic algorithms also without installing a wind speed sensor.

L.E. Atawi et al. (2019), V. Golovko et al. (2020) con-
sidered modelling of autonomous wind turbines based on
synchronous permanent magnet generators and with a
frequency converter at full power of a wind power plant.
However, the need for complete conversion of the gener-
ated energy reduces the overall efficiency of wind turbines.
M. Kovalenko et al. (2024) covered modelling of an auton-
omous wind turbine based on a synchronous generator
without a frequency converter. In this case, the generator
power is regulated using a magnetic gearbox, the efficiency
of which remains a debatable topic.

In the proposed paper, in contrast to the ones consid-
ered, modelling covers a segment of a new type of autono-
mous wind turbines — with a wind turbine with aerodynamic
multiplication. Simulations of these types of installations
were also carried out, for example, by D.G. Alekseevskiy et
al. (2019), but this only applied to system wind turbines.
In addition, the visual-block modelling proposed by the

researcher currently allowed analysing only the smooth
component of voltage and currents, and the electromag-
netic processes associated with the presence of switching
in semiconductor wind turbine converters were ignored by
the study. Without a doubt, this method of modelling has
accelerated the analysis of electromechanical processes
in a wind power plant, but when switching to considering
electromagnetic processes in an inverter and describing its
behaviour along a smooth component, a significant error
will arise. The development of visual-block models that
will analyse the behaviour of the inverter with its switch-
ing frequency negates the advantages of this method of
analysis due to slowing down the speed of modelling, and
spending time on additional development and description
of models. Thus, the model in the specialised PSIM soft-
ware used in this paper helped to analyse the processes in
the AI with available tools with little time spent on devel-
oping a simulation model. The disadvantage of simultane-
ous modelling of electromechanical and electromagnetic
wind turbine processes is the considerable time required
for each calculation.

Conclusions

To confirm the theoretical foundations of using the devel-
oped method for calculating inverter filters for an autono-
mous WPP with an ADM based on an asynchronous gener-
ator with a phase rotor, a simulation model was developed
using the tools of the PSIM software suite. When using
the specified method of calculating the output filter of the
AVT, it was possible to obtain the harmonic coefficient of
the output voltage of 4.9%, which meets the requirements
of the standard in force in Ukraine, which regulates the
maximum value of the harmonic coefficient of the output
voltage not higher than 5%. This value was included in the
input data for the calculation.

The method of calculating the input filter of the in-
verter provided the specified requirements for the output
voltage asymmetry (10%) under uneven load, when the
load of one of the phases is reduced by 15% relative to the
others. According to the simulation results, when setting
up the regulators of the AVI control system according to
the specified method, it is possible to obtain the desired
quality of transients (input data for calculation: 40 ms —
duration and 30% - overvoltage when the load is reset; ac-
cording to the simulation results, the duration was 38 ms,
and the overvoltage — 30%).

In comparison with the visual-block modelling pro-
posed for the modelling of WPP with ADM, the simulation
time of the created simulation model is higher, but the mod-
el allowed combining modelling of both electromechani-
cal and electromagnetic processes in a wind power plant
without using specially designed tools. Thus, in accordance
with this goal, a full compliance of the modelling results
with the input data used in the calculations can be noted.

The topic of subsequent publications will focus on
modelling the energy modes of an autonomous wind pow-
er plant with an aerodynamic multiplier and analysing its
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MopenioBaHHA POG6OTU iIHBepTOopA HAMPYr

Yy cKiagi OBTOHOMHOI BiTpoeHepreTM4Hoi YCTAHOBKU

3 depoOaAVNHOAMIMHM MYJ1bTUNNIKYBOHHAM

HO 6A3i ICHXPOHHOIO reHepPaATopPd 3 A3HM POTOPOM

I'ni6 CTpyHKiH

Marictp

[HXeHepHMII HaBYaJIbHO-HAayKOBUI IHCTUTYT 3al0pi3bKOI0 HalliOHAABHOTO YHIBEepCUTETY
69006, ipocti. CobopHuMii, 226, M. 3amopiskks, YKpaiHa
https://orcid.org/0009-0009-1719-4132

AHOTAUA. B ymoBax eHeprofedilnTy, ClIPUUMHEHOTO 3HUIIEHHSIM eHepreTuuHoi iHQpacTpyKTypu, HecTabibHICTIO
MOCTAYaHHSI eJIeKTPOoeHeprii Ta 3pOCTaHHSM IOMUTY Ha aBTOHOMHI IpKepena eHeprii, BUHMKae motpeba y po3pobii
He3aleXkHUX i eeKTUBHUX CUCTeM eHeprosabesmeueHHs. OcobaMBe 3HaUEHHSI MalOTh BiTpOeHepreTHMYHi yCTaHOBKH,
SIKi 31aTHI QYHKIIIOHYBaTY aBTOHOMHO, 3a6e31euyloun CTabilbHICTh eHeprornocTayaHHs HaBiTh Y KPU30BUX YMOBax. Y
3B’I3KY 3 I[IM aKTyaJbHIM € BUBUEHHSI [TePCIIEKTUBHMUX PillleHb, SIKi BiITOBiAAI0OTh Cy4aCHMM CTaHAAPTaM SIKOCTi Ta 31aTHi
iHTerpyBaTucss B aBTOHOMHI eHepreTuMyHi cucremu. MeToo poboTM Oy/o MigTBepaskeHHS! eeKTUBHOCTI PO3PAXYHKY
GbinpTpiB iHBEpTOpA Y CTATMUHMX Ta AMHAMIYHUX pesKMMax, a TAKOX 3@ YMOB HECMMETPUYHOTO HaBaHTaxkeHHsI. Lle 6yso
JIOCSITHYTO Ha OCHOBI iMiTalliiiHOTO MOZeNI0BaHHS aBTOHOMHOI BiTpOEHepreTMYHOi YCTaHOBKM 3 aepofVHaMiuYHUM
MYJIBTUIUIIKYBAHHSIM, L0 Tpalioe Ha 6a3i acMHXPOHHOTO TeHepaTopa 3 ¢hasHMM POTOPOM i 30yIskeHHSIM Bif iHBepTOpa
Hanpyru. OnucaHo imiTaljiliHy Mope/lb aBTOHOMHOI BiTpOeHepreTMYHOI YCTAaHOBKM, IapaMeTpyu iHBepTopa, SIKy
pPO3paxoBaHO 3a aBTOPCHKMMM MeTomuKamMu, y cepemoBuiii PSIM. IIporpamMHo BMKOHaHO ®Dyp’e-aHasli3 TapMOHIUHOTO
CKJIaAy BUXiAHOI Hampyru iHBepTOpa, pO3paxoBaHO 1OTo KoedillieHT rapMOHiK, SIKMii He TMepeBuIye 5 %, BinmoBigHO
II0 mitouoro ctaHmaprty. JJoBeneHo, 1o 36yaskeHHS Bif iHBepTOpa HAMpyru mominiye ii po6oTy Ipyu HeCMMeTPUIYHOMY
HaBaHTaXeHHi Ta CKMJaHHi-HaKMJaHHI HaBaHTaKeHHS. BMKOHAHO MOPIiBHSHHS pe3y/lbTaTiB MOJENOBaHHS BUXiJHOL
Halpyru iHBepTOpa 3 BMMOTraMM CTaHAAPTIB Ha Oe3repepBHi IpKepesa eHeprokuBieHHs. Ha OCHOBi pe3ynbTaTiB
iMiTali’fHOr0O MOMENIOBaHHS AaBTOHOMHOI BiTPOEHEPreTMUYHOI YCTAHOBKM 3 aepOAMHAaMiYHMM MY/IbTUILIIKYBaHHSIM
MigTBepakeHO edeKTUBHICTb pO3paxyHKy (inbTpiB iHBepTOpa HAMpPYrM ISl aCMHXPOHHOTO TeHepaTopa 3 da3HuM
poTopoM. MeToAMKy IOKasaay CBOK DE3yJbTAaTUBHICTh $IK Y CTaTMYHMX i AMHaMIiYHMX peXuMax, Tak i 3a yMOB
HeCUMeTPUYHOTO HaBaHTa)KeHHS

KnouvoBi CJIOBO: aBTOHOMHMIT iHBEpTOp HAIPYrM; CKUJAHHS Ta HAKMJAHHS HABAHTAKEHHS; HEeCHMMETPUUHEe
HaBaHTaKeHHsI; KoedillieHT rapMoHiK; imiTalliliHe MOJleTIOBaHHS
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